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FOREWORD

This is the final report for the project entitled "Afterheat Distribution of a Mobile Nuclear
Power Plant". The work was performed under NASA Contract NAS 3-14405.

The Program Manager for Westinghouse was Mr. A, R. Jones. Dr. Y. S. Tang was the
Principal Investigator for the first task. Mr. W. G. Parker replaced Dr. Tang for the
second and third tasks. The contributors to this study included Dr. Y. S. Tang,

Mr. W. G. Parker and Mr. L. E. VanBibber.
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ABSTRACT

'A computer program (ESATA) was developed to analyze the transient cfferheof temperature
and pressure response of a mobile gas cooled reactor power plant following impact. This
program considers (in addition to the standard modes of heat transfer) fission producfAdecoy
and transport, metal-water reactions, core and shield melting and displacement, .and pres-
sure and containment vessel stress response. Analyses were performed for eight cases

(both deformed and undeformed models) to verify operability of the program options. The
results indicated that for a 350 psi (241 n/cm2) initial internal pressure, the containment
vessel can survive over 100,000 seconds following impact before creep rupture oceurs.

Recommendations were developed as to directions for redesign to extend containment vessel
life.
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SUMMARY

A multi-dimensional transient heat transfer analysis compu:fer p;'ogrom ('ESATA Executive
Subroutines for Afterheat Temperature Analysis) was developed to onalyze the afterheat
temperature response of a mobile gas cooled nuclear reactor power plonf followung impact,
The ESATA program considers phenomena such as fission product decay and transport,
metal=water reactions, core and shield melting and displacement (inoludi-h"g heat of fusion),
pressure and containment vessel stress buildup and soil property variations. It was developed

from a generalized heat transfer code, TAP-A,

Time ESATA code was tailored to analyze both undeformed and deformed reactor models
with five shi-eld options, alternate heat pipe operation and alternate degrees of ground
burial. Six heat transfer models (HTM's) represenhng al ternative power plant designs
were chosen for analysns. The onolyS|s both insured operoflon of the code and established
preliminary fhermol and stress information of the power plants followmg lmpacf Two
additional HTM's were analyzed, One demonstrated a technique to handle temperature
sensitive containment insulation. The second represented a plonned in-pile experiment.

The results of analysis of all eight HTM's were as follows:

° Time before rupture of the containment vessel ranged from 10, 000 seconds
for a defo.rmed model to 170, 000 seconds for an undeformed model with an
initial internal pressure of 350 psi (241 n/cm2). The internal pressure at

_ rupture varied from 1000 psi (689 n/»cm‘2)v to 1600 psi_() 1_03_n/cm2,), and = _
the peak containment vessel temperature varied from 1500°R (833°K) to
1900°R (1056°K) at rupture.

the initial pressure through the addition of a means of removing helium

prior to impact.

Xy



The use of LiH as a thermal capacitance material placed between heavy
metal shneld Iayers increased the life time of fhe containment vessel. A
. representahve mcreose from 12, 000 to ]00 000 seconds in the time to

‘,.rupfure for fhe undeformed model was mdlcofed

. Deformcmon of the reactor with a fungsfen/llfhrum-hydride/uranium oxide

‘(W/LIH/UOZ) shield shortened the time to failure from 100,000 to 10, 000
~seconds. Similar resulfs are expected for the W/water/UO shield, -W/water,
and W/LiH shields.

" Partial earfh burials of 33 percent and 50 percent For the undeformed model

indicated a negligible effect (about 6000 seconds) on the containment

?vessel temperature response and fhe time to failure.

The presence of 5 percent of fhe moderator water (160 |bm (72 6 kgm)) is
sufflaenf fo lncrecse the mferncl pressure by 50 (35.5 n/cm ) to 160 psi
(]]O n/cm ) by hydrogen release from metcl-wofer reactions. This releose

occurs wnhm‘the first ‘200 seconds of the transient.

xvi
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1.0 INTRODUCTION

The use:of mobile nuclear reactors has been considered over several years for a-variety of
future applications. In general reactors for these applications can be classified in two
ways: first, those that supply power to large low speed earth surface vehicles and second,
 those that supply power to high speed, high altitude vehicles. Examples of the first

category ‘are ships, ‘submdrines and air cushion vehi¢les. -Airplanes and launch'vehicles

would be in thé second category.

In all mobile reactors, fission products must be contained with the same level of confidence
as in stationary power plants. This is true not only in their normal modes of operation but

in the event of a crash impact where loss of coolant and structural failure will occur.

- One method for contdining fission products under these severe conditions is to put the
reactor in a:containment vessel and design the-containment vessel and its contents fo’ »2

absorb the impact energy- without rupturing. -After impact the heat from the decay of

fission pro‘ducfs'is‘dilssipdfed through the containment vessel wall and radiated into the
surfounding environment.

The heat transfer analysis of this containment system is complex. In addition to conduction, -
radiation and convection, the core melts, thus introducing the heats of fusion and vapori-
_zation. Also, fission products within the_containment vessel that-are-generating-the heat -
are being transported radially outward and condensing on cooler surfaces resulting in mobile
and multiple heat sources. The resultant effect is to have a reactor core that initially

heats up, melts,slumps downward into the shield material, and finally resolidifies. The

resolidification is due to both the reduced level of heat generation of the fission products

and the redistribution of these fission products toward the containment vessel.

1-1



A three~task effort was conducted to provide the capability and perform preliminary
calculations of the reactor afterheat temperature response of a mobile gas cooled nuclear
power plant following impact. The first task of this program was to generate a multi- -
dimensional -transient heat transfer analysis computer program.enfvifled, "Executive Sub-
routines for Afterheat Temperature Analysis (ESATA)" tailored to solve this problem. -
Uaique features included in this program were fission product decay and transport, metal-
water reactions, core/shield melting and displacement (including heat of fusion), and
soil property changes. The second task was to perform preliminary calcul'qﬁon's for eight
heat transfer models (HTM's). The third task was to analyze the results and re_spbnd to

nine contractual questions related to design and impact -conditions.

The remainder of this report describes fkhe results of this contract. A brief description

of the ESATA program including features and limitations, generalized heat transfer models,
the program logic, and a summary of each subroutine is presented in Section-2.0. Section
3.0 describes.the results of the .8 HTM's. Section 4.0 discusses the trends observed from
the results, modeling considerations, and responses to the nine contractual ‘questions. _
Sections 5.0 and 6.0 present the conclusions and recommendations. Defailed descr‘ipfiéns
of the ESATA subroutines, data, and supporting equations are presented in Append|ces

A to E. A User's Manual for the ESATA program is given |n Reference 1.
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2,0 TASK | - ESATA PROGRAM DEVELOPMENT

The ESATA program was developed to analyze the thermal safety aspec.ts: of post impacted
mobile nuclear power plants.  Specifically, the program c-.dllculates the transient tempera-
ture and pressure response for a gos-céoled thermal reactor po‘wér plant (Figure 2-1) following
impact. The analysis is based on a closed system (containing trapped helium gas) where

the nuclear afterheat must be dissipated by conduction through the containment wall.
Phenomena, such as coré and shield rﬁelting and di5p|aceme.nf," fission product time/ |
temperature release followed by condensation and subséquent r,eevoporo'rion,.':metal-water,
chemical reactions, and pressure buildup due to increased temperatures of the trapped
helium gas and volatile products are simulated. ~This program was developed to handle

a specific geometry with or without physical deformqfiorilof the system and with a variable
degree of burial. Flexibility was built into the program to consider v_.oriqble reactor core, -
shield, and containment vessel dimensions, variable weight and femp;er:dfures and sév,eral ‘e
shield options. A stress analysis is performed to estimate the creep rupture of the contain-

ment vessel.

2.1 PROGRAM DESCRIPTION

2.1.1 General Description of Code

Figure 2-2 presents a schematic flow chart of the ESATA code package. Eaichl ;>f the

subroutines contained in the ESATA code are identified in the figuié including the general |

sequencré in which fl;ey are executed By_ the pfogram.

