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INTRODUCTION

An analysis was made to determine the consequences of a
postulated accident in which the core of a Savannah River Plant
reactor melts down following the loss of coolant. The study was
made to determine 1) the potential damage to the reactor building
that could impair its integrity for confining activity and 2) the
need for additional facilities to prevent the activity confinement
system from being overheated by -the decay heat in the debris.

'A preliminary report on this analysis was issued previously.1
The sequence of events during and following the loss .of coolant
has now been studied in more detail, and a computer program has been
written and used to investigate transient heating effects. This
is the final teport of the analysis and presents the conclusions.

SUMMARY

Calculations show that in the event of the postulated complete

- meltdown of the core of an SRP reactor, the integrity of the con-

finement system would not be breached either by the penetration

of a molten core through the floors and into the earth beneath

or by rupture due to explosion (steam or hydrogen). The massive
concrete structure housing the reactor facility affords-an effective
heat sink and is expected to be resistant to the effects of explosions’
of the magnitude probable for the accident. Heat would be removed

by the ventilation system to the atmosphere.

The analysis also shows, however, that a heat removal system
would be required to prevent the exhaust air from reaching tem-
peratures in excess of 100°C. Above this temperature significant
desorption of iodine from the carbon beds could occur. A system
has been designed to cool the debris directly by means of a water
spray external to the reactor vessel.

The longer-term effects calculated for a meltdown accident in
which the debris is cooled by the proposed confinement heat removal
system are as follows. The below-grade areas of C or K reactor
building would fill with water in about 20 hours after meltdown;
at this time the flow would be stopped. Heating from decay energy
would increase the water temperature to about 95°C in about 30 days.
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After 30 days, heat loss through the building structure to the
earth would exceed the heat generation, and the pool would begin
to cool. No addition of water to the pool would be required.
Because of the larger below-grade volume in P reactor building,
the maximum water temperature would be less than for C or K.

Forced air cooling of the carbon beds in the filtration-
adsorption compartments would be required for about 24 hours after
the meltdown, after which time natural draft would maintain the
temperature of the beds below 100°C. After about one day, the
remaining fission product inventory could be confined within the
reactor building and the filtration-adsorption compartments for
an extended period of time with no further equipment operation
or maintenance. ‘ :

DISCUSSION

Analyses were made of the consequences of two variations of
a loss-of-coolant accident in SRP reactors (Figures 1-4):

1. failure to actuate the light water addition systems
2. addition of light water after core meltdown

Analyses of this type have many conceivable variations. The
analyses in the present study are based on engineering judgment :
of conservative, but logical, sequences of conceivable events. -

The first part of the discussion is concerned with heat
transfer from the molten core and the sequence of events ending
with debris at the -40 ft level if no light water were added.

The second part of the discussion is concerned with the consequences
of metal-water interaction that might result from the addition of
water after the core melted, leading to either steam explosions

or chemical reactions. The last part of the discussion deals

with the events following a core meltdown in which cooling is
provided by a proposed confinement heat removal system.2
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FATLURE TO ACTUATE THE LIGHT-WATER ADDITION SYSTEMS
Description of the Accident

The following sequence of events was used as a basis for -
calculating heat transfer to the exhaust ventilation air follow-
ing a loss-of-coolant accident (Figure 5) in which the light ..
water addition systems were not actuated. The postulated accident, i
representing an extreme case, is a double-ended break in one process ;-
water plenum inlet line. Although no significant process line
breaks have been experienced at SRP, if one were to occur, it 3
would almost certainly be much smaller than a double-ended break .
and would cause much less severe consequences. The double-ended
break is calculated to be the fastest means of removing D20 from
the reactor system; if a single pipe failed, ~20 seconds would
be required to drain all the D,0 from the reactor. The safety
rod circuits would be actuated by any of several signals: low
plenum pressure, low fuel flow, low blanket gas pressure, low.
septifoil header pressure, assembly high coolant temperatures, or
low D,0 level. Even if the safety circuits failed, the reactor
would be shut down by the loss of moderator. Actuation of the
emergency core cooling system would then provide continued core
cooling and limit core damage.

If the emergency core cooling system were not actuated, nearly -
adiabatic heating of the assemblies by decay heat would begin upon -
complete loss of coolant. Less than one minute is required for "
all of the fuel to melt in a high flux charge, about 2 minutes in® “
a full reactor uranium-aluminum alloy charge, and about 9 minutes -
in a uranium metal charge. Significant melting in a uranium-
aluminum alloy charge, however, could begin in about one minute.
During melting, heat transfer to the atmosphere or the reactor
structure would be negligible. Molten fuel and aluminum would
slump to the bottom of the tank. Heat then would be transferred

_primarily to the bottom shield (Figures 6 and 7) by conduction and
some fuel would solidify on the tank bottom. Radiant and convec-
tive heat transfer within the reactor tank is calculated to be M
negligible. d

t

-

In K or P reactor, most of the molten mass would flow into Y
the outlet nozzles and into the pumps at the -40 ft level. (Levels. .
within the reactor building are referenced to the floor of the
reactor room at the top of the reactor which is designated as the
0 ft level. The -40 ft level is the lowest process level within
the building.) In C reactor, the outlet nozzles are 15 inches .
above the bottom of the reactor tank (Figure 7); thus the molten 57

; 1d be-retained in the tank until the temperature became :
high to melt through™ the’ tank bottom and ‘bottom shield:.
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Heat Transfer at the -40 ft Level -

Mechanisms of heat transfer from the molten mass in the pumps
and lower process piping for P and K reactors are shown schemati- -
cally in Figure 8. As the molten fuél flows into the cold piping, =~ .-
sufficient heat would be conducted into the piping to resolidify
the fuel in immediate contact with the stainless steel. Conse-
quently, the fuel would not plunge en masse to the lower levels of

the process piping system; dissolution of the stainless steel would
be negligible as long as the fuel in contact with the piping sur- 4
face remained solid. Heat conducted through the piping and pumps
would be transmitted by thermal radiation to building surfaces and
by convection to the air. Heat would also be transmitted from the
building surfaces by conduction into the concrete and steel and by
convection to the ventilation air. The energy transmission by
gamma radiation is included jn calculations of heat transfer.

Because heat would not be dissipated from the piping as ' N

rapidly as it would be generated, the temperature of the fuel would "
" again increase. When the fuel in contact with the piping remelts,

the uranium would dissolve the piping, and the molten "lava" would 4
pour to the floor of the pump rooms. 'Lava' refers to the combi- s
nation of fuel, cladding, other core material, and stainless steel.
Uranium forms a eutectic with stainless steel (at about 65 wt % .
uranium) which melts at about 725°C (Figure 9). The average melting
temperature of the lava from a uranium metal charge would be about ?
1000°C because of the relative amounts of uranium and stainless -
steel. The lava would spread over the floor until the heat:'loss
into the floor, walls, and air shown in Figure 10 is equal to the ’
decay .heat at the melting temperature (~1000°C).  Significant
oxidation of the uranium would not be expected until the debris
is deposited on the floor at the -40 ft level because of the -
relatively small amount of oxygen in the reactor vessel. Oxida-
tion at the -40 ft level is discussed later.

Significant heat transfer to the -40ft areas would not -
occur in C reactor until the lava melted through the bottom .
shield. After this occurred, the mechanisms for heat transfer in
all three reactors would be the same.

Surface disruption of the concrete floor and walls would be
expected, but gross structural failure would not be likely because
the lava would solidify rapidly, thus precluding further motion of ¢
the lava and concrete particles on the floor. Also, the massive
walls and floor can dissipate a large amount of heat. el
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The possibility of an explosion between cold concrete and LT
molten metal was considered. Although severe splattering of small .o

PAX GRS W ¢

amounts of hot metal on cold concrete can occur, experience ¢
indicates that large amounts of moliten metal spilled on concrete )
will not result in an explosion. Three major steel producers3 ;’

were questioned about spills of molten metal on concrete. Each ..
had experienced incidents in which up to tens of tons of molten
steel (nominal temperature: 1600°C) had been spilled onto con- »
crete floors. On such occasions the concrete below the center of
the spill was spalled and cracked to a depth of several inches.
Missiles frequently resulted from spalling of the concrete adjacent -
to the periphery of the molten mass, but the objects did not have
sufficient energy to cause damage to building or equipment struc-
{ ures. Severe splattering of large amounts of metal or explosive
gas expansion did not occur. The thermal conductivity of the
~ concrete in both the monolithic and spalled condition is so low
that only relatively small volumes of concrete are heated to
temperatures at which release of the water of hydration is rapid. i
Air oxidation of the lava would also heat the mass. The
overall oxidation rate for uranium at 1200°C can be expressed as
follows:" ,

. i (1.6#5 A /Wo) >
Oxidation Rate = 30.0 e , expressed as mg/(cm?) (min) -

whgre

A, = original surface area, cm? : -

Wo = original weight of uranium, mg

The effect of air oxidation on the thermal load to the exhaust air v
is included in the analysis. Unlike most power reactor containment
systems, much of the heat from the mass would be removed by the
continuous flow of ventilation air. This continuous heat removal
reduces the destructive potential of the lava. During the time the ¢
‘ventilation air travels from the process areas to the stack, some -
heat is absorbed by the ducts or is conducted through the filter -
compartment walls to the outside atmosphere; however, most of the

heat in the air is discharged from the stack. Less than 10% of the -
uranium in a uranium metal charge is calculated to be oxidized in

the first 16 hours of the postulated meltdown. .

Heat Transfer to the Bottom Reactor Shield .

An analysis of the heat transfer to the bottom shield of the =
reactor was made to determine the amount of fuel debris that could @
remain in the tank following a core meltdown accident. v oo
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The bottom shields of the reactors (Figures 6 and 7)are 40
inches thick and are packed with stainless steel Raschig rings in
the spaces between the monitor pin sleeves. Deionized light water
in an independent cooling loop is provided to cool the shield.
Decay heat from fuel remaining in the reactor tank cannot be trans-
ferred readily to the exhaust ventilation air; thus, the heat load
to the confinement system would be inversely related to the
quantity of fuel remaining in the tank.

In K or P reactor, about 93% of the debris from a natural
uranium charge is calculated to flow into the reactor effluent
piping within 5 minutes after a full core meltdown. The remainder
of the fuel would be cooled by natural convection and radiation,
and no gross melting of the tank bottom is calculated.

In C reactor, none of the molten fuel would flow into the
reactor effluent piping because the nozzles are 15 inches above
the tank bottom. The molten fuel would melt through the bottom
shield in about 50 minutes if no metal-water reaction occurred.
After the tank bottom melts, the shield would be vapor locked if
a steam explosion does not occur.

Metal-water interaction in the bottom shield of K or P reactor
is possible but not very probable. On the other hand, significant
metal-water interaction could occur in the bottom shield of C
reactor. '

The air temperature inside the reactor vessel approaches
the fuel temperature within 5 minutes after losing coolant flow
because the annular air gap (Figures 6 and 7) adjacent to the
reactor vessel wall provides a very high resistance to heat losses.
For a uranium metal charge, the air temperatures inside K or P
reactor would approach 1100°C; the air temperature inside
C reactor would approach 1430°C before the bottom shield is com-
pletely penetrated. Lower temperatures would be expected for
other types of charges because of less decay heat than associated
with uranium metal charges.

Method of Calculation for Heat Removal from Molten Debris
A computer code, called LAVA, was wri;teh to compute the
time-dependent heat transfer from the fuel debris after melting
is completed and the debris has flowed into the effluent nozzles e
of the reactor tank. The code calculates:

e the location and physical state of the fuel,

e the temperature of the fuel,
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e the temperature of the process equipment and nearby building -
structure, and . _ .

e the temperature of the exhaust ventilation air. .

-

Preliminary calculations for a natural uranium charge were presented <

in Reference 1. Subsequently, refinements to the code have been * .
made to account for thermal energy released from the debris as gamma |
radiation and for energy added to the debris from oxidation. v

The LAVA computer code involves heat balance determinations
between the energy released as decay heat and that dissipated from  «
the debris. Two sets of calculations are made depending upon the
location of the mass of debris. In the initial determination,
molten core material at the melting temperature is assumed to flow
into the effluent piping and pumps of the reactor. Because of the
large, cold mass of the piping and pumps (v200,000 pounds), most
of the debris will freeze. Interaction between the debris and the .
stainless steel piping is assumed to be negligible during the short .
time that the debris is solid, thus the piping remains intact.
During this interval, the heat balance is made using the LAVA code
model illustrated in Figure 8. Modes of energy transfer that are
used in the calculations are listed in Table I. Although neglected
in this analysis, a large quantity of energy can be removed by
existing water sources at the -40 ft level as discused in a later ~
secti§n (Heat Removal from Potential Water Sources at the ~-40 ft "
Level).

After the debris remelts, the uranium will rapidly dissolve .
the piping, and the mass will fall to the floor. The heat trans-
fer model for this condition is shown in Figure 10. Modes of
energy transfer from the debris on the floor are listed in Table I.

Results of Calculations

The results of calculations for three types of reactor charges
are presented in Figures 11 through 14.

o' Y
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y " TABLE 1

4“’ ¢ Modes of Energy Transfer Used in LAVA Computer Program
B3

ot Debris Contained in Piping (see Figure 8)

K Conduction through a solid cylinder with internal heat

generation (lava)
Gamma escape from a solid cylinder (lava)

Conduction through the wall of a hollow cylinder
(S/S pipe)

Gamma attenuation by the wall of a hollow cylinder
(5/S pipe)

Thermal radiation from a cylinder to completely enclosing
surfaces (pipe to the building floor and walls)

¢ : Natural convection from vertical and horizontal surfaces
& ' . (building floor and walls) '
.
.. Gamma attenuation by a slab (debris on concrete walls and
' ' floor)
L Transient conduction through a slab (debris on concrete walls
T and floor)
t " Absorption of heat of fusion (lava)

Debris on Floor of Pump Rooms (see Figure 10)

Conduction through a slab with internal heat generation
{debris on floor) :

Gamma escape from a slab (debris on floor)

Thermal radiation from a plane to partially enclosing
surfaces (debris on floor to walls of building)

¢ : Natural convection from vertical and horizontal surfaces
(building floor and walls)

* Gammaz attenuation by slabs (debris on floor)
Heat absorbed from oxidation reaction (debris on floor)
Transient conduction through slabs (concrete walls and floor)

#° Absorption of heat of fusion (debris on floor)

Do

xxx;(xvxygfﬂ“wxx" Uf%ﬁg 5SS?‘$§E

- OCOSEERER S xx’?"(’vvv .
XOXXAXNH LI I L LXK f *{«-' A
xxxxxxxxxxxxxxxxxx e \-’~”".

......