The ESATA program uses the existing TAP-A computer program (2) develéped by Wesﬁnghouse.

————T—h'e—T-A‘P—A—cé'mpuf-er——program—(wriHe'n»‘i-n—FGR—TR-A-N—IV‘)--was—deve|oped‘fo solve-problems
involving transient and steady-state heat transfer in multi-dimensional systems having

arbitrary geometric configurations, boundary conditions, initial conditions, and physical
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properties. The program already had the capability to consider fhé following modes of heat
transfer and boundary conditions: .internal conduction and radiation, free and forced
convection, radiation at external surfaces, specified time dependent surface temperatures,
and specified time dependent surface heat flux’es'._.‘ The program also handles space and
temperature dependent thermal conductivity and heat capacity and space/time dependent
internal heat generéfion rates. In addition, the external boundary (environmental)
temperatures can be functions of time. The use of TAP-A, therefore, offered the advantage
of having an existing fully operational compuferiied procedure for solving cb_inplex heat

transfer problems.

The ESATA program was developed by adding new subroutines and modifying é)_(i;_tirm_g

TAP=~A subroutines to account for the following phenomena:

e Heat source redistribution due to fission prodﬁct release from the cére. ‘
e Metal/water chemical reactions wifhin the core. ' |

° Melting of the reactor core and shield.

. ' Displécément of the core relative to the shield/confcinmeﬁf vessel dﬁe to

core/shield melting.

o Pressure buildup within the containment vessel due to vaporized fission

products, metal/water reactions, and cover goses.

° Creep rupture analysis of the containment vessel.

2.1.2 Calculational Procec;lure' of Code

The ESATA subroutines were arranged to allow for overlays suéh_that more problem data -
space could be utilized within core storage limits for the IBM 7094 11/7044 compufér_
system. The overlay structure is defined in Section 3.1.2 of Reference 1. The calculational

procedure in ESATA is summarized as follows:
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.Step 1 .. . Input data is read by. the - main program routine ESATA and by subroutine
- INPUTT.
Step 2 The'inpuf data is processed and nodal structure representations for the

reactor power plants are set up in subroutines HTMGEN, F|XPAM
VCAL, VCAL2 VCALS, and VCALS, o

- Step 3 ' *  The initial heating rate distributions are established in subroutines”
FISSION and REACT from'the inpuf'dafa. | |

Step 4 The input data, the geomefry sefup, the initial heahng rcte dlsfnbutlons,

L

cmd initial temperafures are output by subrouhne INOUT.
Step5 . Time is incremented by a predefined amount,

Step 6 Heat source distributions due to fission products and chemical reactions
. and temperature dependent material. properties to be held constant
during the time interval are established by subroutine POWER. Note
that subrouflne POWER calls other subrouhnes as mdlcoted in Figure

2-2 durmg the process of esfobllshmg these data.

--Step 7 Temperctures For all system componente are computed in subroutines
CONDO and STCALC.

Step 8 .- Melting:and displacement .of the reactor core and shield based on the

- computer temperatures are established in subroutines TMPCAL -and
~CSMELT. ..~ -~ .. . ... .o

'Step'9 - " Internal pressuré buildup and the corresponding containment vessel

stress level is computed in subroutine PRESUR.

Step 10 Temperofure dlstrlbuhons, pressure, heat ;oJrEe—_cli_sziEOt_igns_,QTlgr- ,
B " amount of core/shleld that is molten and fhe location of the core

relahve to the shleld/contamment vessel is output by subroutme
OUTPUT.



" Step 11 Time is again incremented and Steps 6 through 10 repeated. The
calceulation is terminated when the run time specified as part of the

~input is exceeded.

2.1.3 Internal Node Generators

Three generalized heat transfer models were developed and stored in the ESATA program.
to minimize input data requirements. Two of the models represent the undeformed and
deformed conflguronons of the gas-cooled thermol reactor concepf The third is an in-pile

test model being developed for testing in the NASA Plum Brook Test Facility.

The undeformed HTM is shown in Figure 2-3. This model contains 218 internal nodes. The

following basic modeling assumptions were made:

1. © Two-dimensional analysis with line of symmetry perpendicular to soil and

" coexistant with core centerline.
2.  No ihfernol deformation wifh sfrucfure intact.

3. Neglect p|p|ng and sfrucfurol support (Thelr mass is Iumped in the core

mass for proper copocutonce )

The homogenized core (having specific materials properties defined) and inner shield region
are divided into 38 cylindrical and interfacing nodes (nodes 1 through 38). Of the 38 nodes,
those representing the core are established based on the core height and radius specified as
part of the input to the program. The interfacing nodes (for example, node 1) are used to
mathematically couple the cylindrical nodes representing the.core/inner shield to spherical
nodes representing the remoinder of the system. In the Spericol node regions, each shield
layer (for example, nodes 38 through 50) ond the gaps between the shield layers’ (for example,

nodes 5] through 62) are dlscrefely modeled The gaps between the layers can either

2-6
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represent void (helium) or LiH or composite material depending on the shield option
specified. Also, nodes 135 through 146 represent depleted U02 insulation, void, compo-

site material, or LiH dependent on the input option specified.

Nodes 147 to 158 represent the sodium heat pipes. The use of these nodes as heat pipes is
dependent on the input option specified, no heat pipes, 50 percent of the heat pipes working,

or 100 percent working.

Nodes 159 through 170 represent the containment vessel. The remaining nodes represent
soil or air dependent on the percent burial defined for the problem. The minimum percent

burial for this model is 33 percent, and the maximum_is 100 percent.

The deformed model; Figure 2-4 is‘arrvanged. similar to the u'nc':lie'fo.rmed model in the top half
of the model. The layers represented in that region are the same. The lower half of the
model is comprised enfifely of cylindrical nodes. The layers represented 'giiscrefely in the
top portion are also represen}ed in the lower portion. "To prb\)ide a continuity in the
division of nodes between the upper and lower halves of lthé_.model,. the number of nodes

(293) is considerably greater than the undeformed model.

Modeling assumptions applicable to the deformed model include:

1. Two-dimensional analysis with line of symmetry perpendicular to soil and

coexistant with core centerline. -
2, Deformation of vessel and core in lower half only. . .
3. Dagree of diametral deformation is fixed at 30 percent.

4. For those shield designs having !;iH,_ the LiH in the deformed region is assumed

compressed to a thickness of one inch between each tungsten shield layer.

.2-8
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Figure 2-4, Nodal Model for Deformed HTM



5.

For those shields without LiH, all layers in the deformed region of the model

are assumed to be in perfect contact.

The Plum Brook in-pile test model is shown in Figure 2-5. Nodes 1 to 40 are cylindrical

nodes representing the core interfacing nodes which encompass the core region. Nodes 41

to 112 represent depleted UOZ' Nodes 113 to 124 Arepresenf the containment shell. Basic

assumptions for this model are:

1.

Two-_dimensionﬁl analysis with axi-symmetrical flux-di.srribution.
Thermocouples and thermocoupl.e’ insulation port are l.1‘ég|'e¢‘:1’ed.>

Core consists of enriched UC_)2 with representative material propén‘ies.
Containment wall dissipates heat by radiation and convection to su.rroundings.

Radial’ power factor simulating the resulting flux distribution due to the

location of the test model in the Plum Brook reactor is included.

2.1.4 Features and Limitations

The ESATA program contains the following calculational and modeling features and limita-

tions:

Reactor concept - gas cooled thermal reactor concept. |
Reactor core - homogeneous, uniform temperature core.