“U‘K‘* 2 S Ll
SRR

b r
)- ,‘V '75-"

Wxxxxxx
pant Q§F Eﬂxxxxyxxxxxxxmxmx
i}?%E; g;<9\;4 XRRYKXLXKX AKX XXX

400

3
| | l I | &
Q
| — 0
| e -
=z @
3 o 5
o w a
- = S o
Bk : <« £58 IR
3 <« S G 21 7
B gl s8¢ @
3 g etz |z
O ; c
€ Q DX ¢ o =
- ® o Q Q1 dd E
Lo o o o S 31 0]
© o ) Z a o
(&) g e« o o
2 L
3 © 3
- > o S%
E E
z 5
QJ
€
Q
‘.—'
=
<«

300
Time after Start of Accident,

O
— O
~
2
B
3
Q
¥ S
[ (IR o
9 L
S
QO
Q
1 | n | 1 o
o o] O O o o
O O & (@) O O
© 0 < ™ N -

Yo ‘a4njpiaduwia]
UNCE.AQS;!FE?’@ 26 -
i‘;i‘:iiiﬁé‘ﬁéﬁii}‘l‘i

R X st
e /)(
x? \:\\' CRRN KRy

AN

CALCULATED TEMPERATURES FOLLOWING MELTDOWN
OF FULL-REACTOR URANIUM METAL CHARGE

FIG.

-

A



>
mXXWW
PO e g
e PNy
vEo v s,
B ils
20 i .D
Kim el
e -
U\'
> 7

M)
LR LIS by

X X x
X X %
NE%

. X 3%
R
Befae e <
o)
CRERY
R XK <
ﬂ\ ¢ 51
%
XN
TR XXk
€. X % X
T
e,
L]
P 'L

006

4010¥3d 3 40 d ONV ¥0LIV3d 3 404
STUNLVYIAWIL ¥4IV LSNYHX3 A3LYINITYD 40 NOSIHYdWOd ¢t "9Id

SOINUIW  ‘JUBPIDOY JO 4ID4S J9i4D dwl)

008 004 009 00¢ 0]0]~ 00¢ 002 001 0
| _ [ 3 _ _ T T ool
. — 002
10}003Y )
- §40J0D3Y M pPUD d abaey) LR19K WRLURAN —{oo¢
wid 00082l  :Mopd JLy
* ~m—___3UBPLIOY 0} JOldd
. MW 00SZ :48M04 403003y
| * | | _ _ ] oob
Bt S L] ...» o " O o . -‘...a .

‘aininiadwa]

Jo

XX
"
roe
it
7,

27 -
RPN
I

XAUANRX
YHXRY




o I\J\-N\ '\ s Jpa™ 0
< EINFIDENTIAL
ERAE .

g}‘guigéﬁs F]Eﬁ&{\‘“&'\xxx > X *ﬁkx_‘.‘xii' :

" XXXKXAX KX XXKKXX

( A ' CREXAXXXXXXHXXRXXX
2
o @ ®
_g 5E ;%
) ©° B
25 52, 88 g
2o QE,O._Q- qu)-g
8 FRW 23R
2t s L
p=] =g .—,_.:
8(/) g © < o<
E]
Q
a
S
O’*‘_Q
£s53 S
- 8 o -
o 9 ©
i3
X o
v O
2o 8!
— o o ®; ~—§

3
o,
L
- S 48
S¢g =
G X ’
o R
SK—
S
1 | | o
o S o o) o)
2 g 2 < ©
Yo ‘AUNjpiadwa)
- 28 -
L ‘-Yl)‘)ov\yv/yvyvy\xx

T T K ’{%‘ZW‘"'SECREI <1

h \1,\: \X

‘a.s ¥X
\‘ s

U@Qi ASSIEIER Sask

XXE] i ey

£ SR

4 . '\‘\‘ SN \ A
i R PR e AN ‘{
A, ORISR
Qo XXX KK

Time after Start of chident, minutes
FIG. 13 CALCULATED TEMPERATURES FOLLOWING MELTDOWN OF FULL-REACTOR

URANIUM-ALUMINUM ALLOY CHARGE

‘e



394YHD XNT4 HOIH J0 NMOOLT3W HNIMOTT04 SIUNLWYAMWAL GILVINITYD ¥L °Old

S9INUIW “JUBPIddY JO 1IDIS JOD Bwi)

008 00L 009 00S 0.0} 2 00t 00¢ 00l 0
v I ] T T . 00! s
> | Moid sy wyd 000'821/ XX%
4 jo amnisdwsa) 41y X%
b (B <y :
) MOl4 JIY WO 000G = R Ty
— b aJnypisdwe] Ay 002 B 2m ﬁm M
a)njoiadwa) 3904INg _ §6299./o 9 % VWW\:
|IDA, ©18J0U00) Ajaf810uoy stigsq 3 Xug
: -t x O OK PN
c R SR 42
JaM0g J0jo02y MWOOS! e
JOJID3aYy Y J0 4 e
Butjood O%H ON
| | [ | ] | |

(8.0} 4



DINRRY Aﬁﬁ&%«xxxxxxxxx
EED" i
XXXXX XXXKAXX

B30 549,999 #9249 56°4'9 1

URANIUM METAL CHARGE

For a full-reactor charge of uranium metal (Figure 11) in
P or K reactor, no significant degradation of the confinement
system would be expected for at least 30 minutes if an air flow
of 128,000 cfm is maintained. At this time, the exhaust air
temperature would reach a value at which desorption of iodine from
carbon béds that have been in use for an extended t1me could be-
come significant (about 100°C for 4-year-old carbon).® For newly
installed carbon beds, no significant desorption would be expected
- for at least 3 hours when the air temperature would reach “220°C.
Operation of the exhaust fans, however, is estimated to continue
until the air temperature reaches Vv250°C, which would occur in about
5 hours at the design air flow of 128,000 cfm (or about 2-1/2 hours
if the air flow is 75,000 cfm because of dusty filters or operatlon
of only one fan).

The debris would spread over about 3500 ft? of floor area in
about one hour and freeze. The average debris thickness would be
about 2-1/4 inches. This area is about 2/3 of the pump room floor
area (Figure 15); therefore, most of the debris would not flow
into the sumps at the ends of the pump room where heat transfer to
the exhaust air would be reduced. Wall surface average tempera-
tures would exceed 500°C in about 5 hours at which time surface
spalling would occur, but the walls would remain structurally
intact because they are at least S feet thick. In C reactor, the
air temperature would increase more rapidly than in P or K reactor
because the debris would be hotter when melt-through occurred.

A peak temperature of "Vv270°C for the exhaust air was calculated
as shown on Figure 12, The difference in peak exhaust air temper-
ature between C reactor and P (or K) reactor is insignificant.

T

URANIUM-ALUMINUM ALLOY CHARGE

For a full-reactor charge of uranium-aluminum alloy (Figure
13) in P or K reactor, the exhaust air temperature also would
reach 100°C in about 30 minutes. However, at a total process '
area air flow of 128,000 cfm a peak exhaust air temperature of
only about 190°C would be reached, which is less than that
estimated to cause fan failure or significant desorption from
newly installed carbon beds. At 75,000 cfm, the peak temperature
of 250°C is marginal for continuous operation of the fans. These
maximum air temperatures would occur about 4 hours after the
accident, then decrease at a rate of “2°C per hour for at least
the next 12 hours, the extent to which the calculations were
carried. Wall surface average temperatures would not exceed
about 430°C even at reduced air flow; therefore, significant
spalling of the concrete walls would not be expected. The
calculated temperatures are lower for an alloy charge than for a
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uranlum metal charge because of the higher decay heats caused by
239 Np in the latter. About half of the floor area of the pump

rooms is calculated to be- covered by the fuel debris with an
average thickness of about 1 1nch before the debris freezes.
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HIGH FLUX CHARGE Lo -

Design performance of the act1v1ty conflnement system probably
would be maintained following a meltdown of a high flux charge -
because of the lower reactor power (less decay heat), lower inven-’ .*
tory of fission products, and smaller mass of materials involved' ’
without modifications. At a design ventilation flow,pf 128,000 cfm,

a peak air temperature of about 130°C would be reached in about -
4 hours, then decrease at an initial rate of about 2°C per hour

(Figure 14). At a reduced flow of 75,000 cfm, the peak temperature -
would be 165°C. Continuous operation of the exhaust fans would be
expected at this temperature. For new activated carbon, desorption

®

of iodine would be 1n31gn1f1cant at 165°C. The debris would cover

only about 1500 ft2, or less than 1/3 of the floor area, with an
average thickness of less than 1/2 inch.

The refined analysis of effects with no light water addition
confirms the earlier conclusion' that some additional means to -
cool the debris would be necessary to preserve the act1v1ty con- -
finement system. .

Effect of Parametric Variations

The following parameters in the calculation (LAVA) were
varied to determine which were significant:

e mass flow of air through below-grade process areas fl0,000 to
80,000 cfm) 5

e inlet air temperature (10 to 40°C)

° effectlve area of process piping for heat transfer (1000 to
1560 ft?) :

° effectlve area of concrete walls for heat transfer (20,000 to .
40,000 ft?)

e thermal conductivity of concrete (0.5 to 2.0 pcu/(hr)(ft)(°C))

e natural convection heat transfer coefficient (0.122 At%:33% ¢o
0.366 At°-3%? pcu/(hr) (ft2) (°C)) .

e emissivity of both concrete and process piping (0.5 to 0.8),

® reactor power at time of posttlated accident (2000 to 3000 MW),
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The reactor power was the only variable to affect signifi-
cantly the time at which the lava would flow to the floor; at
3000 MW, the time was 15 minutes,and at 2000 MW, the time was
30 minutes. Other parameters affected the time only about one
minute.

Maximum exhaust air temperatures were affected noticeably by
variations in several of the parameters. One of the most signi-
ficant effects was the mass flow of air. Temperatures of 530 and
180°C were calculated for mass flows of 10,000 and 90,000 ¢fm from
the below-grade areas, respectively. '

A decrease in the inlet air temperature from 40 to 10°C
resulted in a decrease in exhaust air temperature from 260 to
235°C. The calculated air temperature increased from about 230
to 290°C when the effective building surface area was increased
from 20,000 to 40,000 ft2. The thermal conductivity of the

‘concrete walls is also significant. Variations of from 0.5 to

2.0 pcu/(hr) (£ft) (°C) decreased the air temperature from 260°C
down to 175°C.

The type of fuel in the reactor also affects the exhaust air
temperature. More decay heat is generated for a uranium metal
charge than for a uranium-aluminum alloy charge because of the
decay of 23°Np. The higher melting temperature of uranium metal
and the larger fraction of uranium in the molten metal would also
cause an earlier penetration of the process piping.

Parameters that had little effect on the air temperature
included the emissivity of both the stainless steel piping and
the concrete walls, and the effective surface area of the stain-
less steel piping for heat transfer. The insensitivity of the
calculated air temperature as a function of pipe area indicates
that the distribution of the fuel among the six outlet systems is
relatively unimportant.

Although the convective heat transfer coefficient is signifi-

‘cant in determining the air temperature for large surfaces, this

coefficient is basically affected only by the air velocity and the
temperature difference between the surface and the air. Calcula-
tions indicate that the mean velocity of the air in the process
areas has an insignificant effect on the coefficient. Therefore,
the coefficient would be controlled by the temperature difference
between the surface involved and the bulk exhaust air.

Effect of Air Temperature on Methyl lodide Formation

At high temperatures, the conversion of elemental iodine to
methyl iodide increases rapidly. Based on the method in References
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6 and 7, the amount of methyl iodide that could be formed during .
' the postulated accident, with no light water addition, :is less L.
than 0.1% of the reactor inventory of iodine. - This .is a factor of |
10° to 10* greater than would be expected if light water were added -
immediately after the fuel melted. Most of the jodine would be ..
released early in the course of the core meltdown. Therefore, .
methyl iodide formation would be greatly suppressed because exhaust -,
air temperature would be low. ‘

Effect of Air Temperature on the Activity Confinement System

No deterioration of any component in the activity confinement
system would be expected below 150°C.%27 At about 150°C, deteri-
oration of gaskets and adhesive on the moisture separators, partic-
ulate filters, and activated carbon beds could begin. Also the
binder in the particulate filters could begin_ to deteriorate.

However, the efficiency of the filters would not be affected .
significantly because: .

e Significant deterioration would not occur until after
most of the fission products were confined.

e All components of the filters are self-extinguishing. @
e The strength of the filter is adequate to resist damage T
under these accident conditions without binder. .

e Underwriters Laboratory tests showed that damage to the
filters is negligible below 370°C.

In ignition tests of a full-size prototype of an SRP
activated carbon bed, the neoprene gaskets were not significantly
damaged by exposure to an air flow of 70 ft/min at 280°C for 35
minutes.

The rate of iodine desorption from activated carbon is a
function of temperature, air velocity, iodine loading, bed depth,
moisture content, and service history. Experiments at SRL showed
that more iodine was desorbed from used carbon than from new )
carbon. The used carbon had been in service for 45 months and had
been regenerated by passing air through the bed at 60°C for 48
hours. To test desorption, air at 140°C was passed .through the .
bed for A5 hours. The iodine desorbed was N0.2% for the used carbon
but less than 0.001% for the new carbon. The carbon in both experi-
ments was Type 416, a product of Barnebey-Cheney Company. Tests .
at SRL to measure desorption over a wide range of temperature, .
iodine loading, service, moisture content, and air flow are part -
of a continuing program related to capability of the SRP confine- 2
ment system. L
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If the exhaust air were "250°C for a sustained period of time,
the exhaust fan motors would approach their rated limit of 90°C.
Heat is transferred to the motors primarily by convection from the
fan casing; however, compensating cool air is drawn into the rooms
through ""blast gates" immediately upstream of the fans. Belts
used to drive the fans would deteriorate after several hours under
these adverse conditions.

At about 340°C, ignition of the activated carbon beds would
be expected. This is the measured ignition temperature of new
Type 416 carbon in stainless steel at 65 ft/min face velocity. The
ignition temperature of Type 416 carbon increases with service.®

Heat Removal from Potential Water Sources at: the -40 ft Level

Although neglected in the analyses previously described,
water would most likely be present at the -40 ft level, which
would provide partial cooling of the molten fuel mass. The poten-
tial sources include:

shield cooling water systems,

D,0 procesé pump cooling water systems,

D20 or H,0 cooliﬁg water systems,
miscellaneous H,0 piping, and

the proposed confinement heat removal system.?

If a reactor lost its primary coolant and the emergency
cooling system failed, the core would melt down. The proposed
confinement heat removal system is designed to cool the molten
debris that would result from this postulated accident. The
design includes two below-grade spray systems, each with a cooling
water header with nozzles for spraying water on three reactor
effluent lines and on the floor of the monitor-pin room beneath
the reactor (see Figure 16). The sprays will be automatically
actuated by heat-sensing devices requiring no external power.

The water from the sprays will collect on the floor of the
below-grade areas,where it will provide cooling for any fuel that
melts through the reactor structure or effluent piping. Thus, the
system should perform its function regardless of the accuracy of
the analysis of molten fuel behavior and the extent of damage with-
in the reactor building. The system requires no external power
or human intervention and, except for the fusible heat sensors,
can be easily tested. Its presence will create no significant new
reactor hazards.
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In addition, the existing reactor-room spray system is ]
available as a supplement to the proposed below-grade spray systems.
The reactor-room spray is manually actuated, and this spray water
(2000 gpm) will also flow to (and be contained in) the below-grade
area of the reactor building.

The occurrence of a major meltdown accident without rupture
of several light-water lines is highly improbable because of the
proximity of the molten debris to these lines. Failure of either
the top-or bottom shield would contribute the inventory of the
shield cooling system plus a continuous flow of about 30 gpm from
the automatic make-up. Failure of the thermal shield coolant
system also would be likely at the -40 ft level, because the pumps
for this system are located adjacent to the D,0 process pumps.
Rupture of the thermal shield would provide the inventory in this
system plus 30 gpm make-up flow. ‘ '

Each of the six D,0 process pumps is equipped with a light-
water cooler for the seals with a normal flow of 5 gpm each. The
pump rooms are also equipped with water supplies for general pur-
poses such as cleaning. In addition to the water from the ruptured
light-water lines, D20 from the reactor process system would be
present in the vicinity of the molten fuel. :

Hence, a minimum of about 100 gpm light-water flow plus the
inventory would be expected from destruction of the systems listed
above. Vaporization of this water could remove about half of the
decay heat being generated by the time the debris reaches the floor
of the pump rooms and all of the decay heat within 10 hours after
the accident. Vaporization of 100 gpm of water would not adversely
affect the activity confinement system as indicated by tests under
far more stringent conditions. :

ADDITION OF LIGHT WATER AFTER CORE MELTDOWN

Because of the potential for steam explosions and chemical
reactions if water is added to molten metal, a detailed review
and analysis of the consequences of molten metal and water inter-
actions was made. A steam explosion results from the extremely
rapid generation of steam associated with rapid contact of molten
metal and water. A metal-water reaction is a chemical reaction
caused by the interaction of hot metal (usually molten) and steam.
This chemical reaction produces heat and hydrogen. The hydrogen
could explode or burn, and the heat of reaction would add to the
total energy of the system., The sequences of potential metal-
water interactions are shown schematically in Figure 17. The
consequences of steam explosions and metal-water reactions in
the reactor building following a less-of-coolant accident have
been studied and are discussed in detail in the following sections.
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Mechanisms of Interaction

STEAM EXPLOSIONS

Damaging steam explosions caused by molten metal in contact
with water have occurred in several industries.’s!’ The mechanisms
and conditions necessary for steam explosions by molten metal fall-
ing into a pool of water have been studied by Long, ! Hess and
Brondyke,!? and Brauer.'®

Long concluded from some 880 experiments that explosive forces
are created by the entrapment of a very thin layer of water at the
bottom surface of the water pool. An initial explosion disperses
the small molten particles throughout the water so that rapid
vaporization of the water is possible because of the increased
metal surface area.

Long observed that:

e Explosions occurred when the depth of the water was
between 3 inches and 10 inches. No explosions
occurred with depths between 20 inches and 30 inches
probably because the metal was cooled before it
reached the bottom of the container. With depths
less than 2 inches, the metal was simply blown out
of the container. The depth of water necessary to
cause an explosion depended slightly on the metal
temperature. Lateral dimensions were found to
influence the magnitude of the explosion, Explo-
sions in containers 48 inches square were milder
than in containers 24. inches square.

e Explosions occurred only when the metal was initially
molten,

e Explosions occurred when the metal fell 1-1/2 to 4 ft
into water. No explosions occurred when the metal
drop was 10 ft, probably because the metal was cooled
during the vertical drop.

e Coatings of paint or grease on the container bottom
prevented explosions.

e Soluble o0ils and wetting agents prevented explosions,
but sodium chloride seemed to enhance explosions.

Brauer!® proposed a mechanism similar to that used by Long
except for the method of trapping water. Brauer suggests that
water is trapped in the molten metal as it falls through the
water, not necessarily trapped under the metal as it strikes the
floor.
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Steam explosions caused by high pressure water striking a
pool of molten metal have been studied at TRW Systems.'* Tests .
were run in which a column of water, supported by a thin diaphragm,
was placed above a pool of molten aluminum in a vacuum. The
diaphragm was punctured, and the water impacted the molten metal, .
with the water surface parallel to the metal surface. This caused
the initial fragmentation of the metal. Peak pressures of V3000
psi were measured. In the SRP system, water would fall by gravity
from the plenum to the molten fuel in the reactor tank. All the
water and fuel would not impact simultaneously with parallel
surfaces. Without simultaneous impaction, the water that reaches
the molten metal initially would cushion the main impact and pro-
duce a much lower disruptive force. Hence, the peak pressure
associated with the metal-water interaction would be much less
severe than in the TRW controlled tests. '

Based on the results of investigations reviewed, some argu-
ments can be made pro and con concerning the probability of steam
explosions. In the analyses presented in the following sections,
it is assumed that any metal-water interaction with a probability
of causing an explosion will cause an explosion. Calculations
are made to determine the amount of energy in the molten fuel
that could be converted to shock energy. The calculations are
based on analyses of the SPERT-ID destructive tests and laboratory
shock tube tests.'*»!® Pressure pulses during the SPERT tests -
indicate that ~10% of the total thermal energy (sensible heat plus
heat of fusion) of the molten metal (above 20°C) could be converted
into high pressure steam to produce a shock wave.!* The SPERT-ID °
tests involved rapid and extensive in-core melting and vaporization
of large amounts of fuel initiated by a prompt increase in power.
These conditions would cause higher destructive pressures than in
a slower loss-of-coolant accident where molten metal might fall
into an open pool of water.'* Therefore, the 10% energy conver-
sion factor used in the following analysis is considered to be
conservative. The energy available for shock wave generation is

'related to that produced by an equivalent mass of INT.?*® Over-
pressures are then calculated from the TNT values and compared
with estimated shock pressures required for gross failure of
various critical areas of the confinement system.

. METAL-WATER REACTIONS

Metal-water reactions must be considered from two standpoints:
‘1) the total energy released to the system, and 2) the possibility
and consequence of hydrogen explosions. The explosions may create
large shock pressures similar to those caused by steam explosions.
The rate and extent of these reactions are as follows with respect
to loss of coolant accidents in SRP reactors: :
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Reaction Rate Equations. The reactions of specific concern at
SRP are those of molten fuel and cladding with light water.

e Aluminum-Water. At high temperatures aluminum reacts with
water according to the following equation:

2A1 + 3H,0 - Al303 + 3H2

The heat of reaction is 256 kcal/gram-mole of aluminum (above
n1100°C) .

The reaction rate of aluminum'and H20 (steam) can be de-
scribed by a cubic rate law between 800 and 1300°C and at one
atmosphere pressure.

= 4,0 x 10%t [exp(-73,500/RT)]

where
W = metal reacted, mg/cm of surface area (1 mg Al reacted
forms 1.246 ml (STP) Ha)
t = time, min
R = gas constant, 1.987 cal/(mole) (°K)
T = temperature, °K

Within this temperature range, the reaction results in the forma-
tion of a protective oxide film. Between 1400 and 1600°C, the
oxide film apparently dlslntegrates and the reaction follows

a linear rate law: :

W= 2.5 x 10%t [exp(-73,500/RT)]

Higgins and Schultz'’ determined experimentally that below about
1170°C metal-water reactions are insignificant.

Above 1750°C, 1gn1t10n of the aluminum in contact with steam
or air can be expected 18 The aluminum is apparently vaporized
and then reacts. The reaction product is a very fine aluminum
oxide powder. ‘ '

e Uranium-Water. At high temperatures, uranium reacts with
steam according to the following equation:

U + 2H,0 » UC, + 2H

. oen
FEC ;
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. The heat of reaction is 142 kcal/gram-mole of uranium. Scott

showed experimentally that at about 1200°C, almost all of the o

solid reaction product would be in the dioxide form. UsOs would

be expected only below 300°C.2° .

Below 400°C, the reaction follows a linear rate, probably
because the oxide formed on the surface is nearly colloidal. From
500 to at least 1600°C,. the reaction follows a parabolic rate law.

The following equation®! was determined for 600 to 1200°C
v2 = 1.95 x 10%t [exp(-18,600/RT)]
where

V = volume of hydrogen generated from the uranium-water reac-
tion, mi(STP)/cm? of reaction area.

Between 1200 and 1600°C the activation energy is 25 to 30 kcal/mole
and the reaction follows the equation:

v2 = 8.69 x 10°t [exp(-30,000/RT)]}

Rate Limiting Mechanisme. Metal-water reaction rates are T
controlled both by reaction rate laws discussed in the preceding
paragraphs and by rate-limiting mechanisms. During a reactor
accident the physical and chemical reactions are complex because .
of the interactions involved. The total time required for a given
amount of the overall process to occur is the sum of the times
required for each of the individual processes. The maximum rate
that. can be approached by the overall process is the rate of
the slowest step.Z? ' :

Rate limiting mechanisms that affect metal-water reactions
are (1) availability of steam, (2) thickness of oxide (reaction
product) layer, and (3) the metal surface temperature. The
previously discussed reaction rate equations are obtained from
tests in which sufficient steam is present near the reacting
surface. In the following analysis it is assumed that unlimited
steam is available for the reaction. If only limited steam 1is
available, the diffusion of steam to the surface could limit the

reaction rate.

The reaction rates, as discussed previously, depend on the
temperature at the metal-metal oxide interface and implicitly on
the transport rate of the reactants to the reaction site. After
a very short-reaction-time {on the order of milliseconds??) a metal
oxide layer is formed on the surface. After formation of the
oxide layer, the reaction proceeds by diffusion of either the
oxide ions or metal ions through this layer. The reaction rate
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depends on whether the oxide film adheres to the surface or whether
it cracks and spalls off. As shown in Figure 18, after. the initial
reaction, the reaction rate is probably severely limited by this
oxide layer.

Metal-water reactions are significant only at high temperature,
generally at temperatures well above the melting point. To sustain
a reaction, a high temperature environment must..exist over a period
of time. Heat generated in the metal by decay' heating and by
reaction must be greater than the heat losses to maintain the
elevated temperature, Excessive water in the system could cool the
metal and terminate the reaction. '

| Metal
o Temperature, °C-
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FIG. 18 EFFECT OF METAL TEMPERATURE AND COMPOSITION
ON METAL-WATER REACTION
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Extent of Metal-Water Reaction. The ‘extent of the reaction
. (i.e., amount of energy released and hydrogen formed) is dependent
upon the metal ‘surface area in addition to the reaction rate as

discussed in the preceding section. For significant reaction, the i

metal must be dispersed such that surface area is large. The
breaking up of the molten metal into small fragments could occur
following a steam explosion. ‘ : '

Hydrogen Combustion. Combustion of hydrogen generated by
chemical reaction between water and molten metal is important
for two reasons: burning could increase the temperature of the
exhaust ventilation air, and damaging explosions could result.
The exothermic heat of reaction is 5.6 x 10" pcu/lb-mole of
hydrogen reacted. The molar quantity of hydrogen produced is
equal to the steam consumed in the metal-water reaction.

A hydrogen mixture is flammable if the composition is
within the "flammability limits". A combustible gas mixture
has two limits of flammability, an upper limit and a lower one.
Only when the composition is between these limits will the gaseous
mixture burn or explode. For hydrogen-air mixtures the flammability
range generally is quoted as between 4.1% and 74%, although some
* variation exists as a function of temperature, pressure, and
dilution by a third component, such as steam. The flammability
limits of hydrogen-air-steam mixtures are shown in Figure 19.

Exceedingly small energy inputs cause hydrogen ignition,
particularly when the mixture is well within the flammability
limits. If hydrogen is not ignited from an external source,
hydrogen would be ignited when the temperature exceeded the
spontaneous ignition temperature. This temgerature depends
on the concentration of hydrogen and steam. 4

In the following sections, hydrogen is assumed to exist in
flammable mixtures if there is a possibility of a metal-water
reaction. It is also assumed that a source of ignition is present.
Because the minimum spontaneous ignition temperature is %520°C,?°
it is very unlikely that spontaneous ignition would occufs—

Hydrogen Explosion Analgsis. Based on the instantaneous com-
bustion model of Moore,2%*? a maximum pressure of V80 psig could
be develoged at the explosion site. An analysis based on the work
of Brode®® gave results which agreed well with those of Moore.

The maximum pressure-is independent of the volume of the
combustible mixture. Even though a large volume of hydrogen would
have the same maximum pressure as a smaller volume, the larger
volume mixture would cause a larger shock pressure at the wall
because the attenuation distance would be less.

@N PR ™y
y GLA@\“ 1)
B T v |




s

XX
*xxxx*xx 2 xxxx . E £ ':;" Fohpes &
e UNOLASSIFIED
’;xx"’&&é&xﬁx XXXKA Sl
YX‘/“,&'

The instantaneous combustion model was used to calculate
hydrogen explosion pressures for amblent pressures near atmospheric

for various hydrogen concentrations.?

The calculations

greatly

overpredict shock pressures, taken from limited available data.

All the calculations are based on zero steam content,

Experiments

and analysis indicate that the presence of steam in the reactor

i room would reduce the maximum shock pressures.27

Pressures at

various distances from the explosion site are predicted by
geometric scaling laws.2®

e Assumed detonation
limit

=== 75°F, O psig

= s == 300°F, O psig

300°F, 100 psig

Reference Point

10% hydrogen
20% air
T0% steam

100 80

FIG.

60 40 20

Percent Hydrogen

19 FLAMMABILITY LIMITS OF HYDROGEN-AIR-STEAM MIXTURES
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Location and Degree of Interaction

BELOW GRADE

Possible steam explosions from molten metal falling into .
water below the reactor are calculated not to significantly damage
the building structure or confinement system.2 Explosions could .
occur when molten metal melts through the effluent piping and/or i
the bottom shield, and falls into water on the floor. Potential -
water sources are discussed in the section Heat Removal from
Potential Water Sources at the -40 ft Level above.

The shock pressures in the below-grade areas are calculated
assuming that: .

e One reactor effluent pipe full of molten metal drops into
water.

e The shock reflection from walls and floors is compensated
by shock absorption in building equipment such as pipes and
pumps.

The calculated energy in the shock wave is 2.5 x 10° pcu. The
overpressures associated with this wave are 140 psig at 15 ft, .
the approximate distance of the nearest concrete wall (Figure 15},. 4
28 psig at 35 ft, and 14 psig at 50 ft.