Five shield configurations .(Figure 2-¢6). Design- 1 consiﬁfs of 4 heavy metal .
(W) shield loyérs separated by trcppéd helium with wdfér having been ‘removed.
Referring to Figure 2-3, the four shield layers would be represented by nodes
39-50, 63-74, 87-98, and 111-122, Nodes adiacenf to these layers repre-
sent radiation gaps. Design 2 consists of the 4 heavy metal shield la'){eré

separated by LiH. The same nodes that are in Design 1 would represent the )
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3012 - Figure 2-5. Nodal Model for In-Pile Test Model
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DESIGN 1

_ CONTAINMENT VESSEL

DESIGN 4

COMPOSITE
MATERIAL

U02 :
SADDLES : | /
(INSULATION) : » R -
DESIGN 1 - HEAVY METAL WATER SHIELD WITHOUT WATER
DESIGN 2 - LITHIUM HYDRIDE SHIELD
DESIGN 3 - HEAVY METAL SHIELD WITH
HEAVY INSULATION
DESIGN 4 - LITHIUM HYDRIDE SHIELD WITH
~ HEAVY INSULATION
DESIGN 5 - COMPOSITE MATERIAL SHIELD

Figure 2-6. Reactor Shield Des.igns‘
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shield layers. Nodes fhat were radiation gaps in Design 1 are LiH nodes in
Design 2. Desngn 3 consnsfs of 3 heavy metal shield |oyers separated by

helium gaps with a Iayer of UO msulafnon ad|acenf to fhe containment

vessel. Nodes 63~ .74, 87-98, and 111-122 in Figure 2 3 would represent

the 3 shield layers. Nodes 135-146 represenf the UO Desngn 4 is identical
to Design 2 except that the Iayer of UO2 insulation od|acenf to the containment
vessel is included.. Design 5 consists of a composite shield with all the space

between the core and the containment vessel containing UOé spheres filled
« with LiH."

4.  Geometries - See Section 2.1.3.

5. Sodium heat pipes ad|acent to confomment vessel wall-full operation and 50
" percent operation can be considered. Also, conflgurcflons can be analyzed

‘that do not contain heat pipes.
6.  Containment vessel-single wall containment.

7. Ground bunal due to lmpact - zero, partial, and full burlcl is provnded for
undeformed configuration. Partial and full burial is provided. for the deformed
conflgura,hon.. Soil property data representative of results from Sandia test

programs are included.

8. Fission prcducfs for the reactor plants are represente.d by four groups. The groups
' escape the core at rates that are functions of time and core tempercfure.
Deposmon of the fission producfs occur on the four ‘W shield layers and the -
contdinment vessel. Deposition can be followed by vaporization dep‘endent
on local femperafu'res. The products move radially outward (I ayer by layer)

followmg deposition and subsequent reevaporahon For the undeformed model,

47r red|sfr|buf|on is considered while for the deformed.model, . redistribution

can only occur in the undeformed region. Uncondensed fission products con-
tribute to pressure buildup. The heat of vaporization of fission products is

neglected.
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n.

12,

13.

14,
15.

16,

'The core melfs (M |y, UO

Heat genercmon rates for the in- prle fest model are ossumed to be in the
core until the UO? reaches its melting pomt the energy is then released

to the shield layers and "walked out" radially based on the local temperature.

" The fuel deposrfed on fhe shield layers is worth more due to the increased

affenuafron of the neutron flux.

 Metal-water reactions are considered in the core for the moderator and

: reflector water reacting with the stainless steel and molybdenum structure.

Energy released or absorbed by the reaction is considered a heat generation
in the core. Hydrogen released by the reaction contributes to the pressure

buildup.

2 and AM 355 heats of fusron are modeled) and

dlsplaces as a unit as opposed to cllowmg portlons of the core to displace

while others remain stationary.

LiH melting and diSplacemermf is considered and the heat of fusion is modeled.
However, with any of the shield options provided, elimingtion of voids -
formation of a solid mass = after melting is not considered.” Likewise, dis-
placement of the LiH does not result in mass conservation.

Tungsten melting and displacement is considered and the heat of fusion modeled.

Pressure burldup due to uncondensed fission producfs, hydrogen released

from metol-wafer reachons, and trapped helium gas is freafed

Hoop stress and creep rupture failure analysis of the containment vessel is

treated.

The time increnent is expanded by a factor of 2 each time the number of

iterations required for convergence at @ previous time is less than 20,



2.1.5 Input and Output Options

17,
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Normal TAP-A input is available for geometry changes, material changes,

and temperature changes. Limited nodal structure changes can be made

with caution to prevent invalidating parts of the analysis such as component

-displacement and fission”product redistribution.

The quantity of input data required for the operaﬁén of any computer program becomes

parflculorly |mporfanf whenever the program is to be employed for analysis of many different

configurations. For this reason, the mpuf data requnremenfs of ESATA were minimized. The

general types of inpuf data that are required are as follows: (Section 4.0 of Reference 1

defines specific input data requirements. ) -

One card to identify the amount of:'computer épa;:e required by the problem

to be analyzed.

Title cards.

. Initial and final time for the calculation and the starting time interval.

Convergence criteria for the calculation.

Set of numbers (triggers) which will ldenflfy the reactor concepf to be onalyzed

the physical configuration of the power plant, etc.
Gross dimensions of the core, shield, and containment vessel.

Initial temperotures of the core, shleld containment vessel, sonl and

amblent environment.
4‘_W_e_igbfs f 'e_components; i..e., fuel, clad, _structure,_ and- coolanf.-~ ————

-Normal reactor operating power level.

Initial internal pressure.

The times during the transient period when output data is desired.



The following general types of data will be included in the output from the ESATA code

package: Secflon 5.0 of reference presents a detailed description of the output data.

) Tlme pomf in the afterheat decay fransnent
° Temperatures and temperature distributions for all system components.
° Location of all heat sources in the system: including the general location of

the four fission product groups.
'@ Percentage of the core that has melted.

° An ldenhflcahon of all sysfem materials on a nodal bosns that hove mmcfed

' melhng and the corresponding percentage that is molfen.

° Internal pressure, containment vessel stress level, and the percent of contain-

ment vessel (creep-rupture) life used.

2.2 SUBROUTINE DESCRIPTION

A general description of each subroutine is given in this section. Appendices A to E
contdin equations and experimental data for those subroutines that were added to the

basic TAP-A program to form the ESATA program.

2.2 Progrém Control and Call Subroutines

ESATA Main Program

This is the main program for the ESATA computer code. It contains the operational logic
by which all primary subroutines of the program are called in the process of analyzing the
temperature response of the reactor plant models. The order in which the operational
subroutines are called is presented in Figure 2-2 and described in Section 2.1.1. In

addition, since ESATA is a variable dimensional program, the sizes for most matrices used
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in the caleulations are computed based on the input data in this portion of the program.. -
The fltles and main program confrol trlgger for specnfymg the analysus option are also read

in the main program

Subroutine SCALL

This is an intermediate subroutine used in conjunction with-the main program to call other
subroufmes in fhe program. Since ESATA is a vanable dimensioned program, all subroutines
contain large argumenf hsfs in the cang sfafemenfs. Several subrouhnes are caHed more
than once from the same subroutine. To provide for efﬂclenf use of computer space, an
intermediate subroutine, SCALL contairing one argument ‘is used to call the appropriate

subroutines at the desired point. in the computations.

2.2.2 TAP-A Functional Subroutines

The foIAIAow‘ing' subroutines were develaped originally. for TAP-A program usage and extended
where necessary for usage compatible with the afterheat temperature analysns ophon of the
ESATA program. Reference 1 contains additional information relative to the subroufmes

described below.’

Subroutine INPUTT and INPUTA

These subroufmes read mpuf for performmg the calculaflons They con5|sf of ESATA mpuf
data requnred for the heat transfer models (HTM) contamed in fhe program for performlng
the afterheat analysis and the standard TAP-A data input routine. For analyses where
changes to the heat transfer models are desired, certain changes can be accommodated

using the standard TAP-A input.




Subroutine OUTPUT

It prints the following data at predefined time intervals during the decay transient:

) Time point in the afterheat decay transient

° Internal, surface, and boundary temperatures

. Location of all heat sources in the system

L " An identification of all Sysfem mdf;rials ona ‘n-odal basis that have in‘ifiétgd

melting and the corresponding percentage that is molten

° _-Loccf.ijon of core (el,ative to fyhe. shield ana containment vessel

° Geﬁeral location of the four fission product groups

° Total system pressure

° Coﬁfcinmenf vessel stress level and peréenf of Acreep-ru’p;ur.e life used.

Subroutine POWER

This subroutine calculates internal heat generation and material capacitances. Heat .
generated at different nodes in the model are determined in subroutines FISSON and REACT
for fission product heating and metal-water reactions respectively. . These individual heating
rates are summed in this subroutine on a per node basis. Heat ccpacifances for each node

in the model are also computed. Ifa standard TAP-A run is made, fhis‘s‘ubroutine selects

from the input data the heat generation rate for each node.

Subrouffne STCALC™

This subroutine calculates surface heat transfer coefficients and containment vessel surface

temperatures.
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Subroutine INOUT

This subroutine prints the input data, initial conditions, geometry data generated by

HTMGEN or read in, and heat generation rates generated by FISSON and ‘REACT. -

Subroutine PUNCEM -

This subroutine punches on cards the temperatures for each node at the final time step.

Subroutine )A(‘LT-N

This subroutine does a linear interpolation of independent and dependent variables.

Subrout.ine CO'N DO

This subroutine calculates steady-state and transient temperatures for each node in the
model fhrougH solution of the finite difference equations. In addition, a .proced‘ure‘fqr
varying the time increment during the afterheat decay transient is included. The procedure
consists 6f'monijoring the number of iterations r.equ‘ired for solpfion convergence and
doubling the time increment for the next calculational step whenever fhe number of itera-

tions is less than 20.

2,2,3 HTM Generation Subroutines

The subroutine HTMGEN (including HTMGN1, HTMGN2, HTMGN3, HTMGN4, HTMGNS5)
and associated subroutines VCALI, VCAL2, VCAL3, VCALS5, and FIXPAM set up-the appro-
priate nodal geometry from the three nodal models described in Section 2.1.3 based on the

input data option.

A detailed description of these subroutines including representative equations is-presented in

Appendix A,



2,2.4 Heat Generation Subroutines

For the general heat transfer calculation option, heat generation rates are supplied to the
program via input data for each node. For the afterheat temperature analysis option, - heat
generation rates for each node are calculated internally. There are two sources for heat
generation in ESATA. One source is the fission product decay energy which is calculated
in FISSON based on the normal reactor operating power level which is an input variable..
The other source is the heat released or absorbed during the water to metal reactions in
the core which is calculated in the subroutine REACT. A general description of the sub-
routines is presented below. Detailed descriptions including supporting equations, &urvés,
and data are pfesenfed in Appendix B.. Energy absorption associated with phase changes
are simulated in the capacitance calculation by effective specific heats. However, the

heat of vaporization of fission products is neglected.

Subroutine FISSON

This subroutine calculates heat generation rates based on fission product decay, release '
from the core, and deposition followed by reeVapoi'oﬁdn"frOm specific shield layers on =
the containment vessel. This subroutine classifies fission products in four groups according
to their volatility (Table 2-1). These groupings are allowed to exist (dépending on tempera-
ture) in the core, on four heavy metal (W) shield layers (for example, nodes 39 to 50 in
Figure 3-1), the confoinAmenf vessel, and in the vapor state. Heat generation rates are
assigned fo those nodes in the heat transfer models where groupings of fission products are
located. Part, all, or none of the nodes in eoch» of the shield layers or.containment vessel

. may. receive fission products.
For each fission product group, a time dependent energy decay rate is defined, shown in -

Figure 2-7. The fission products are allowed to escape gradually from the core. The percent

-.of .fission product escape is defined for each grouping on a time and temperature basis.. A
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TABLE 211

YIELDS AND CHARACTERISTICS OF .
IMPORTANT FISSION PRODUCT ELEMENTS :

Weight Pércenf of

, Ngrmal Boiling, Yield After 1 Year of
Isotope ("R) (°K) * lrradiation*
A. High Volatility Kr 26 120 1.4
Xe 297 165 15.3° o
Br 598. 332 | 0.1
| 821 . 456 0.7.
B. Intermediate Cs 1724 958 - 10, 2
Volatility Te 2268 1260 - 1.6 |
Ru 8105 4503 . 5.5 2.5
Te 8771 4873 B 2.8
| Mo 9131 . 5073 - 9.4
C. Low Volatility S © 2950 1639 - . 4.0
Ba . 3434 1908 “4.0 8.0
Sb 3443 1913 . -
D. Refractory o sm 3375 1875 s
| Pr 5927 3293 - . . 3.4
Y - 5501 3056 . 1.9
Nd . 6053 3363 . N8 g
La | 6557 3643 . 3.6
 Ce 6737 3743 9.8
e e T —— 8276 4598~~~ - —— T~ 42,7~ —— ——— —
Nb 9365 5203 ' 0.3

‘ 2 2
* Assumed thermal neutron flux, 5 x) 0] neutrons/cm” " sec
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condensation temperature is defined for each grouping. A typical fission product deposition
pattern reported by Castleman and Tang was used as a basis for selection of condensation
temperatures, see Table 2-2. (It should be noted, that this subroutine was programmed

such that the data used to define each of the four groups and the condensation temperature
for each group can be easily modified when or if better experimental data becomes a\‘/ailab.le.)
If any node or nodes in the shield layer are below that temperature, then the fission products
in that grouping are condensed on that layer. If the temperature is greater than the deposi-
tion temperature, the fission products are transported to the next layer. The decay energy
associated with the condensed products is applied to the node as a heat generation term.
Heats of condensation or vaporization are not considered. If @ ﬁode in any layer has fission
products and rises in temperature above the condensation (deposition) temperature, then

the fission products are removed from that node and assigned to the next layer., -

When fission products reach the containment vessel and are subsequently driven off, they
are then considered as in the vapor state. The mass of fission products in the vapor state

is considered in the pressure buildup.
TABLE 2-2 |
DEPOSITION PATTERNS IN THERMAL GRADIENT TUBE .
Temperature Range 470 to 870°K 870 to 1070°K . 1070 to 1670°K

'Deposition Fission A ‘ - B ' 'C, D
Product Group :

Subroutine REACT

This subroutine calculates the heat generation or heat removal in the core due to metal-

water reactions. The reactions considered for the water remaining in the gas core are:

2-23-



3Fe +4H,0 = FegO, + 4 H,

: —
+ +
Mo 3H20 S MoO3 3H2
The stainless steel -water.reaction is considered prior to pressure tube melting (1770°K), and
_the molybdenum-water reaction is considered after the pressure tubes melt. The reaction

rates are defined by the following equations as a function of core temperature and reaction’

areas (areas are a part of input).

e(-]9080/T) lbm water . T ~°R

sec

RSS‘Hzo (192) (Apy)

(00767) (A (-10600/T) ~ kgmwater T~

sec

PT)

~
<
(8]

n

- bm we T~°R
(10.38) -(AMo) e (48646/T) ibm water T
sec
.- (27026/T)  kgm water T ~°K

sec

SS~
( 73]) (AMo)
Where™ - Apr is the pressure tube surface areq, AMo is the clad surface area and T o

s the temperature representative of those surfaces.

The mass of water that is reacted is summed and compared to the initial mass of water in the
system which is an inpuf. value. The heats of reaction for both reactions are stored versus
temperature, The total heat release or absorbed in the core is calculated for each time
step based on the reaction rate and the corresponding heat of reaction. This total heat is -

distributed among the core nodes by a volume weighted basis.

2.2,5 Property Data SuEroutines

Several subroufines and functions are used to store property data and calculate effective
property data to simulate mternol m’rerface conditions. Appendix Contains a defciled.
description of fhese subroutines. All data used in these subroutines are presented in tabular

form there. A general description follows:
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Subroutine VARK

This subroutine defines the thermal conductivity for each node and calculates the thermal -
“conductance between each node in the model.. It calls the SHELDK and PROTK -functions
described below. VARK contains logic to calculate an effective conductivity for simula-:
tion of sodium heat pipe operation. Curves have been defined for a maximum heat flux
versus temperatures representative of 100 percent sodium heat pipe operation. Based on a
predefined AT of 20°F (11°K) between adjacent heat pipe nodes, thermal conductivities
are calculated from the heat flux at the calculated heat pipe node temperature. If adjacent
heat pipe nodes exceed a temperature drop of 20°F (11°K), then the thermal conductivity -
is od|usted to prevent fhe heaf flux from exceeding its maximum value. For 50 percent
operation the heaf flux and thus thermal conduchvnfy are dwuded by fwo. VARK also
contains fhe |og|c fo calculate effecflve conductivities For the sonl to contommenf vessel
contact coefficient, vessel to air interface of rodlcmon and nafural convecflon, ond air to

air nodes.