Steam explosions could scatter a portion of the molten fuel .
over the walls and ceiling where no water is available for cooling.
Only a slight increase in exhaust air temperature is expected
because of the small amount of fuel involved, heat transfer into
the concrete, and cooling by the water vapor in the air. The
spray mist from the proposed confinement heat removal system will
also offer cooling of the scattered fuel.?

The effects of metal-water reaction in the below-grade areas

will be less severe than the steam explosions. The molten fuel .
either will be quenched as it falls in the large quantity of water
on the floor or will cause a steam explosion. The molten fuel
would be scattered over the walls and ceiling. In the former
case, the metal is cooled and the reaction is quickly terminated.
Some metal-water reaction is expected following a steam explosion
while the metal is still hot, vapor is present in sufficient
quantities, and the metal is greatly fragmented. The hydrogen
produced in the metal-water reaction could cause an explosion.
The explosive energy is calculated to be V10% of the energy of a -
below grade steam explosion and the damage would be much less. -
Baker®? showed that hydrogen cannot be produced at rates sufficient

' ‘ ffects of a steam explosion. -
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Expected shock pressures and the estimated shock pressure
to cause gross failure for several critical areas of the activity
confinement system that may be damaged by these pressures are
summarized in Table II and discussed in the following paragraphs.

TABLE II
Structural Limitations )
Estimated Shock
Max Expected Pressure for
Shock Pressure, Gross Failure, Is Failure
psigd psig Acceptable?b
Discharge canal 140 400-900 No
: J/
Concrete walls and ceiling
in below-grade areas - ~140 4400-900 Yes
Concrete slabs above main
heat exchangers 12 ~20-100 Marginal
) 4
Sheet metal exhaust ducts 140 nv1-2 Yes
Exhaust fan casings <0.1 v1-2 No
Filter compartments 0. 2 ] No

7 These values are the result of improved calculations from DPST-68-546,

Reference 2.
b. If failure occurs, will the activity confinement system function as

designed?

Discharge Canal. The wall that separates the discharge canal
from the pump rooms would not be breached by a steam explosion.
Gross failure or large cracks in the wall could cause major
leakage of water from the disassembly basin and subsequent
decreased cooling of spent fuel in the basin. Failure of the wall
cannot be accepted. However, the maximum estimated shock pressure
is n140 psig at this wall that is reinforced concrete 7-ft thick.
Pressures between 400 and 900 psig are estimated to be necessary
to produce gross failure of walls that are reinforced concrete
t. to 7-ft-thick (based on data for 10-inch-thick walls®®).

In the event of a steam explosion, equipment such as pipes
and valves can become missiles. Calculations of penetration
distances in reinforced concrete (Reference 31) show that the
missiles will not penetrate the disassembly basin wall. For
calculational purposes, the missiles are assumed to be long heavy
cylinders with ogive-shaped noses and are assumed to strike the
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wall with normal incidence for maximum penetration. Actual
missiles would probably be rough fragments that would strike the
wall obliquely.

Concrete Walls and Ceiling in Below-Grade Areas. The shock -
pressure at the ceiling of the below-grade areas, approximately
35 ft from the source of the postulated explosion, is 28 psig.
The maximum shock pressure at the 5-ft-thick walls of the pump
rooms is V140 psig. The ceiling of the below grade areas is the
floor slab of the reactor room. Both shock pressures are less
than the 400-900 psig required to cause gross damage. The
external building structure will not be damaged because the
major structural supports for the building are shielded from the
postulated explosion site by the pump-room walls and ceiling.

Conerete Slabs Above Main Heat Exchangers. The concrete slabs
that form the roof of the heat exchanger bays would not be
displaced by a steam explosion. An estimated shock pressure of
n12 psig would be expected at this location. A pressure of
n20 to 100 psig is required to lift the 4 ft thick slabs which
open directly to the atmosphere at ground level. Subatmospheric
operation of the confinement system will not be impaired by a
shock wave from a steam explosion because the slabs cannot be
lifted a sufficient distance from their normal positions to cause '
improper reseating.

Exhaust Ducts. Some of the sheet metal ducts of the exhaust
system in the below grade areas would collapse as a result of
a steam explosion. Air ventilation from these areas would be
reduced. However, the activity confinement system would not over-
heat because of cooling obtained by air from above grade process
areas. External ducts, which are reinforced concrete, would not
be affected by a steam explosion because of their higher strength
and distance from the source of the explosion. .

Exhaust Fan Casings. Circulation of building air to the air-
cleaning facilities and stack will not be impaired. A calculated
pressure of <0.1 psig would be present in the exhaust fan casings
because of the tortuous path the shock wave must travel. A shock
pressure of ~1 to 2 psig would be required to damage the fan
casings.

-

Filter Compartments. Estimated pressures of 0.2 psig are
expected in the filter compartment equipment. These pressures
are well below the ~3 psig required to cause failure of the
moisture separators and particulate filters.
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REACTOR TANK

Steam explosions could be caused by water contacting molten
fuel in the reactor tank if the emergency cooling water system
was delayed until after fuel meltdown, but while the molten fuel
was still in the reactor tank. Calculations show that possible
steam explosions in the reactor tank will not significantly damage
the building structure or confinement system. A steam explosion
may cause failure of the bottom shield supports and displacement
of the bottom shield downward into the pin room (Figure 3). The
top shield, plenum, and forest would be moved upward, breaking
the plenum skirt and rcll anchors (Figures 20, 21, and 22). The
plenum inlet lines would restrict the amount of motion. Except
for negligible energy released to the reactor room through breaks
in the plenum skirt, all the shock energy and the slower pressure
buildup would be vented to the below-grade areas because the bottom
shield is more likely to be damaged than the plenum. This energy
will cause less extensive damage to the below-grade areas than that
from a steam explosion occurring below-grade because the energy
is directed downward into the pin room and is dissipated in the
massive concrete walls and floor.

Instead of calculating shock pressures as was done for steam
explosions in the below-grade areas, the energy to deform various
reactor components is calculated, and this energy is compared to
the total available energy. The assumptions made in this analysis
are that:

e The total fuel inventory interacts with water.

e Half of shock energy is available to move and deform the
bottom shield.

e Half of the shock energy is available to move and deform the
top shield, plenum, and forest.

& 1% of the upward shock energy is transformed into kinetic
energy.

The total shock energy, based on the assumptions, is calculated
to be 2 x 10? ft-1bs force.

The concrete supporting structure underneath the edge of the

bottom shield is estimated to fail at a static internal pressure
of 75 psig.®® Because the explosion occurs in contact with the

tank bottom, shock pressures above 1000 psig are expected in the
bottom shield. Even though the structure could withstand

dynamic stresses several times the static ultimate stress, this

shock pressure would be sufficient to cause failure of the supporting
structure. Hence, the bottom shield will come to rest in the pin
room and the excess tank pressure will be vented below grade.

- 49 -
XXXXXX
:::zz:xxxxxxx;;”*%%m-

OOOCEARIXUXXXXARKN




ey C

About 5 x 10° ft-1lbs force of shock energy is transmitted
radially to deform the walls of the reactor tank and side thermal
shields. Radial deformation would collapse the annular gas spaces.
Because of the short time of the pressure pulse, very little water
would be vented during the explosion. ' -

The remainder of the shock energy (50% of total shock energy)
is transmitted upward through air in the reactor vessel.
Conservative calculations based on momentum-energy considerations
and analysis by other investigators.?“’_35 show that 1% of the
energy in the upward traveling shock wave is transmitted from the
air to the top shield, plenum, and forest in the form of kinetic
energy. The other 99% of this shock energy is dissipated by
distortion of the reactor upper structure and by reflection of the
shock wave downward. Thus, the top components are given a kinetic
energy of 107 ft-1bs force.

The top shield is given a sudden upward velocity.

As soon as upward movement begins, the seal at the edge of the
plenum (plenum skirt) is broken (Figure 20) and any pressure
behind the shock front is released to the reactor room, if it has
not already been released by failure of the bottom shield. Further
upward movement breaks the roll anchors (Figure 21). The shield
would not jam within the upper section of the tank even though all
the roll anchors probably do not fail simultaneously. An analysis
showed that, even though jamming is possible from a geometrical
standpoint, the necessary unbalance of forces on the top shield
for jamming cannot exist.3® As the plenum-shield-forest system
moves upward, it is restrained by the plenum inlet piping.
Calculations, conservatively based on having only 3 inlet pipes
intact, show that these pipes can absorb up to 2 x 107 ft-1bs force
of energy by plastic deformation. The calculations are based on a

% maximum elongation of the stainless-steel plenum pipes and an
average dynamic stress of 50,000 psi.a"’35 The total energy in
the top components (107 ft-1lbs force) is less than that required
to make the inlet piping fail.” Therefore, the upper portion-of
the reactor would remain intact and no damage would occur above
grade. Even if all the shock energy were projected upward (no
energy released to the bottom shield), the upper portion of the
reactor probably would remain intact and the results would not be
changed significantly.

Metal-water reactions in the reactor tank would cause
negligible hydrogen burning or explosions. Prior to melting of the
cladding, the reaction rate would be very small because of the
relatively low temperature as discussed previously. The sequence
of events after melting is different for uranium-alloy charges
and uranium metal charges as discus$ed in the following sections.
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Uranium-Alloy Charges. Above “v660°C the cladding and -fuel = -
would melt and fall to the bottom of the tank. In P or K reactor =~
it is assumed that no water would be available for cooling, and -
the molten metal would form a large pool at the bottom. Figure 6. -
shows the bottom of the tank. The surface area of the molten »
pool would be insufficient to cause extensive metal-water reaction. |
In C reactor, a 15-inch depth of water would remain after a loss-
of-coolant accident (see Figure 7). The aluminum cladding and fuel
would melt at v660°C and fall into the water, forming steam. No
significant steam explosions would be expected because of the small -
amount of cladding involved and because the cladding would fall
into the water over an extended period of time. Any explosions
would be expected to scatter the molten fuel over the walls of the
tank. Even though the surface area could be greatly enhanced, the
extent of the reaction would be small because the molten particles
would quickly fall back into the water and be quenched. -

— T —

e

Uranium Metal Charges. The fuel slugs (%8 inches long) in
uranium metal charges would be supported by “the-inner—and outer
housing tubes after the cladding melted. The housings would be -
heated primarily by the air in the tank and by conduction from .
the slugs. The slugs would fall to the bottom of the tank either
after melting or after the housings melted. The uranium would i .
not necessarily fall into water, even in C reactor. The uranium
above water would be exposed to steam and a metal-water reaction
could take place. Hydrogen from the metal-water reaction probably -
would not burn or explode inside the tank because the low. oxygen .
content and high steam content in the tank would cause the mixture -
to be outside the limits of flammability {(see Figure 19). However,
if the hydrogen does explode or burn the resulting shock damage
would be insignificant compared to the steam explosions. .

ABOVE GRADE

The possibility exists for hydrogen from metal-water reactions -
in the reactor tank to escape to the reactor room (Figure 23) through
breaks in the inlet piping and plenum skirt, and through the vacuum
breakers and forest guide tubes. Explosive concentrations probably .
would exist in a very small volume because of rapid dilution by the
ventilation system. The hydrogen explosion analysis is based on the
explosion of a combustible mixture of hydrogen 20 ft in diameter
on the reactor top. Calculations show that a maximum pressure of
V7 psig would be transmitted to the nearest concrete wall.. The £
corresponding pressure in the filter compartments would be <0.1 psig.
These pressures are much less than the pressures necessary to cause |
damage as shown in Table II. D
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Hydrogen explosion or steam surging in the reactor room
Could cause a momentary pressure surge that could result in some
leakage of fission products from the building. Leakage would
substantially increase at positive pressures of 12 inches of
Hy0 or more within the reactor room because of venting to the

‘disassembly area.

Actual release of fission products would be

low because the pressure surge, although probably in excess of
12 inches of H,0, would last only a few seconds, and because
most of the fission products would have been released and drawn
into the activity confinement system earlier.
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Results of Calculations | ' S

Steam explosions occurring in the below-grade areas and the E
reactor tank were calculated not to damage seriously the activity. i
confinement system. The maximum expected shock pressures caused s
by a steam explosion in the below-grade areas and the estimated - .
shock pressures required to cause gross failure of various
structural components are shown in Table II. The energy from a ="
steam explosion in the reactor tank would be dissipated in the
tank and in the below-grade areas. Negligible energy would be
released to the reactor room because the reactor upper structure e
is restrained by the plenum inlet piping. Steam explosions could
not occur in the reactor room because of the absence of fuel.

Significant metal-water reactions could occur in the reactor
tank. Hydrogen from this reaction could exist in explosive
"concentrations in the reactor room but the shock pressures from .
such-explosions are not sufficient to cause damage to the activity .
confinement system. Although metal-water reactions could occur
at the -40 ft level, they would be less significant than steam
explosions.

. §
SUBSEQUENT EFFECTS FROM CORE MELTDOWN : o

The preceding sections were concerned primarily with the shogt—,
term consequences of a core meltdown. Also vital to an analysis )
of this type is consideration of the capability to cope with problems
which could arise during the ensuing days or weeks after the accident.
Potential problems were identified and the subsequent effects were
calculated. These problems would be largely associated with cooling
water requirements, exhaust ventilation requirements, and water

and debris disposition. Several miscellaneous items are also
discussed in this section. The following discussion assumes that
debris cooling is obtained primarily from the proposed confinement
heat removal system. ’ :

Cooling Requirements for Debris o

As discussed in Reference 2, a controlled volume of water
from the proposed confinement heat removal system would be sprayed
primarily on the effluent piping from the reactor vessel, Because
of the limited surface area of the piping and the inaccessibility
of some of the piping within the biological shield surrounding the
vessel, total containment of the debris within the piping would be )
unlikely. However, several advantages are gained by this approach. -
First, local rather than gross melting of the piping would be more
likely which would reduce the volume of lava. This would control . -
the thermal energy available for conversion into shock pressures ..
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during possible steam explosions. Second, the heat absorbed by

the spray would increase the temperature of the water which is
reported to reduce the probability of a steam explosion.'! Third,
the time at which penetration of the effluent piping occurred would
be delayed until a significant depth of water would be on the

- floor of the -40 ft level, which also could reduce the probability

of a steam explosion.!! Rapid flooding could achieve about the

same depth at the time of debris penetration, but the smaller flows
of the proposed system could be more easily controlled if the system
were accidently actuated. Although calculations show that the SRP
confinement system could survive the effects of a steam explosion,
reasonable steps to preclude or to reduce the consequences of such
an explosion are desirable.

About 20 hours would be required to flood the below-grade
areas of the C or K reactor building with the proposed confinement
heat removal system. This is based on a flow from the above- and
below-grade systems of 6000 gpm and a below-grade building volume
of seven million gallons. In P reactor building, the below grade
volume is about 13 million gallons; the flooding time for P reactor
would be about twice that of the other buildings. After the
building fills with water, flow would be stopped.? Even with
gravity flow of 800 gpm to the confinement heat removal system,
adequate debris cooling would be obtained and complete flooding
of the C or K reactor building would be obtained in about one
week.