Funchon SHELDK

This funchon colculqtes fhe effechve thermal conduchv:ty to snmulcfe radnahon from core
to shield and between shield layers. It assigns high or low conductivities for one dimen-
sional heat transfer paths through materials or across lnferfoces. It-also assngns a Iarge

thermal conduchvnfy for the homogemzed core represenfohon.

Funcfion PROTK

This subroutine stores thermal conductivity data versus temperature for 10 materials used

in the gas-cooled thermal reactor concept. It does a linear interpolation of this data to

define a 'rhermcl conduchvnfy s for a prescrlbed material and temperature.”

—
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Block DATA

This subroutine stores density, melting point temperature, and the effective specific heat-
to simulate the heat of fusion for ten basic materials. - The effective specific heat is defined

for a temperature differential of 50°F (27.8°K) by the equation
H
Co' = fg
8T

50°R (27. 8?K)(pre5cribed arbitrarily).

1l

Where 6T.

Function PROCP

This subroutine stores specific heat data versus temperature for ten materials used in the
gas cooled reactor concept. It does a linear interpolation of this data to define a specific

heat for a prescribed material and temperature.

Subroutine CPCAL

Defines effective specific heat and density for all materials (components) not defined by
- basic material properties; for example, defines effective properties for the homogenized

gas-cooled thermal reactor core.

2,2.6 Core-Shield Melt and Displace"‘Subrouﬁhé‘

Two subroutines are used to simulate the melting and displacement of the core and shield.

A general description of these subroutines follows with a detailed description in Appendix.D.

Subroutine TMPCAL
This subroutine corrects temperatures in the core and shield to account for the heat of fusion
during phase changes of various materials. In the subroutine PROCP and the DATA block

are defined effective specific heats simulating the heat of fusion spread over a prescribed

AT of 50°R (27.8°K). Namely,
: H

o =.‘$— where 8T = 50°R (27.8°K)
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These data-are defined for six materials used in the core and shield-molybdenum, UO
tungsten, AM-355, lithium hydride and.a composite of UO2 and LiH. TMPCAL simulates

phase changes for these six materials as separate components and also simulates the effect
of phase -changes of the three materials representing the homogenized gas core; namely,

molybdenum, UO.2 and AM-355.

After a temperature convérgence.is obtained in CONDO for a particular time step, the-.
temperatures 'of all nodes assigned one of the above materials are compared to their melting
point temperature plus the band of 50°R (27.8°K) above the melting used to simulate the
phase change. Dependent upon the percent of melting, the previous calculated temperature
and the present temperature for a node relative to the 50°R (27.8°K) melting band the

temperature is corrected by a set of equations defined in Appendix D. The fraction of-

melting is . . T-1)
_ .. mp
Xmel = 3T

where T isthe corrected temperatures
Tmp is the melting point temperature.

X - fraction of melting ..
mel

When this function is one melting is completed. Equations are defined to simulate the
corfect value of Hfg irrespective of the number of time steps to go through the melting and

irrespective of the magnitude of the old and new node temperature relative to the melting

Subroutine CSMELT

This-subroutine-reassigns material-properties. for-various. nodes. to_simulate_the movement of _

the core and shield as a resulf of melfing It is oriented specifically to the deformed and
undeformed models ond is resfrlcfed to the flve sh:eld options and prescrlbed shaeld maferlals

i

for those options. Replacemenf of materials would invalidate this model.
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In the undeformed model with void spaces between the core and shield, the entire core
will "drop " to the first tungsten shield layer (nodes 39 to 50 in Figure 2-3)'when the core
structure is completely molten. It will then.collapse and fill up :layers-and nodes-inside -
the first shield layer from the bottom until the volume of ‘nodes assigned core properties
equals the volume of solid core material. The core will rest.on the first layer until the:
first layer melts.  When the first shield layer melts, the shield and core will come in
contact with the next shield layer. Similarly when the second, third, and fourth layers -
melt they will become in contact with the adjdcent layers. "Walkout" to the containment

vessel is thus simulated.

With the shield filled with LiH, the core will not drop immediately on the first heavy metal
shield layer. ‘The core will first displace through the LiH inside the first shield-layer. ‘The
displacement will be on a row-by-row basis. When a row of LiH nodes are entirely molten,
the entire core will displace 1 row. When the core has dropped ‘ohnfo the first heavy metol
shield layer, then it will collapse into a volume representative of the volume of solid core
materials. As above, the core will rest on the heavy metal shield layer until the layeér. .
melts. When the shield layer melts, the shield layer and core will drop onto the next
shield layer if the LiH separﬁfing the two layers is molten.

If the shiield c.on.toinsil UO'2 insulvotion of the inner surface of the_{ ?opfoinment vessel, the
UO2 will not be displaced by the core. _Alsg, when fhe'compgsife shleld mo_tericl is used,
core displacement is not treated. This option was "set up" for UO2 spheres filled with LiH
and the UO2 will not be displaced since the specific gravities of the core/UO2 are similar.
With any of these shield options slumping of the shield material to a solid mass - elimination

of voids - after melting is not considered.

In the deformed model, the structural support of the core and shield layers are assumed to

be déﬁfrbyécj; With the shield.c'onfigurctioné ébnfoi;ﬁng voids, all shield |a;}ér§ are’in
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contact with each other, the core, and the containment vessel. When the core structure
melts it will collapse and fill the base of the first heavy-me‘tal' shield |ayer;. Further dis-
placement will not occur since the specific gravity of the assumed tungsten is gréé:fer '
than that of the core. With the LiH filled configuration, the shield layers, core, and
containment vessel are separated by LiH. Core and shield displacement will occur only
when an entire row of LiH becomes molten. If UO2 is between the outer shield layer and
the containment vessel, it will not be displaced. If the composite shield opfion.is used,

no displacement occurs.

In all of the above described displacements, the core mass is maintained constant to provide
for proper simulation of the core capacitance. Displacement of the LiH'loyers does not

result in mass conservation, however.

2.2,7 Pressure and Stress Subroutine

Subroutine PRESUR

This subroutine calculates the pressure buildup inside the containment vessel, the maximum

hoop stress level of the containment vessel, and the percent life used on a creep rupture basis.

Three cbmponenfs are considered in the pressure buildup; namely, the helium cover gas,
hydrogen released from fhe metal -water reaction, and non-condensed fission products. This
subroutine takes the vapor masses qalcglqted_iﬁ other subroutines and calculates the partial
pressures of each component based on the perfect gas law. The total pressure is calculated
and used to calculate a hoop stress based on the radius and thickness of the confainment

vessel. The Larsen Miller parameter is calculated based on 55-316 creep rupture data and

~the maximum containment vessel Temperature using the followings ——~ ~~ "~~~ —~— — =~~~
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where LM = Larsen-Miller parameter

1l

.o _stress level

The time to failure is computed from the standard Larsen-Miller equation

LM : (if’ 460) (a + la"g"] o) 1073
where T - fvé.mpe;rature of the vessel in dF
a = experimental constant having a value of 20 for the 316 stainless steel material
T | =  time to Eflc:ilur:e at the .c‘zpplied st'ressu('.;r ) level

The percent of life used in each time step is calculated based on the time increment divided
by the time to failure (7 ). The percent of life used is summed to determine the total used

up for fraction of life. When this fraction equals 1 rupture is assumed to occur. . -
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3.0 TASK Il HEAT TRANSFER CALCULATIONS

Eight HTM's were defined for performing heat transfer calculations and analysis using the
ESATA program described in Section 2.0. Six of these HTM's represent design variations

of a helium cooled thermal reactor power plant shown in Figure 2-1. " These HTM's
considered both deformed, and underformed power plant models, various shield configur-
ations, percent of ground burial, and various heat pipe performance. The calculations
were run for sufficient times to characterize the temperature transient of each HTM and to
~determine the integrity of the containment vessel. Section 3.1 briefly describes the helium
cooled thermal-reactor power plant. Sections 3.2 and 3.3 describe the. HTM's analyzed and
the results obtained. The comparison and discussion of the HTM's were the requirements of

Task 11l and are presented in Section IV.

3.1 HELIUM GAS COOLED THERMAL REACTOR POWER PLANT

A schematic of the power plant and éonfainménf sysf:em ig shown in Figure 2-1. A reactor
core is contained in a pressure vessel which is surrounded by gamma and neutron shielding.
The shielded reactor is surrounded by a containment vessel for protection in the event of

an impact.

The core fuel‘pin.s ore-c_:ooled by high pressure helium which is contained by pressure tubes.
' Wdfér'is provided'ds fhe moderator. The water moderator is isolafed from fhe pressure tubes
by a layer of hlgh fempemfure thermal msulahon A fyplccll unit de5|gned to provide 300

: fhermal megawatts to helium at 1730 F can be enclosed inside a spherlcal reactor contain-
ment vesse| of less.than 20 feet outside diameter. Pertinent reactor characteristics are’

shown in Table 3-1. Principal materials of construction are shown in Table 3-2.

3.2 HTM DESCRIPTION

The 8 HTM's that were analyzed. are tabulated in Table 3-3. They represen‘f design
variations of a helium cooled thermal reactor powerplant with the water moderator removed.

The first HTM was a checkout problem to demonstrate an optional shield configuration

3-1



TABLE 3-1
REACTOR CHARACTERISTICS

Power to coolant (helium), MW-
Total reactor power, MW
Reactor inlet pressure, psi
Reactor inlet temperature, °F.
Operating lifetime, hours
Active reactor core, diam., in.
Active reactor core, length, in.

Core pressure drop, P/P

TABLE 3-2 .
MATERIALS OF CONSTRUCTION

Fuel element clad
Fuel elemeént supports.

_ Pressure tube layers

~‘Reactivity control p|afe

. Pressure vessel

Heavy material layers in shield

300 .
326

. 1500 (1034 N/em?)
1000 811°K)

1000
66 (167.6 cm)
42 (106.7 cm) -
<.03 '

N'\oll‘yb'deanm‘ alloy TZM
‘ Hosféllo’y X |
Hastelloy X,

M in K 2000 and

~ Austenitic steel (AM-355)

Stainless steel = cadmium
"sandwich "

Austenitic steel (AM-355)

- Tungsten
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TABLE 3-3 . -
HEAT TRANSFER MODELS

HTM _ - .
Number Description

1 | | UOZ/LiH Shie|d checkout problem ‘

2 .+ . Undeformed model . ‘
' Tungsten (W) shield-water removed UO ad|acenf to CV
0 heat pipes
33 percent burial

3 " Undeformed model
W shield, LiH filled, UO adjacent to CV -
0 heat pipes
33 percent burial

4 Deformed model
W shield, LiH filled, UO adjacent to CV
0 heat pipes
33 percent burial

5 R _ Undeformed mode! - :
' W shield, LiH filled, UO, ad|acent to CV
0 heat pipes
. 50 percent burial

6 | Inpile test model
. Flux distribution No. 1

7 ‘ Undeformed model
W shield, LiH filled, UO adjacent to CV ~ . -
100 percent heat-pipes - - S o -
50 percent burial '

8 Deformed model

' " Composite shield of LiH filled UO2 spheres

__ ___. . Opercentheatpipes . _ -~ o . L _ U
33 percent burial



consisting of the LiH filled heavy metal shield with a layer of UO2 adjacent to the
containment vessel. The shield option features a detachment of the UO2 in the

upper portion of the model when the LiH adjacent to it melted. HTM 2,3,5 and 7 were
cases to analyze the undeformed model with alternate shield options, percent burials,
and heat pipe options. HTM 4 and 8 were to analyze the déforﬁwed model with alternate
shield options. . HTM 6 was the in-pile test model with an initial heat flux distribution.
Table 3-4 summarizes the initial temperature dhzd.pressure_ conditions for the six reactor
plant cases. Table 3-5 summarizes the core mass and fuel pin surface areas used for these
six cases. The radii and shield layer thicknesses are presented in Table 3-6. The after-
heat power decay profile is described in. Appendix B:- The normal operating level for
these cases was 300 M watts. The in-pile test model was run based on a 4K watt power

level with 610°R ambient temperature.

3.3 HTM RESULTS 4
3.3.1 HTM-1, LiH/UO, Shield Option Checkout Problem

A unique design feature was incorpgrafed into the W/LiH/UO2 shield configurafion;

This feature consisted of supporting fhe 'UOZ with a low melting point material such as
aluminum. During the transient heating period, this material would melt before the
containment vessel reached an excessive temperature level in the top portion of the vessel.
With the support structure molten the dense UO2 would fall away from the top of the
vessel and displace through the LiH. LiH with a larger thermal conductivity would then

provide some "thermal shorting" to the top of the vessel. -

This effect was simulated in the ESATA program for both the undeformed and deformed

models. In the undeformed model the temperature of LiH adjacent to the UO,, in the

upper portion of the model (nodes 123-130 in Figure 3-1) was compared to fhe‘;2 melting
point for LiH,. When any one of these nodes exceeded its me'lﬁng point, all the uo,

in nodes 135 to 142 were replaced by a high conductivity material (material number 25) to
simulate the displacement of U02 through molten LiH. [n the deformed mode! LiH in
nodes 100~109 are checked for melting, and the UO2 in nodes 110 to 119 are displaced

when applicable.
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INITIAL TEMPERATURES AND PRESSURES

Clad

Structure

Water

Shield

Containment Vessel |

Ambient

Intemal pressure

Molybdenum in core
UO2 in core
Pressure vessel and support structure

Water left in core (5% of original)

Pressure tube surface area

350 psi (241 N/cm?)

TABLE 3-4
Temperature °R . k
3310 (1839)
1660 (922)
672 @73)
960 (533)
550 @311)
560 (311)
TABLE 3-5
- CORE MASS AND AREA
| - Mass - Lbs.  (Kgm)
10,260  (4658)
1,914 (869).
17,939  (8144) -
163 (74)
o Area~ in _ _(EL"E)_ '
133,490  (861,010).
2,721 - (17,500)

Clad Area



Figurﬁe 3-1. Nodal Model for Undeformed HTM
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"TABLE 3-6
'KEY RADII AND THICKNESSES -

Overall core radius » 37 inches (94 cm) -
Overall core height 76 inches (193 cm)
Shield layers - Inner Radius (in.) : Thickness (in.)
First layer ' 54 (137 cm) g 3.95 (10 i)
- Second layer . o 61 (155em) - 0.91 (2.3 ¢cm)
Third layer - . - 66 (167.6 ¢m) -1.18 B 'cm)

Fourth layer 71 (180 cm) - - 0.61(1.55¢cm)

UO2 insulation thickness = 1.5 inches (3.8 cm)

Containment vessel inner radius 118 inches (300 cm)
Containment vessel thickness 2 inches (5.08 cm)
TABLE 3-7
TABULATION OF HTM-1 UO, DETACHMENT
L‘iH Temperature - °R UO,, Temperature - C_’R . | | Mat_erial
Time (Sec) (Nodes 123-131) (Nodes 135-143) © ~ (In Nodes 135-143)
0 5000 (2778 °K) 5000 (2778 °K) uo,

60 T 41527@307°K)y - - - o - ‘5000‘(2778.‘°K-)‘ ST ‘UO’2 w

120 4152 (2307 °K) © 4994 (2774°€) . LiH

180 4152307°%) 498 @73 %) L




This feature was checked with the use of the ESATA program. The undeformed model
was defined with the W/LiH/UO2 shield. Temperatures in the shield and containment
vessel were initialized above the melting point of LiH, and the program was executed

for three time steps.