Based on ground water seepage into the building, outleakage
would be expected to be small; thus, only a very small fraction of
the fission product inventory would penetrate to the surrounding
earth. The concrete disassembly basins, which are adjacent to the
-40 ft areas and contain over 3 million gallons of water, much of
which is 30 ft in depth, experience negligible outleakage.

The average temperature of the water in C or K reactor
building at 20 hours after meltdown would be about 40°C for peak
summer conditions and about 25°C for winter. Decay heat generation
is calculated to exceed heat removal into the ground for about
30 days after the accident. The excess heat would raise the water
temperature to about 95°C for C or K reactor in about 30 days;
cooling would then begin. 1In P reactor building, the maximum
temperature is calculated to approach about 75°C. The heat loss
calculations were based on an overall heat transfer coefficient
of 1.0 pcu/(hr)(ftz)(°c) and an effective surface area of 40,000
fr? (approximate nominal area of floor and outer walls of below
grade areas). If only half of the estimated heat transfer to the
surroundings were obtained, boil-off of about 7 gpm is calculated
to occur, decreasing to zero boiling in about one week.
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Coblihg Requirements for Carbon Beds

Operation of at least one of the three exhaust ventilation ' .
fans would be required for about 24 hours immediately following ,
the accident to maintain the temperature of the carbon beds below , -
100°C. After that, sufficient cooling would be obtained by natural .’
draft. Operation of at least one fan for much longer than the A
minimum requirement would be expected because of redundancies in
the system.

-

The exhaust fans are centrifugal fans that are belt-driven
by electric motors. These fans remove the air from the reactor .
room, purification area, and -20 ft and -40 ft levels, {(Figures 24 °
and 25) through the filtration-adsorption compartments and discharge
it into the exhaust stack. During normal operation, two exhaust
fans are on-line (in parallel) and a third fan remains on standby.
The two operating fans can move the rated flow of 128,000 cfm with
a differential pressure of 5.9 inches H;0. One fan can move
75,000 cfm. The fan suction pressure is normally -4 to -5 inches
H,0. The fan housings have a positive pressure rating of 10 inches
H,0 (about 0.4 psig), but gross failure is unlikely at pressures
below 1-2 psig. .

Supply Fans s
—-@J—(}_, Prefilters T
7 é;) H : - d

//

-~ ;

-20 ft dnp |
Moto Motor,|
Roor:\ —6—> Heat Exchonger Area 1j©: Room

- Booster. Booster |-40f1
40 ft Fan ost o
-40ft .
Pump 64,000 cfm to
Room filter comportments
' (see Fig 29) "

K G
£ o .

Exhaust Fans

FIG. 24 VENTILATION SYSTEM FOR -20 FT AND -40 FT LEVELS L
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Each primary exhaust fan motor has two separate sources of
AC power: the electrical distribution systems for the reactor
building and the confinement substation. Either power source
can be selected as the primary source. The systems are supplied

by the area powerhouse (except for C reactor) and outside area .

powerhouses (D;0-Production Area and South Carolina Electric and
Gas Company). Emergency AC power is also provided to the reactor
building distribution system by diesels that start automatically
if normal power fails. Automatic switching between normal and
emergency power supplies provides reliable power service to the
fans.

In addition to the primary motors, each fan is equipped with
a backup motor. Two diesel driven generators supply power
directly and independently to any two of the backup motors. Power
from these sources is used solely for the exhaust fan drive motors,
and a 30-day fuel supply is available for the diesels.

Debris Configuration

Although considerable dispersion of the debris would be.
expected, the consequence of an accumulation of debris in an
adverse configuration was examined. If a mound of material J
formed such that an outer shell of solid debris protected an .
inner core of liquid, interaction between the molten debris
and concrete floor would be possible. Heat removal from a
mound, however, would govern its size and shape. For a con- :
figuration with a relatively low surface-to-volume ratio, such -
as a hemisphere, and with a high volumetric heat generation rate,
the surface heat flux could be in excess of the capacity to remove
the heat by natural convection boiling. As a consequence, the
material would tend to slump into a slab geometry with a larger
surface-to-volume ratio and a lesser thickness. For C reactor,

~in which vessel melt-through was calculated to occur in one hour,
a maximum slab thickness of about one foot with a surface area
of about 250 ft? could be sustained with boiling from the top
surface. After about 15 hours, the volumetric heat generation
would have decreased enough that the debris would freeze through
its entire thickness. In P or K reactor, melt-through would be
more rapid than for C; therefore, the maximum thickness that could
be sustained would be less. Complete freezing is. calculated to
occur in about 6 hours. Penetration of a significant .depth of
concrete floor, which contains granite aggregate, would not be
expected over these relatively short time intervals.

In an unmoderated geometry, criticality within the debris

regardless of location would not occur. ‘Even a homogenous' sphere -

of core debris under H,O would not be critical; however, a sub-

critical state cannot be guaranteed under all possible combinations.
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of geometry, concentration, and moderation that® W ve t ed.

. Even though criticality is considered highly remote, such an

occurrence would be unlikely to contribute significantly to either
the energy of the system or the fission product inventory, but

- would serve to further disperse the debris within the confines

of the below grade areas.

It is concluded that after about one d?y the.regaining fission
product inventory could be essentially confined within the re:ctgzd
building and the filtration-adsorption compartments for an ex e2e
period of time with no further equipment operation or ma?ntgnand .
Hence, the addition of further cooling would not ?e require aqd
building overflow to the 50 million gallon retention basin wou
be unnecessary.
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C LAVA LAVA LAVA LAVA LAVA (AVA LAVA LAVA LAVA LAVA LAVA LAVA.LAVA Al%00 °
c AloO) " .
c AN ANALYSIS OF TRANSIENT HEAT TRANSFER IN THE REACTOR BUILD!NG A1902
C FOLLOWING A DESIGN BASIS ACCIDENT AL003 ,°
C : , A1004
c L 322 3 4 L 2 213 ] Thkekd b 3324 L3 2 1 14 Rk & kol ek Al1005 2
c ' AL006
DIMENSION OFU001(999).QRAD(999)'QCONV2(999) AFLO{999), OFLOR1( 999}, Al007 -
1QESCAP({ 9991 AY)08
READ (53301 TFUELI'HFUEL'CFUEL.TSYS.AKHET.AMET,HMET.TMETI,XMET.TA 41009
1IRI)TWALLY4EPSL )EPS2, WWALL yCWALL ,XWALL yANALL s AKWALL sCAIR,WAIR,CMET  A1010
2,QCONVL,TSYS1,TSYS2, TME T4, TWALLO, TWALL3 oCOF 4POAKFUEL,TATR2,TAIRG, 41011
3FAT (AFLOOR,EPS3 y ZAPy ABSFU, ABSMET ,DENFU , DENMET, HF ¢ HFMET , T FU ELM © A1012
c Al013
REAL {5,340) NQFU _ B Al1014
READ (5,350) {QFUDDL(1),1=1,NQFU} LT Al0ls -
READ (5,360) QRAD(L) ‘ A1216 .
READ (5,370) QCONV2{(1) - e A1017
WRITE (6,380) A A1018
WRITE (64390} : A1019 -
WRITE (6,400} A1020
WRITE {6,410} TFUELM , A1521
WRITE [6,420) WAIR A1022
WRITE {64430} TSYS A1023
WRITE (6,440} WFUEL A1D24
WRITE (6,450) WMET A1025 ~ -
WRITE (644600 AMET AY026
WRITE (64470) EPS1 ' ALO27
WRITE (644801 EPS2 , : 41028 -
WRITE (6,490) AWALL “ . A1029 -
WRITE (64500) AKWALL A1030
WRITE (6,510} COF AL031
WRITE (6,4520) PO A1D32
WRITE {6,530) A1033
WRITE {6,540} . A1034
c ' o AL 035
c CALCULATE ENERGY STORED IN FUEL AS FUSION HEAT A1036
HFUS=HF ®*WF UEL : . Al1D37
C Al038 .
c CALCULATE HEAT IN FUEL AT TIME FUEL MELTING 8EGINS A1039 .
oFUEL=uFUEL\q+UEL*(TFUELx-rsvsa A1D4D
c AlD41
c ENTER MASTER- DO LOGP FOR FUEL CONTAINED IN PIPINGes UNLESS A1042 .,
c DTHERWISE NOTED CALCULATIONS ARE FOR ONE MINUTE INCREMENTS. AL043 -
c TIME O INDICATES START OF INCREMENT, 172 INDICATES MIDDLE A1044
C OF INCREMENT, AND 1 INDICATES END OF I-NCREMENT A1245
DO 160 I=1,NQFU ALO46
NTIME=] A1047-
C ) : . . A1148
c INITIALIZE SUBROUT INES FOR TRANSIENT CONDUCTION IN CONCRETE A1049 3
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“CALL COND(QWALLI, TNALLI'NTIME,OI
CALL CONDL (QFLORA,TLAV A5 +NT IME, 0 )
CALL BOND(QWALLLysTWALLL ¢NTIME,O)

xxx* ) .*Xxxxl
xxxx£§§§§§§y’vxxxx

CALCULATE HEAT IN FUEL AT TIME 1 WITH NC HEAT LOSS. EQUATE

HEAT AT TIME O TO TIME 1}
QFUEL2 =QFUEL+{ QFUDDL (1} *PQ)
QFUEL=QFUEL2

CALCULATE GAMMA ESCAPE FROM FUEL CONTAINED IN-EFFLUENT PIPING

AMU= 206 3*ABSFU
CALL GETOUT (AMU,PCC)
TOPIPE=QFUQOL {1 )*PO*(14,0=-PCC)*0,5

CALCULATE GAMMA ATT ENUATION BY EFFLUENT PIPING

+ GONE=TOPIPE JEXP(0s 5T XMETE61,0)

SOAKED=TOPIPE=-GONE

LOGP A

CALCULATE AVERAGE FUEL TEMPFRATURE AT TIME 1 WITH NO HEAY LQOSS

TFUEL 2=(QFUEL/({ WFUEL*ZFUEL) }+TSYS
IF {(TFUEL2.GE.TFUELM) GO TG 110

» CALCULATE ENERGY STORED AS HEAT OF éUSIONo THEN RECALCULATE

FUEL TEMPERATURE AT TIME 1
QAVAIL=WFUEL*CFUEL*( TFUEL2~TSYS)+HFUS
TFUEL2=(QAVAIL/ (WFUEL*CFUEL ) 1+4TSYS
IF (TFUEL24LT,TFUELM)} GO TO 110
QSENS=WFUEL*CFUEL* TFUELM~TSYS}
QFUSE=QAVAIL-QS ENS :

IF (QFUSE4LEsHFUS) TFUEL2=TFUELM
-IF (QFUSEeLEsHFUS) GO TO 110 :
HLEF T=QFUSE~HFUS
TFUELZ*(HLEFT/(HFUEL*CFUEL))+TFUEL2

'CALCULATE FUEL~PIPE INTERFACE TEMPERATURE

DEL T=QFUEL *7+ 5E- 6
TRUEL4 =TFUEL2- (DELT/240)

CALCULATE HEAT STORED 1IN PIPE HITH HEAT LOSS DURING 1 TIME
INCREMENT, AVERAGE PIPE TEMPERATURES AT TIMES 1 AND O

QMETL= (((AKMEY*(I(TFUELI*TFUELQDIZ.Oi-YMETll)*AMETIXMET!I60-Oi QCO

INV1=QRAD( I} +SCOAKED
TME T2={ QMET1/(WMET*CMET) } +TSYS]
TMET3=(TMET2+TSY51)/2-O

CALCULATE HEAT [N FUEL AND FUEL TEMPERATURE AT TIME 1 WITH

HEAT LOSS

QFUEL3=CFUEL2~ QMETI-QCONVI-ORAD(!)—GONE
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. A1059
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| AID63

AL064
A1065
ALO66
A1067
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A1 069
A10T0
A127}
A1072
A1073
AL0T4
A1075
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41083
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TFUEL3=(QFUEL3/ (WFUEL *C FUEL ) )+TSYS i : L. L
If (TFUEL3.GEs TFUELM) GO TO 120 - L :

CALCULATE ENERGY STORED AS HEAT OF. FUS ION, IHEN RECALCULATE
FUEL TEMPERATURE AT TIME 1

QAVATL=WFUEL®CFUEL *{ TFUEL 3~TSYS ) ¢HFUS T ey .._ .-

TFUEL3=(QAVAIL/(WFUEL*CFUEL) }4TSYS >
IF (TFUEL3.LT.TFUELM) GO TO 120
QSENS=WFUEL*CFUEL* {T FUELM~TSYS )

" QFUSE=QAVAIL=QSENS

IF. (QFUSEJLEaHFUYS) TFUEL3=TFUELM

1F (TFUEL4e GTe202040}) GO TO 170

I1F (QFUSELELHFUS) GO TO 120

HLEFT=QFUS E-HFUS

TFUEL3= (HLEFT/(NFUEL*CFUEL’)+TFUEL3

TMET1=TMET3

QFUEL=( QFUEL3+QFUEL }/240
TEST FOR GOODNESS OF FUEL TEMPERATURE AT TIME 1. ITERATE TO
. LOOP A BASED UN RECALCULATED HEAT IN FUEL IF NECESSARY

IF (ABS{TFUEL3~- TFUELZI GTeDe5) GO TO 130

CALCULATE SURFACE TEMPERATURE DF PIPE.ANd AVERAGE TEMPERATURE.