Table 3-7 summarizes pertinent results from this transient. Temperatures were initialized

in the LiH (nodes 123-131) and_ UO2'(nodes 135-143) at 5000°R (2778°K).4 The first time
step was executed, and the temperatures in the LiH were corrected -down to 4150°R
(2306°K). The TMPCAL subroutine was defined to correct temperatures (for heat of fusion)
of materials above their melting at any time step if the fraction of melting has not been
calculated to completion (Xm-e,|=]. 0). Since the fraction of melting is initialized at 0.0
for all components, ‘this subroutine would correct the temperatures during the first time

step for those nodes having temperatures over their melting point as if they had gone through

their melting p.oinf.v

For the next time step (from 60 to 120 seconds) the material in nodes 135 to 143 was
changed from UO2 to the high thermal conductivity material resulting in negligible
‘temperature changes. The switching of materials was verified. This concluded the analysis
of this problem since HTM-1 wa.s designated as a checkéuf problem for verification of the

simulation techniques. .

3.3.2 HTM-2 Results

HTM-2 consisted of analyzing the undeformed model with the heavy metal-water shield

with UO2 wrapped inside the containment vessel. This case considered 33 percent burial
without any heat pipes operating. The HTM-2 model was run for 20, 000 seconds of
voperafion under the influence of the afterheat power decay profile. Figure 3-2 shows the

location of the core, shield layers, and soil in the nodal model for HTM-2.
Figure 3-3 is an axial profile of temperatures in the core, shield, and containment vessel.

At about 300 seconds the core temperature response was flattened due to the melting of

the 18,000 Ibs (8172 Kgms) of core structure. Approximately 300 seconds were required
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Figure 3-2.

HTM-2 Model Description
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for the core structure to completely melt. This time period was checked by hand calculations
based on an average core heat generation rate of 8 megawatts corresponding to this time
period. The core capacitance was represented by the heat of fusion of the core structure

smeared over a 50°F (27. 8°K) interval plus contributions due to the capacitances of moly-

bdenum and UOZ'

After completion of melting of the structure, the core dropped onto the first shield layer
which for this shield configuration was nodes 63 to 74. Nodes 8-10, 18-20, 27, 28, 28-50,
and 60-62 were repsesenfaﬁve of the core, as shown in Figure 3~4. The slope o the core
temperature respohsc‘e before and subsequent to the structure melting was compared to hand

calculated values using the expression:.

where Qgen' is the heat generation rate, vais the specific heat, V is the core volume, T is
temperature and T is time. This equation assumes negligible heat transfer from the core.
Good agreement was obtained up to approximately 1400 seconds. Beyond this time heat

transfer from the core is significant.

The first shield layer ._below the core represented by node 74, rapidly responded to contact
with the core and subsequent to the time of contact followed the core response.

The core and first sHiéid layer reached a peak of 4600°R (2556 oK), at about 5000 seconds
and remained flat during the remcindér of the fraﬁsient. The third shield layer represented
by node 122 responded more slowly due to the radiation gaps separating the shield nodes
and due to the capa‘cﬁcncg of the first shield layer. This layer was still increasing in

temperature at 18, 000 secdnds:ch had achieved a temperature of 3500°R (1944°K).

The bottom of the containment vessel represented by node 170 did not receive any

appreciable amount of heat until about 2500 seconds after which it started to heat
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significantly. After 18,000 seconds it had reached 2200°R (1222°K) and was still rising
significantly. At 18, 000 seconds the top of the confommenf vessel had reached 1300°R
(722 K) At 18 000 seconds the internal pressure had mcreased from 350 p5| (241 N/cm )
to 1200 psi (827 N/cm ) and the stress level was 35, 000 psi (24, 100 N/cm ). The rupture
poqnf of the containment vessel was calculdted to be 12,000 seconds. At thus‘poinf the

pressure was 1150 psi (793 N/cm2) and the peak containment vessel temperature was 1950°R
(1083°K). '

Figure 3-5 shows the temperature profile circumferentially around the?oontainmonf vessel at
different periods during the transient. The temperature profile olong‘-fh'e!vve'ssel is flat but

at two levels with essentially a step change between the two levels. The smaller temperature
level corresponds to the section of the containment vessel that is adjacent to air and the
greater temperafure level corresponds to the vessel section adjacent to the soil indicative of
the 'greater fhermql impedance of the soil. The‘sfeep temperature drop circumferentially in
the vessel at the soil to air interface is indicative that the vessel thermal resistance circum-
ferential is sufficiently large such that very little heat is redistributed circumferentially in
the' vessel particularly during the response period when most of the heat is being absorbed by
the"s/essel. For example at 13,700 seconds, node 167 (Figure 3-4) a containment vessel node
adjacent to the soil just below the soil-to-air ihferfoce is receiving 46 Btu/sec (49 kwatts) from
fission product generation plus 35 Btu/sec (37 kwatts) by conduction radially from the |
insulofion. Of this total, 7 Btu/sec (7 kwatts) are conducted radially to the soil, 75 Btu/
sec (79 kwatts) are absorbed, and 4 Btu/sec are conducted circumferenfiall'y to node 166

" which is adjacent to air.

Figure 3-6 shows the location of the four groups of fission products during the transient

___without _regard to_the percent on each layer.. For example at 500 seconds,. Group A is deposnted

in the core and on the second W shield layer. Groups B, C and D are deposited in the core
and on the first shield layer. The Group A fission products were completely escaped from

the core after 2500 seconds and had walked through the shield layers to be completely
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deposited on the containment vessel after 4000 seconds. Groups B and C were not complefely
driven from the core until after '18,000'seco'nds Group B first reached the containment vessel

at about 2000 sec.and was being entirely deposited on the containment vessel after 14000 .
seconds, however. Group C and D were deposited on portions of all the shield layers and. .

the containment vessel. At the end of the 20,000 seconds, all of Groups A and B were deposifed
on the containment vessel. Ninety-two percent of Group C was on the first layer wifh,_only:c
trace reaching the containment vessel. Seventy-five percent of Group D had left the core of

which 70 percent was deposited on the first shield layer.

3.3.3 HTM-3 Results

The HTM-3 model consisted of the undeformed model with the W/Ll/UO shielding combmohon
This case was run'without heat plpes cmd wrfh 33 percent soil burial. “Figure 3-7.illustrates fhe
nodal material represenfoflon HTM-3 was run for 110, 000 seconds of operation under the
mfluence of the afterheat power decay proF||e The time increment vorled from 60 seconds

mrholly to 7680 seconds at the end of fhe fra_nsrenf.

Frgure 3-8 is an axial profile of femperai'ures in fhe core, shleld and confammenf vessel

The initial response of the core for this model is very similar to fhat of the HTM-2 model The
time to reach and melt the core structure was essentially the same which indicated that ‘
(excluding fission product escape) very little heat is-transported to tho LiH shield during the’
initial time perioa. Durirrg the subsequent time period, the core peoi(ed at 4800°I€- (2667°K)
at approximately 5000 seconds which was 300°R (167°K) higheri.thon:HTM-Z-. In fhe.5QOO

to 20, 000 second time period the core cooled down to 3800°R (1 ” oK) as its hehoth was‘:-
absorbed by the relohvely cold LiH adjacent to it. Dunng this perlod fhe core sforfed to
displace LiH. At 14,000 sec a layer of LiH nodes was displaced by the core in fhe mode| as
shown in Figure 3- 9 Af 24,000 seconds rhe core dropped onto the fursr W shield oner and
displaced all the L|H as shown in Flgure 3-10. This resulted in the steep femperofure response
of the first shield layer as shown in Flgure 3-8. Subsequent to this the core and first shield
layer rose to 4200°R (2333 oK) and was flat for the remainder of the transient. The increase
in core temperature during this period ‘was a result of a reduction in core surface area when

it is on the shield surface; also, the Li‘H adjacent to the core has become molten and is rising

in temperature.
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Figure 3-7.