OF AIR AT TIME 1/2
TSURF=TMET 3~ ({{TFUEL1+TFUEL 4}/ 240 }=TMET3)
IF (TSURFeLToTSYS) TSURF=TSYS :
TAIR2=( TAIR2+TAIR4) /2.0

CALCULATE HEAT LOST FROM PIPE BY NATURAL CONVECTION’
XX=TSUR F~ TA IR 2 :
QUONVY. = {COF* (ABS (XX ) }4%0 2 3335AMET #{ XX) ) /6040

CALCULATE HEAT LDST FROM PIPE 8Y THERMAL RADIATION. TO WALLS
AND FLOOR

RR= (TSURF+460e 0) *%4¢ 0

RS"TWALLI*460.0)**4.0

QRADLI) 1.73E-9*EPSI*AMET*(RR-RS’/G0.0

CALCULATE HEAT CONTENT AND AVERAGE TEMPERATURE. OF PIPE’ -
CONSIDERING CONDUCTION FROM FUEL, GAMMA ATENUATION, CONVECTION
TO AJR AND THERMAL-RADIATION TU WALLS AND FLOOR AT TIME.1 |
QMET 2= ((AKMET*%M\T*(((TFUELI*TFUEL4112.0)-TMETII/XMETII60.) -QCONV1.
1-QR AD( I} +SOAKED - ~- e .
QMET2= (QMET24+QMETL /240 - -
TME T5= (QMET2 /( WMET&CMET) ) +TSYS1
T TMET1=(TMET54T5YS1)/240

- CALCULATE HEAT CONTENT OF FUEL CONS!DERING HEAY LOST TO. PIPE
- AND ENV IRONMENT AT TIME 1
QFUEL4=QFUEL2~QMET2 «QCONV1 ~ QRAD(X!—GONE
QFUEL= (QFUFL4+QFUEL|/2 : ’
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All03

- Al104

A1108

- A1106

A1107
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Al1l0
Allll
Alll2

Al1l3

Allls
All115
Al1lé
a1117
Al118
Alllo
Al112D
All21
All22
A1123
A1124
81125

»

s

Al126 |
ALF2T

Al128
A1129

. AL130

AL131
A1132
A1133
A11364

- A1135

A1136
A1137
Al138
A1139
A1140
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Al144
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A}148
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. TEST FOR GOOONESS OF PIPE TEMPERATURE AT TIME 1. ITERATE 7O

LOOP A BASED ON RECALCULATED HEAT IN FUEL ‘IF NECESSARY
IF (ABS{TMET2-TMET5}4GTe2.0) GO TO 100

SUM HEAT TRANSFERRED TO WALLS ANO FLOOR BY THERMAL RADYATION

R SUM=0, 0

00 130 J=1,NTIME
R SUM=R SUM+ QRAD ( J)
CONTINUE

' SUM HEAT TRANSFERRED FROM WALLS AND FLOOR BY NATURAL
CONVECTION

CSUMs0.0

DO 140 J=1,NTIME

CSUMaCSUM+QCONV21LJ )

"CONTINUE

CALCULATE HEAT CONTENT OF WALLS AND FLOOR BASED ON THERMAL
RADIATION TO WALLS AND FLOOR, NATURAL CONVECTION FROM WALLS
AND FLOOR, ANDO GAMMA RADIATION Y0 WALLS AND FLOOR AT TIME 1
QWALLL sRSUM=CSY M+ GONE ) ’ ’

CALCULATE SURFACE TEMPERATURE DF WALLS AND FLOOR FROH
TRANSIENT CONDUCTION SUBRDUTINE AT YIME 1

L=1

CALL COND{QWALLL ¢TWALLAWNT IME,L}

THALL2=THWALLA

CALCULATE HEAT TRANSFERRED FROM WALLS AND FLODDR BY NATURAL
CONVECTION

QCDNVZ(II—(COF*(ABS(((((THALL2*THALL3D/2)+TNALLO)/2) *TAIR 2} ) %%0433

13*ANALL‘(((((TNALLZ*THALL3DlZ!+THALLO)IZl-TAIR2')/60.0

SUM HEAT TRANSFERRED FROM WALLS AND FLOOR B8Y NATURAL
CONVECTION

CSUM=0,0

DO 150 J=1,NTIME
€ SUM=C SUM+QCONV2({ J)

CONTINUE

.CALCULATE HEAY CONTENT OF WALLS AND FLOOR BASED ON THERMAL

RADIATION TO WALLS AND FLOOR, NATURAL CONVECTION FROM WALLS

AND FLOOR, AND GAMMA RADIATION TO WALLS ANO FLOOR AT TIME 1
QWALL25RSUM=CSUM+ GONE

tALCULATE SURFACE TEMPERATURE OF WALLS AND FLOOR FROM
TRANS IENT CUNDUCT ION SUBROUTINE AT TIME 1 ’

L=1

CALL COND(QWALLZ2,TWALLC #NTIME,L)
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TWALL3=TwWALLC
THALLl“((ITNALLZ*THALL3,IZ)+TNALL1)/2

TEST FOR GOODNESS OF WALL AND FLOOR TEMPERATURE AT T!ME 1.
. ITERATE TO LOOP A IF NECESSARY
IF (THALLB TwALLZ.GT.Z.O 0R.THALL2—THALL3.GT 2.0) GD T0 100

. CALCULATE HEAT CONTENT AND TEMPERATURE OF AIR AT TIME }
QAIRZ2=QCONVLI+QCONV2 (I}

TAIR3={QAIR2/{ WA IR®CAIR) }+TSYS
IFf (TAIR3,1T+100e0) TAIR32100,0
QAIR2=WAIR*CAIR#*{TAIR3=TSYS).

- TAIR4={ TAIR3+TAIRLl) /2.0

TEST FOR GOODNESS OF AIR TEMPERATURE AT TIME 1/2. ITERATE
T LO0P A If NECESSARY
IF (TAIR4-TAIR24GT42¢0e0ReTAIRZ2-TAIRG¢GTa2.0) GO To 160

11}

, RESTATE VARIABLES FDR SECOND TIME INCREMENT
TFUEL1=TFUELS

TAIR1=TAIR3

TSYS1=TMETS

TMET4=TVET3

TWALLO=TWALL3

TWALLL=TWALLS3

TSYS2=TWALL3

TMEY1=TMET3

1F < THE TEMPERATURE OF THE FUEL AT THE FUEL-PIPE INTERFACE
EXCEEDS THE MELTING POINT OF THE FUEL, THE PIPE IS ASSUMED 'TO
COLLAPSE BECAUSE OF INTERACTION OF URANTUM AND STAINLESS
STEEL

1F (TFUEL4.GTLTFUELM) GO TO 170

QRAD(I+1)=QRAD(I}

QCONV2( I+1)=0CONV2( I}

CONTINUE

AT THIS CONDITION THE PIPES COLLAPSE
WRITE (6,560}
WRITE {6,570)
WRITE (6,580

. CALCULATE HEAT IN LAVA AT TIME OF PIPE COLLAPSE
QLAVA=WFUEL* CFUEL*{TFUELI~TSYS J+WMET *CMET*{TMET 3=TSYS) "
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CALCULATE MASS OF STEEL IN LAVA
WMAT=({QLAVA/(ZAP-TSYS) }-HFUEL*CFUEL) /JCMET
IF (WMAT.GE.WMET) GO TO 180
WME T=WMAT

NTIME=NTIME+1

KT IME=NTIME

WRITE (6,590) AFLOOR
WRITE (6,600 ZAP
WRITE (6,610} ABSFUY
WRITE (6,620) ABSMET
WRITE (6,630} DENFU
WRITE (6,640) DENMET
WRITE {64650) WMET
WRITE (6,660) EPS3

_ WALLS AND FLOOR MUST NOW BE TREATED SEPARATELY. ADJUST FOR
AREA DIFFERENCE
RSUMPB=RSUM ( (AWALL—AFLOOR )/ AW ALL )
CSUMPB=CSUM*(( AWALL-AFLOOR) 7AWALL) -

WRITE (6,670}
WRITE { &,680)

K=NTIME

NNN=1
AFLO{K-1)=0.0
QFLORL1{K~1}=0.,0

COMBINE THERMAL RADIATICN CONSTANTS
BR=1+0/{(1,0/EPS3)+( 1. 0/EPS2)-1, 0}

CALCULAYE VOLUME OF LAVA
VOL=(WFUEL/DENFU )+ (WME T /DENMET)

CALCULATE GAMMA ABSORPTION COEFFICIENT OF LAVA
ABSMIX= (({WFUEL/DENFU)/VOL ) *ABSFU) +{ ( (W MET/DENMET) /VOL ) *ABSMET)

CALCULATE HEAT OF FUSION OF- LAVA

" HFMIX=({ {WFUEL/ DENFU )/ VOL} *HF+{ ( [KMET/DENMET)/VOL ) #HFMET)

HFEUSL=HF MI X*{ fFUEL+WMET }

ENTER'MASTER DO LOOP FOR LAVA ON FLOOR OF PUMP ROOMS
DO 320 K=NTIME NQFU
LT IME=K

INITIALIZE SUBROUTINES FOR TRANSIENT CONDUCTION INTO CONCRETE
WALLS AND FLOOR YO TIME OF PIPE CULLAPSE

CALL CONDI(QFLORA,TLAVAS,LTIME,O)

CALL BOND{QWALL1,TWALLL,LTIME, O}
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AL274
AL275
A1276
A1277
AL278
A1279
A1280
A1281
A1282
A1283
A1284
A1285
A1286
A1287
A1288
A1289
A1290
A1291
A1292
A1293
A1294
A1295
A1295
A1297
A1298
A1299



m KXXXKXXHKKAXNXXAXK SN
CRXIX KOOI XK ‘
. s . “" ££ \rt xx .

XAXKXK Rfﬁ YRR &

UNCLASSIFIED ™
= T1DVYE® -
LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA -
KKK =NNN A1300
IF (KKKGTal) AFLO(K}I=AFLU{K=1) Al301,
IF (KKKaGTel} GO TO 199 a413n2°
AFLO(K }=AFLDOR A13037
c Al1304
c CALCULATE TEMPERATURE OF LAVA AT TIME O A1305 ¢ °
199  TULAVA=(QLAVA/{ (WFUEL*CFUEL)+(WMET®CMET) 114 TSYS A1306
IF (TLAVALGELZAP) GO TQ 200 Ar307 -
c A1308
C CALCULATE ENERGY STORED AS HEAT OF FUSION, THEN RECALCULATE Al1309 ,°
c LAVA TEMPERATURE AT TIME ) 41310
QAVAIL= (NFUEL*CFUEL+RMET*CMFTI*(TLAVA~TSYS)*HFUSL A1311
TLAVA= (QAVAIL/ (WFUEL ®C FUEL +WMET *CMET )} +TSYS A1312
I# (TLAVALLTeZAP) GD TO 200 A1313
QSENS=( WFUEL *CFUEL+WMET=CMET) *( TLAVA=-TSYS) Al314
QFUSE=QAVAIL~QS ENS A1315
1F (QFUSECLELHFUSL) TLAVA=ZAP Al316
IF (QFUSE.LELHFUSL) GO TO 200 . A1317 ¢
HLEFT=QFUSE=-HFUSL A131e -
TLAVA= { HLEF T/(WFUEL=CFUEL+ WMETXCMET) I+ TLAV A A1319
200  QRACIK)=D.0 Al320
QFLOR2=0, 3 Al1321
QOX INDE=D,0 COA1322 %
QCONVY =049 A1323
TLAVA4=D. 0 , A1324 50
KKKK=0 : 41325
C : 41326
C CALCULATE THICKNESS DF LAVA ON FLOOR ASSUMING FLOOR COMPLETELY A1327 °
C COVERED A1328..
THICK=((WFUEL/DENFU) +{ WMET/DENMET } }/ AFLO{K ) A1329
C - . A133D-
C CALCULATE GAMMA ESCAPE FROM LAVA A1331 °
BMU=( THICK* 30, 48/2¢ O) *ABSMIX 41332
CALL ESCAPE (BMU,PC) , : A1333
RETAIN=140={{1e0-PC1/2401 ' A1334 .
c ‘ . A1335 *
c CALCULATE HEAT IN FUEL WITH CONSINERATION TO HEAT LOSSES AT . A1336
C TIME 1 . Al1337
QLAVAZ=QL AVA+QFUGI1{ K} *PO*RETA1N-QR AD ( K) ~QCONV1-QFLOR2 +QOX 1DE A1338
QLAVA=QLAVA? 41339
C LOQP 8 A1340 s
210 NNN=KKK+1 _ ' Al341 -
C A1342
c GCALCULATE TEMPERATURE OF LAVA AT TIME 1 41343
TLAVA2=(QUAVA/ ((WFUEL*CFUEL )+{WMET*CMET) }}#TSYS AL346
If {TLAVA2.GEeZAP) GO TO 220 : : A1345 -
c 4 ' ' A1346
- C CALCULATE ENERGY STDRED AS HEAT OF FUSION, THEN RECALCULATE A1347
c LAVA TEMPERATURE AT TIME } A1348 .
QAVAIL= (HFUEL*CFU:L+&MET*CMFTI*(TLAVAZ-TSYS)+HFUSL 41349
"#
A N
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TLAVA2=(QAVAIL/( WFUEL*CFUEL+WMET®CMET) ) +TSYS
IF (TLAVA2,LT4ZAP) GO TO 220
QSENS-(HFUEL*CFUEL#NM?T*CMET)*(TLAVAZ-YSYS)
QFUSE=QAVAIL-0SENS

IF {QFUSEeLE4HFUSL}) TLAVA25ZAP

IF (QFUSE.LE.HFUSL) Gd TO 225

HLEFT =QFUS E=-HFUSL
TLAVA?-(HLEFT/(HFUEL*CFUEL+HMET*CMtIli%ELAVAZ

ESTIMATE FLUOR AREA COVERED BY {AVA
AFLOIK)=AFLOUR%* (14 0~D¢ 002 *KKKK }
IF {AFLO(K)oLTWAFLO(K=-1)) AFLO{K}=AFLO{K=1)
IF (KKKKeEQed}) GO TO 230
IF (TLAVA4.GT4 ZAP) GO YO 240

CALCULATE SURFACE TEMPERATURE OF LAVA FROM AVERAGE TEMPERATURE
AND GRADIENT THROUGH THICKNESS AT TIME 1
DELT1=QFUOOL (K ) *¥PO5 D40 *RETAIN*{ {WFUEL/DENFU) ¢ (WMET/DENMET}} /(24 0%
LAFLO(K) )%%2,0/(AKFUEL+AKMET)
TLAVA4={ TLAVA2+TLAVA} /2,0
TLAVAS=TLAVA4—~{DELT1/2.01}
TAIR2=( TAIR24TAIR4) /240
YY=TL AVAS=-TAIR2

CALCULATE HEAT TRANSFERRED FROM LAVA BY NATURAL CONVECT ION
QCONV1=(COFX[ABS(YY ) )&%D ,333%AFLO(K)*YY} /60,0
TLAVAS=({ TLAVAS=32.01/1,.8

CALCULATE HEAT GENERATION IN LAVA FROM SURFACE OXIDATION
TOX1=TLAVAS
TOX2=TLAVAS
IF (TUX14eLlT61000e0) TOX1=1000,0
IF (TOX2eGTo1200,9) TOX2=1200,0
Cl=EXP (0600346 %TOX1-De79)
C2={ 040021 8%TOX2+12 0} * (AFLO(K) /WFUEL ) %2 404
QOXIDE=(AFLO(K} /2401 %C1%{ 2 T1x*C2)*1,4 8
TLAVAS =TLAVAS%*]1 48+32,0

CALCUL ATE HEAT TRANSFERRED FRDOM LAVA BY THERMAL RADIATION
TR={TLAVAS5+4604 Q) *%4 4,9
TS=(TWALL 144606 0) *%4e D
QRADE(K) =1, 73E-9*BR*AFLO(K)*(TR TS1/600

CALCULATE ENERGY TRANSFERRED FROM LAVA TO FLOOR BY GAMMA
ESCAPE . '
QESCAP(K)={QFUOOL(K)*PO%(1,0-RETAIN} /2.0

_.‘CLLCULATE HEAT TRANSFERRED INTO FLOOR FROM TRANSIENT
‘CONDUCT ION SUBROUTINE
L=2
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Al1363
Al 364
Al1365
Al1366
A1367
A1368
Al1369
Al1370
A1371
Alr372
Al1373
Al374
A1375
Al1376
AL3T7
AL378
Al1379
A1380
Al1381
Al382
Al1383
A1384
A1385
Al386
Al1387
Al388
Al1389
41390
Al391
Al1392
Al393
Al1394
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Al1397
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CALL COND1(QFLORA, TLAVAS, LTIMEyL!

QFLORL (K)=QFLORA

FAT=AFLO{K]} /AFLOOR .
QFLOR2={QFLORL {K )~QFLOR 1{< =1} ) *FAT+QE SCAP( K)
1F (KKK.EQ.II GO TO 260

C
C CALCULATE HEAT TRANSFERRED INTO FLOOR DURING ONE TIME
C INCREMENT
N=K~-K TIME+1
QFLOR2=0,0
D0 250 M=1,N
L8=K-M
LT =K=N¢ M
QFLORZ2=QFLOR2+ (QFLOR1(L8B+1)~ QFLORl(LS))*((AFLO(L?)-AFLO(L7 -1} ¥/ AFL
100R)
250 CONTINUE
C
(v CALCULATE HEAT CONTENT AND TEMPERATURE AT TIME 1 OF LAVA
c CONSIDERING HEAT LOSSES AND GAINS

260 QLAVA3=QLAVAZ-QCDNVI-QRAD(K)-QFLOR2+OOX{DE+OESCAP(K)
TLAVA3={QLAVA3 /({ WFUEL*CFUEL )+ (WMET*CMET)) ) 4TSYS
IF {TLAVA3.GE«ZAP)} GO TU 270

CALCULATE ENERGY STORED AS HEAT OF FUSION, THEN RECALCULATE
LAVA TEMPERATURE

QAVAIL ={WFUEL*CFUEL+WMET®CMET ) ®*(TLAVA3-TSYS ) +HFUSL

TLAVA3={QAVAIL /{ WF UEL*®CFUEL+WME T®CMET) ) +TSYS

IF (TLAVA3W(TWZAP) GO T3 270

QSENS=( WFUEL*CFUEL+ WMET®CMET) * (TLAV A3~TSYS )

QFUSE=QAVAIL=-QSENS

IF (QFUSE.LEHFUSL) TLAVA3=ZAP

IF {QFUSE.LE.HFUSL) GO TO 270

HLEFT=QFUS E-HFUSL

TLAVA3=(HLEFT/ (WFUEL*CFUEL+WMET *CMET ) ) +T LAV A3

270 TLAVAG=TLAVA3-~(DELT1 /24 0}

IF (AFLO{K).GT AFLDUR} AFLO{K)=AFLOOR

QLAVA=QLAVA3

[aNeNe]

C
C TEST FOR GOUDNESS UOF LAVA TEMPERAT JRE AT TIME 1. ITERATE TO
C . LOOP B IF NECESSARY -
IF (ABS{TLAVA3=TLAVAZ2)eGTa2.0) GO TO 210
IF (TLAVAG.LTe 2AP I KKKK=KKKK+1
IF (AFLO(K14EQeAFLO(K=-1)) GO TO 280
IF (TLAVASGLT4ZAP) GO TO 210
c
C SUM HEAT TRANSFERRED TO WALLS BY THERMAL RADIATION AND GAMMA
c ESCAPE
280 R SUM=R SUMP 8

D0 290 J=KTIME,K
RSUM=RSUM+ORADCJI+QESCAP(J)

Qe -4
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Al408
Al409°
A1410

|

AL4311,"

1412
Al413
Alals
Al1415
Alale
Al4l?
Al4sl8

Ale19~

Al420
Al421

-

Al422.
Al423°

Al 424

.
*

Al1425
Ala26h

A142
A1428
A1429

Al430

A{431
Al432
Al1433
Al43¢
A1435
Al436
A1437
Al438
Al1439
Al 440
Al441
A 442
A1443
Al44s
AL445

A 446

Al447
Al448
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-t

{
14

-



. % 4 " ﬂrri"EB
. ﬁmﬁi’véﬁa i
. : xx§§§5.§§§§?xxxxxx B
XXXXN K.,:‘: R ;
. xx—\XX.)/ M oy ‘:' s ,“.:\',{’\.
tT 1 DY %
? . LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAV A LAVA LAVA LAVA LAVA LAVA
;901 CONT INUE : A1 450
Doou . Al4Sl
Lo : SUM HEAT TRANSFERRED FROM WALLS BY NATURAL CONVECTION : AL452
L CSUM=CSuMPB ) . Alas53
« %, D0 300 J=KTIME K . ~ A1454
CSUM=CSUM+QCONV2 (J) ) Al455
l%aq CONTINUE A1456
Y Ar457
. CALCUL ATE HEAT CONTENT AND SURFACE TEMPERATURE OF WALLS AT Al458
; TIME 1 A1459
;- QWALL1=RSUM~CSUM . Al1450
=1 : AL%561
* CALL BOND(QWALLL yTWALLA,LTIME,L) Al462
TWALL2=TWALLA _ Al 463
Al 464
CALCULATE HEAT TRANSFERRED FROM WALLS BY NATURAL CONVECTION Al465

" QUONV2IK)=(COF*(ABSE({((TWALL2+TWALL3)/240)+TWALLO) /2, 0)-TAIR2} )%k AL1466
10.333*(AHALL-AFLO(K))*(((((THALLZ*THALL3)/2.0)+TNALLO)/2.0)-TAIR2’ Ala67

@ 21760.0 . Al468
L A1469
SUM HEAT TRANSFERRED FROM WALLS BY NATURAL CONVECT ION A14T0
CSUM=CSUMPB AL4T1
. DO 310 J=KTIME,K : A1472
. - CSUM=CSUM+QCONV2(J) o Al473
10 CONTINUE o j . A1474
: ' A1475
‘3 CALCULATE HEAT CONTENT AND SUREACE TEMPERATURE OF WALLS AT - Ala76
: TIME 1/2 _ AL4TT
« = QUALL2=RSUM-CSUM ' A1478
. L=1 _ Al479
“ CALL BOND(CWALL2 yTWALLL LT IME, L) ‘ A1480
_ TWALL3=TWALLC , ‘ A1481
7 TWALLL={({TWALL2+TWALL3 /2 }+TWALLL)/2.0 , -A{:gg- -
TEST FOR GOUONESS OF WALL SURFACE TEMPERATURE AT TIME 1,  Al484
ITERATE TO LOOP B IF NECESSARY v A1485
A IF (ABSUTWALL3=TWALL2)eGTe2.0) GO TO 210 " Al4B6
A1487
CALCULATE HEAT CONTENT AND TEMPERATURE OF AIR AT TIME 1 A1488
QAR 2=QCONV1+QCONVZ(K) A1489
TAIR3=(QAIR2/ (WA IR*CAIR ) }+TSYS _ : _AL490
w IF (TAIR3,LT.100,0) TAIR3=100,0 A1491
M QAIR2=WAIR*CAIR*(TAIR3-TSYS) A1492
TAIRG=(TAIR3+TAIRL1/240 ‘ - A1493
: ‘ ~ AL494
) TEST FOR GOODNESS OF AIR TEMPERATURE AT TIME 1/2, ITERATE TO A1495
N LOOP B IF NECESSARY A1496
© IF (ABS(TAIR4-TAIR214GTe2.0) 60 TO 210 : A1497
A1 498

WRITE (6,690) LTIME,TLAVA3 ,TLAVAG,AFLO(K), TWALL3,TAIR3,QFUOOL(K]I,Q Al1499

e, UNCLASSIFIED
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LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA LAVA

[gXg

320

339

340

359
360
379
380
390

400 -

410
420
430
4490
450

460

470
480
490
500
5190
520
530
540

S50

560
570
580
590
500
6190
620
630
640
650
660

T X ARRXXXGREEERAXXX
ngBxxxxxxxxxxxxxxxxxx

10X IDE, QCONV1+QFLOR2,QRADIK )

RESTATE VARIABLES FUR SECOND TIME INCREMENT
THALLO= -
TWALLL=

TWALL3
TWALL3

QRAD(K+1 i=QRADIK )
QCONV2 {K+1) =QCONV2 (K]}
TAIR1=TAIR3

CONTINUE

sTCGP

FORMAT
FORMAT
FORMATY
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMATY
FORMAT
FORMAT
FORMAT

1)
FORMAT

1)

F ORMAT
FORMAT
FORMAT
FORMAT
FORMAT

(7F10e5)

(13}

{TF10.5)

{Fl0e5)

(F10e 5}

{141} .

(45X ,* LAVA = OR THE CREEPING HEAPY///)
(25Xy * INPUT INFORMATION®//)

{5X , ' MELT ING TEMPERATURE. OF FUEL *,3X,F10s1/)
(5X,*MASS OF AIR FROM =40% 424X sF1l0s1/)

{5X, "TEMPERATURE OF AMBIENT SYSTEM®,14X4F10e1/) .
(S5X,*EFFECTIVE MASS OF CORE*+22X+F10.1/)

ta

(5X,"EFFECTIVE MASS OF EFFLUENT PIPING AND PUMPS®,1X,F10.1/

{5X,*EFFECTIVE AREA OF EFFLUENT PIPING AND PUMPS',IXoFIO.l/

(5X,"EMISSIVITY OF EFFLUENT PIPING AND PUMPS',5X,F10.1/)
(5Xs"EMISSIVITY OF CONCRETE WALLS AT =40°',9XsFlOel/)

(5X,  EFFECTIVE SJRFACE AREA OF CONCRETE WALLS®44X,F10s1/})
(5X,* THERMAL CONDUCTIVITY OF CONCRETE®,12XyFl041/)

(5X, 'COEFFICIENT FOR CONVECTION EQUATION® ,9X,F1041/1}

FORMAT (5X,%RELATIVE HEAT GENERATION',20X,F1041///)

FORMAT (25X, *0UTPUT INFORMATION®//)

FORMAT (5X, 'TIME . FUEL TEMmP AVG PIPE TEMP CONCRETE WALL
1 TEMP ATIR TEMP PIPE SURFACE TEMP INTERFACE TEMP HE
2AT INtZ/)

FORMAT (3X 413 45X +F106e195X+F10s1411XyF104 148Xy F10e1l 9 TXeF10e1,12X,F1
10e144XsF10e1/) .

FORMAT
F ORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMATY

UNCLASSIFIED - ™ -

{1H=)

(2X AT THIS CONDITION THE PIPE COLLAPSES'///)
(25X, INPUT INFORMATION® //)

{5X, " FLOOR AREA AT =40%,27X:F10e1/}

(65X, MELTING TEMPERATURE OF LAVA',17XsFl0s1/7}
(5X, "LINEAR ABSORPTION COEF OF FUEL® 414X ,F10e5/}

(5X,*LINEAR ABSORPTION COEF OF STAINLESS STEEL's3X.F1045/)

(SX.'DENSITY OF FUEL' 429X,F10.5/).

(5X, "DENSITY OF STAINLESS STEEL®, 18XyF1045/)
{5X4*MASS OF STEEL IN LAVA'23X¢F10e1/) -
§5X, 'EMISSIVITY OF DEBRISY$24X,F1041///)

PR 2369444

CEPRERANR WY
o a§§§§£¥%l%%ﬁ
Ka RAKLKLXAXKLXAAXNK XK
KAKAXXXXAXRXXXKXKK XX

A1500
A1501
A1502
A1503
A1504
AL505
41506
A1507
A1508

T A1509

ALS10
A1511
A1512
A1513
A1514
A1515
Al516
ALS17
A1518
Al519
A1520
A1521
A1522
A1523
Al 524
A1525
Al 526
AL1S27
A1528
Al1529
A1530
A1531
41532
Al 533
Al534
A1535
A1536
A1537
A1538
Al 539
41540
21541
A1542
A1543
AL544
A1545
Al1546
A1547
A1548
A1549
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70 v FORMAT (25X 4" QUTPUT INFORMATION'//) A1550
80 = FORMAT (3X,*TIME AVG LAVA TEMP LAVA SURF TEMP LAVA AREA WALL T A1551
Y LEMP AIR TEMP HEAT IN  HEAT OXID  HEAT CONV -~ HEAT COND HE Al552
2AT RAD'/ /) : A1553
93¢ 's FORMAT (3X,14,5X+F10a1s6XsFl0elsF11a1,F11a1,F1061,2X,F10s1,2XsF10,  A1554
J192X4Fl0el 42X 4F10,1 4FL1,17) A1555

w  END ‘ Al556~-

L
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o0 0 o0

100
110

120

130

. 140

150
160

170
1890

190

200
210

220
230

UNSTEADY STATE HEAT TRANSFER INTO WALLS AND FLOOR
UNSTEADY STATE HEAT TRANSFER INTO WALLS AND FLODR |
SUBROUTINE COND{QWALLL yTWALLL,NTIME,L}

DIMENSION 7(2,100,10),Q(10)

NTEMP=10

NLAY=10Q0

WHALL=110000,0

CHWALL=0e25

AM=2,0

IF (LeGTeO) GO TOD 220

1F (NTIME.GTel} GO TO 130
DO 110 K=1,NTEMP

. DO 100 J=1,NLAY

T{1l,44K)=1004,0
CONTINUE

DO 120 K=1,NTEMP
T(2,4100,K)=1004,0
T{2+41+K)=100Qe 0+ 100, O%{K-1}

GO TO 160

DO 140 K=1,NTEMP
D0 140 J4=1,NLAY
Tl 2J2KI=T(2,9,K)
T(24+J+K)=0s 0

DD 150 K=l ,NTEMP

T{2+14K)=T(141,K)

T{24y1004K)=10040

NLAY2=NLAY-1

DO 180 K=1,NTEMP

00 170 J=2,NLAY2

TU29deK)=(T(Lyd=1,K)+T{1,d¢1, Kl+(T(loJ'Kl*(AM-2.0l))/AH
CONTINUE

DO 190 K=1,NTEMP
QIK1I=04,0
CONTINUE

D0 210 K=1,NTEMP

DO 200 J=1.NLAY2 ]
QIKI=QUK I +WHALL #CWALL*{T{2,J,K }-1004 0}
CONTINUE

RETURN

GO TO (230,270),L
IF {(QWALL1.LEQ(1l)} GO TO 260
DO 240 K=2,10

HFRORET 1xxxxx
CAXK AR X AR NKX XK
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81090 | °
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B130S
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B1OL7
81018
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81020 -
BLD2t
81022
81023
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81025
81026 - -

, BL027

B1038 -
81029 .
81030

81031

81032
81033
81034
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81037
81038
81039
B1p 40 ¢
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: UNSTEADY STATE HEAT TRANSFER INTO WALLS AND FLOOR
« 1F (QWALL1.LE.Q(K)) GO TO 250 ) Bld5o<
'40%  CONTINUE B1051
o THALLLI=T(2,1,10) . _ 81052
Y RETURN 81053
50 TWALLL=(T (2,41 4K)=T (2,15 K=1) ) *(QWALL1-Q(K=1 )}/ (QK)-Q(K~ 1))+T(2J1.x 81054
‘s 1-1) B1355
RETURN : 81056
168  TWALL1=T(2,1,1) 81057
. RETWRN 81058
B | : 81059
70 IF (TWALLI.LE.T(231,1}} GO TO 300 81060
DO 280 K=2,10 : 81061
IF (TWALLL.LE.T(2,1,K)} GO TO 290 . B1062
80 LONTINUE BL063
QW ALLYI=Q(10) BL 064
RETURN 81065
90, QHALLI‘(Q(K’-QIK—I!)#(THALLI—T(Z'I'K-li)I(T(Zol.Kl -T(2,14K~1))¢Q(K Bl065
1-1 , 81067
‘ RETURN : 81068
00  QWALL1=Q(1) B1 069
RETURN . 81070
" . END! . ‘ 81071~
4
1
)
R
1
e
M
f
)
?
K]
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100
110
C

120

130 -

140

150
160

170
180
190
C

200
210

" 220
230

1

NT EMP=30
NLAY=100
WHALL=18200.0
CHALL=0425

,AHﬂZ.

IF (LeGT80) GG TO 220

IF (NTIME.GTe1l) -GO TO 130
DO 110 K=1,NTEMP .
DO 100 J=1,NLAY
T{1+JsK)=100s0

CONTINUE

DO 120 K=l ,NTEMP
T{2:100,K1=2100,0 ’
7‘2017K)°l°000*100.0*(K.1’
GO TO 1s60

DO 140 K=1l,NTEMP -

DO 140 J=1 ,NLAY

Tl d oK I=T{ 29J4K)

T{2 3 J+K}=040

D0 150 K=1y NTEMP
T(24+1 4K1=T(1,l¢K)
T1291004K 12100, 0
NLAY2=NLAY~-1

DO 180 K=1 NTEMP
DO 170 J=2,NLAY2

T(2:+JeK)=(T(1, J-l.K)#T(I;J*IQK'*(T(ltJoK"(AH-ZoO),‘Ilﬂ

CONTINUE

00 190 K=l 4NTEMP
Q(K)=0,0
CONTINV E

00 210 K=1oNTEMP .
DO 200 J=1 ,NLAY2

CARRXG LRY xx\“’w
xxxxxxxxxxxn.

Q(KD'QIK'*HﬂALL*CHALL‘(T(ZvJ,KD*lOOoOl

CONT INVE
RETURN

'60 TO (230,2701,L

IF (QHALLX.LE.O(I)' (1 T0 260

DO 240 K=2,30

X%XXX
IXUXXX

X%XX

mxxxx
U?ﬁcg AJSEE%ES xxxxxxx

*« TIDVY® . .,
UNSTEADY STATE HEAT TRANSFER INTO WALLS
C UNSTEADY STATE HEAT TRANSFER INTO MALLS
¢ SUBROUT INE CONDL ( QW ALLLTWALLL,NTIME,L)
¢ DIMENS TON T(24100,30)+Q130)
<

{«

c1000

. C1301

€1002
C1003
C1004
€1005
1006
1007
C1008
1009

“c1o010.
c1011

Cl1012
Cl013
Cl014
Ci015
clols
C1017
ciois
C1019
C1020
€1021
Cc1022

- €1023
. C1024

c1025
€1026
€1027
cLo28

1029

Cc1030°
Ccl03t

" 1032

C1033

. Cl034

C1035
C1036
C1037
Cl038
c1039

- C1040

C1041
c1042
€1043

"CLO&4

C1045

C1046 -

C1047
C1048
€1049

PN

Y
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. UNSTEADY STATE HEAT TRANSFER INTO WALLS
, - IF (QWALL1.LE.Q(K)) GO TO 250 €1050
240  CONTINUE c1351
U TWALLL=T(2,1,30}" ‘ c1052
s+ RETURN €1053
250  TWALLL=(T(2o1,K)=T(2y1,K=1) ) %(QWALL1=Q(K=11)/(QUK}=Q{K=11)14+T{2,1,K CLO54
S 4-1) C1055
T RETURN - C1056
260  TWALL1=T(2,1,1} ‘ . €1057
' RETURN . c1o58
b A c1059
278  IF (TWALLL.LE.T(2,1,1)) GO TO 300 C1060
DO 280 K=2,30 c1061
1F (TWALL14LE.T(2,1,K}}) GO YO 290 C1062
280 CONTINUE , €1063
. QWALL1=Q( 30} , " 1064
RETURN - C1065
200 OQWALLL=(Q{K)=Q{K=1))*(TWALLL=T(2,1,K=1)3/(T(2,1,K)=-T{2,1,K=11)+Q(K C1066
e 1-1) . cLI67
. RETURN C1L068
300 QWALL1=0Q(1) €1069
RETURN : : C1070
- END c1071-
[ 4
B
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100
110

120

130 .

140

150
160

170

160

190

200
210

230

220

UNSTEADY STATE HEAT TRANSFER INTO FLOOR

UNSTEADY STATE HEAT TRANSFER INTO FLOOR
SUBROUT INE BOND(QWALLL,TWALLL,NTIME,L)

DIMENSION T(2,100,20) 4Q(20)

NTEMP=20
NLAY=100
WHWALL=91500.0

" CHALL=0625

AM=2 o0

IF (LeGVYe O} GO TO 220 -
IF {NTIMELGT«1}) GO TO 130
DO 110 K=1,NTEMP

DO 100 J=1,NLAY
T{14J49K1=100a0

CONTINUE

D0 120 K=l NTEMP
T{2+100,K}=100,0

,T(ZvlyK!=100.00100.0*(K 1
GO TO 160

DO 140 K=1,NTEMP
00 140 J=1.NLAY

T aJ WK 2T129d4K)

T{2:34K)=0.0

DO 150 K=1,NTEMP
T{2+¢19K 33T {1,y 14K)
T(2:100,K)=100.0
NLAY2eNLAY~1

DO 180 Kal,NTEMP
DO 170 J=2,NLAY2

T(29J,K)=(T(1'J-19KI*T(I'J*I'K)G(T(levKl‘(AH-Z.Ol!DIAH

CONTINUE

D0 190 x-x.nreup'
QGK)=0.0
CONTINUE

‘D0 210 K=l JNTEMP

D0 200 J4=1,NLAY2
Q(K!-Q(Kl*HHhLL*CHALL*(T(ZoJ;K!-100.0’

CONTINUE

RETURN

G0 T0 (230,270%,L
IF (QWALL1.LEL.Q(1}) GO TO 260
DO 240 K=2,20
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1-1) _ ’ DL 055
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260 TWALL1=T{2,1,1) 01057
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" : D1059
270 IF (TWALL1eLEsT(2,1,1)) GO YO 300 D1060
.. DO 280 K=2,20 " - 01061
IF (TWALLLJLE.T(2,1,K)) GO TO 290 . . 01062
280  CONT INUE 01063
QWALLL=Q(20) : 01064
RETURN _ 01065
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c . . E1003 ¢
D IMENSION PP(40) : . E1004
PP(11=0,0484 s T 1005 -
PP{ 2} =0, 0831 'E1006
PP(3)=041127 E1007 .~
* PP(41=041390 £1008
PP(5)=0s1629 £1009
PP(61=041849 E1010
PP(7) =0,2054 " E1011
PP( 8)0e 2246 £1212
PP{9)=0,2427 . E1013
PP(10)=0,2597 . .E1014
PP{11)2043932 EtO1s ~
PP{12) =0,4859 E1016
PP(13)=0, 5554 E1017.
PP(141=04,6097 E1018
PP(15) =0, 6533 E1019 -
PP 161=0,6890 _ : E1020. =
PP(1T7)=0,7187 , o, E1021
PP(18)=0, 7437 . E1022 {1,
PP(19)=0,T651 . E1D923 -
PP(20) =0s 8757 . E1024 _
PP{21) =0, 9167 E1025 °
PP(22)2049375 1026
PP(23) =0, 9500 . E1027
PP{24)=0,9580 E1028 -
PP(251=2049650 €1029 %
PPL{26)=0e 9690 £1030
PP{27)=20.9720 £1031 -
PP(28) 20,9740 " E1032
IF (BMUsLE«Oel) K=BMUX1000 E1033 >
IF (BMUoL E¢ 140 ¢AND<BMUSGT 4+ 0a 1} x:anu*lo.o»9.o E1034
IF (BMUg LEs1060p AND. BMUL GT ele0) K=mBMU+18,,0 £1035
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iF (B"U.LT.lOoO. AND. BMUcGT e10) A=BMU$18,0 - : . v 510§0
8=K o E1041
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" SUBROUTINE GETOUT{AMU,PCC)

DIMENSIGN PPL40)

PP(1)=0,115
PP(2120,207
PP(3).20,284
PP{4)a0,348
PP(5)=0,404
PP 6)=0,4 452
PP(7 ’300494
PP (8) =0, 531
PP{9)=0, 564
PP(10)504592
PP{11)=0, 764
PP(12)20,837
PPI13120,877
PP{14)=04 901
PPI15)=0,917
PP(16)=0,929
PP{17)=0,938
PP(L8)=04,945
PP(19120,950
PP({201=0,975
PP{21)=0,983
PP(22)=0, 988
PP{231=0,990
PP{24) =0,992

PP(25)20,993

PP(26150994
PP{27)=20s99
PP(28)20,995

IF (AMUeLEele0}

K=AMU*10.,0

IF (AMUGLE¢10a 00 ANDo AMULGTale0) K=AMU9,0 :
IF (AMUGLEe10040eANDeAMUSGTe1040) KSAHU*00101300
IF (AMULGT4100,0) PCC=04995

IF (AMUeGTe10040) RETURN -

IF (AMUGLEJ1eD ) A=AMI#*10,0
IF (AMUGLE. 106 0¢ ANDs AMUSGTo1e0) AsAMU+9,0

Ba=K

-IF (AMU oLE«100¢ 00 AN Do AM UQGT.].OQO) AZAMUS04, 1+ 18,0,

PCC'PP(K)*IA~B)‘(PP(K+1) PPIK))
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END ’
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APPENDIX B
LAVA CODE OUTPUT

Units of BTU and degree Fahrenheit are
used in the LAVA code. Units of pcu
(pound-centigrade un1t) and degree
centigrade are used in the text of
this report.
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- EXPLOSIVES DEPARTMENT

October 29, 1970

Mr, N. Stetson, Manager (35)
Savannah River Operations Office
U, S. Atomic Energy Commission
Aiken, South Carolina 29801

Dear Mr. Stetson:

Attached 1s a copy of DPST~70-433, "Analysis of Postulated
Core Meltdown of an SRP Reactor - Final Report." This
document presents the calculated consequence of a loss-of-
coolant accident in a Savannah River Plant reactor in which
either: (1) the emergency cooling system fails to function
or (2) actuation of the system i1s delayed. . Preliminary
calculations were contained in an earlier document,
DPST-67-639,

This report is the second of the four reports requested
by DRL-ACRS in September 1969, to complete the studies
of the conformance of SRP reactors to licensing criteria,
We expect to transmit the two remaining reports together
with a summary report in early November 1970,

While this report might be éonsidered a "Safety Analysis,"”
we would not expect it to fall in the category of an SAR
which is subject to formal approval by the AEC under the
procedure now being discussed by our staffs,

Very truly yours,
ATOMIC ENERGY DIVISION

J. W. Croach, Director
Technical Division
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DOCUMENT TRANSMITTED HEREWITH CONTAINS
RESTRICTED DATA . | .
Ralny ALQIETT D

. 1
IS RIS B .
.;é\‘,-'.'.::;:-.y"nu Vool

2y e~
VS w T

BETTER THINGS FOR&E . .THROUGH CHEMISTRY

n‘

o



e
Ny
bl 5%
Prd i

Y m o
4 ‘\;j "‘j T 3;"5- g :ri’.'!.- E 20 ps
# L T op glrg i3
hed MR v 3
9—.‘) ',!\;}!l‘,«i—‘.! {&M

DISTRIBUTION

Stetson, SROO
H. Wahl -~ J. D. Eilett
. W. Croach ~ A. A. Jdohnson

N.

M.

J

F. E. Kruesi

D. F. Babcock - J. S. Neill

A. J. Schwertfeger - H. W. Bellas
J. G, Brewer

J. A. List

J. A. Monier - K. W. French, SRP
J. K. Lower - P. A, Dahlen

W. P. Bebbington - T. C. Evans
L. W. Fox

E. 0. Kiger

W. M, 01Tiff - C. J. Temple

J. W. Joseph

C. H. Ice - L. H. Meyer, SRL
S. Mirshak

G. Dessauer

J. L. Crandall

P. L. Roggenkamp - B. C. Rusche
J. M. Boswell

G. F. Merz

H. E. Wingo

D. H. Knoebel

F. D. King

R. A. Gregg

C. E. Bailey

W. S. Durant

R. J. Brown

R. C. Thornberry

L. R. Jones

A. G. Evans

J. E. Beach

Vital Records File

TIS File

DPST-70-433




@UPONT DPST-70-433-TL .

E b “ﬁ"‘*?"‘&’ 5 C When separated from enclosures,
. 1. ou PoNT DE NEMOURS OMPANY .
INCORPORATED handle this document as
WILMINGTON, DELAWARE 19898 UNCLASSIFIED .

'EXPLOSIVES DEPARTMENT

October 29, 1970

>re r "l’é !:
Mr, N. Stetson, Manager (35) BRI (85 :
Savannah River Operations Office ' fo)!
U, S. Atomic Energy Commission RECORD COP { .
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Dear Mr, Stetson:

Attached is a copy of DPST-70-433, "Analysis of Postulated
Core Meltdown of an SRP Reactor - Final Report." This
document presents the calculated consequence of a loss-of-
coolant accident in a Savannah River Plant reactor in which
either: (1) the emergency cooling system fails to function
or (2) actuation of the system is delayed. . Preliminary
calculations were contained in an earlier document,
DPST-67-639. -

This report is the second of the four reports requested
by DRL-ACRS in September 1969, to complete the studies
of the conformance of SRP reactors to licensing criteria.
We expect to transmit the two remaining reports together
with a summary report in early November 1970. -

While this report might be éonsidered a "Safety Analysis,"
we would not expect it to fall in the category of an SAR
which is subject to formal approval by the AEC under the
procedure now being discussed by our staffs, v

Very truly yours,
ATOMIC ENERGY DIVISION

J. W. Croach, Director
Technical Division
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