HTM-3 Model Description

613628-47C
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in temperature. The response of the second and outer W shield layers are also shown in

Figure 3-8. The response of the shield layers are marked by several changes in slope. The
initial rise in the shield layers in the 2000-15, 000 second range is caused by fission product
deposition as indicated in Figure 3-11, which shows the walk out of fission products versus

time. In the vicinity'of 1700 °R (944 °K) the upward response of the shield layers are slowed
due to the melting of LiH adjacent to them. After LiH adial_g:enf to the shield layers is molten,
the shield layers responded to the arop of H';e core onto the first shield layers plus the continued
deposition of fission products on these layers. During this period, LiH between the first and
second layers increase in temperature to levels beyond its dissociation temperature. Dissociation

of LiH was not considered.

The bottom of the containment vessel does not begin to rise significantly until the 20,000 second
period when the Group A fission products reach the containment vessel. At 100, 000 seconds the

containment vessel reached 1600°R (889°K) and was still rising.

As shown in Figuré A3—'l 1, o'r‘mlyAGroups A and B reached the containment vessel in 100, 000 seconds
for HTM-3. Groups C and D had just started to condense on the fourth shield layer at about

100, 000 seconds. This slower walk out of fission products in HTM-3 is directly attributed to
fhe.‘presence of LiH d-e |oyihg the response of the shield layers and containment vessel. After

110, 000 seconds all of Group A and 84 percent of Group B were deposited on the containment
vessel. The remainder of Gro:t;p B had not left the core. Group C was deposited on all four
shield layers with a percent breakdown from the Tst to 4th layers of 7 percent, 27 percent,

40 pércer;t and 12 percent respectively. The remaining 14 percent had not left the core.

The breakdown for Group D was 5 percent, 19 percent, 27 percenf,_'and 8 percent for the four

layers with 41 percent of Group D still in the core region.

Figure 3-12 shows the circumferential temperature profile of the containment vessel at various
points in time. Similar to HTM 2, a step change in the circumferential temperature profile of the
containment vessel occurs at the soil/air interface. The presence of LiH adjacent to the contain-

ment vessel did not significantly alter the temperature profile.
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For HTM-3 the internal pressure level s qu 1880 pSI (1296N/cm )yat HO 000 seconds wrth a
stress level of 51, 400 psr (35, 440 N/cm ). Rupture for 'rhe confomment vessel occurred ot
95, 000 seconds. The pressure and stress levels was 1420 pSI (979 N/cm ) and 42 000 psi

(28, 960 N/cm2 ), respectively. The maximum confummenf vessel remperoture was ]650 R

(N7 °K) at this point.

3.3.4 HTM-4 Results
 The HTM-4 model consisted of the deformed model wrth a L|H/U02/W shield conﬁgurohon

This case was run without heat’ plpes and with 33 percent sorl burial. Frgure 3 13 is a sketch
of this model showing the material represenfohon for thls HTM. Thls model was run for ‘

115, 000 seconds of opercrhon under the mfluence of the ofterheot power decoy profule

Figure 3- 14 is an axial profrle of temperatures in the core, shleld and containment vessel

for HTM—4 The core structure started to melt at 350 seconds and requnred opproxrmotely 600
seconds to complefely melt which was consnderobly slower fhon the HTM-2 and HTM—3 cases.
This is affrrbufed to thermal shunhng of an apprecnoble omounf of heat fhrough fhe Li H fo

the shield layers in the deformed base. The core, in Facf dlsplcced molfen L|H below it and
dropped onto the first shield layer before the core structure was entirely molfen as indicated
in Figure 3-14 by the rapid increase of the st W shield layer temperafure ln the period
subsequenf to the core structure melhng, the core and the porhon of the frrst oner just below
the core rose gradually and leveled off at 4200 °R (2333 °K). The core and frrsf Iayer
drsploced fhe L|H befween the frrsf and second Iayers at obouf 3000 seconds resulflng in fhe B
second shield IOyer rising to the temperature level of the core and Tst Icyer. After 14,000
seconds the LiH between the shield layers at the bottom had been diAspIoced and‘o'lll the shield
temperatures had risen to fhe core temperature. After 24, 000 seconds fhe final Iayer of L|H

““between the™ oufer shleld layer and the <confainment vessel hod been dlsploced
Figure 3-15 shows the location of the core and shreld at this point. The contoinmenf ve"ssel

in the base started to heat significantly at about 5000 seconds and rose to 4000 °R (2222 °K)

after all the LiH had been drsplaced The drrvmg force for fhe rise of fhe Iayers ond vessel
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in the base was the mabrhfy of the soil below the vessel to drssrpofe the heat that could be
conducted from the core through the shield to the soil. Figure 3-16 shows the temperature proflle
around the containment vessel starting from the top (Node 130 in F|gure 3-13). As indicated by
this fugure the confommenf vessel around fhe top and side did not rise in fempercfure neorly as

significantly as the well msulofed base.

Figure 3-17 shows the redistribution of the fission products for HTM=-4. Group A had completely
left the core after 8000 seconds and was completely deposited on the containment vessel after
30, OOO seconds: éroup B fission products that were released from the eore_ were being deposited
| oniy on the conteinmenf vessel qfter 80, 000 'seconds. After 105, 000 seconds all of Groups C and
D ﬂ\df Ihod left the core were deposited on the containment vessel. At 115,000 secends 90 percen

of Group B, 89 percent of Group C, and 63 percent of Group D were on the containment vessel.

At the end of fhe ]15 000 seconds, the mfernal pressure was 1810 psr 1275 N/cm ) and the
' ‘sfress Ievel was 53 500 psi (36, 888 N/cm . Confarnmenf vessel rupfure occurred at 10,700
seconds At thls point the mfernal pressure was 1290 psr 889 N/cm ) and the maximum contain-

ment vesse| femperafure was 1850 °R (1028 °K).

3.3.5 HIM-5 Results
The HTM—5 model con5|sfed of the undeformed model wnfh a W/UOZ/LlH shield configuration.

This case was run wnfhout heat pipes and with 50 percent soil burial. Figure 3-18 is a sketch
of this model showing the maferlal representation for this HTM. This case differed from HTM-3
only in the bercent Buriul HTM—5 was run for 120, 000 seconds of operation under the influence

of the afterheat power decay proflle

Figure 3 19 is an axral profrle of the temperature in the core, shleld and containment

vessel for HTM—5 The characteristics of this transient were the same as those observed for
HTM-3 without any noticeable difference in the peak containment vessel temperature even at
the end of the transient period anclyzed The fission product redistribution shown in Figure 3-20
also differed only sllghfly with that obtained from the HTM-3 case. The containment vessel

crrcumferenhal temperature profile presenfed in Figure 3-21 did reflect the dnfference in

3-30



Astronuclear

Figure 3-13. HTM-4 Model Description Laboratory
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burial depth in terms of the transition point from the high temperature level adjacent to
the soil to the lower temperature level for that part of the vessel exposed to the air.
Because a smaller fraction of the vessel was exposed the vessel temperature level in the
exposed region was 1000°R (555 K) at 120, 000 seconds for HTM-5 as compared to a 930 R
(517 °K) temperature level at 111,000 seconds for HTM-3 as shown in Flgure 3-12. The
peak temperature was 1650°R (917°K) for HTM=5 versus 1630 °R (9050°K) for HTM-3, only

a minor difference.

The rupture point for HTM-5 was 89,000 seconds. The pressure level was 1420 psi (979 N/cm2'

4

and the maximum containment vessel temperature was 1650°R:(9]7°K).

3.3.6 HTM-6 Results o
The HTM-6 model was the in-pile test model (Figure 2-5). This test model consists of

‘enriched UO2 Fuel pins clad in molybdenum surrouhded by depiefed UO contained in a 5~inch
‘diameter Inconel sphere. It will be fesfed in the Plum Brook Reactor Focnllfy to simulate a

‘

reactore core melf—down condlhon

"A case was run with initially a 4 K watt power"prior to the release of enriched HO into the
.depleted uo, shield zones. The 4 K watts represent the mean power level with a|| heat
sources located in the core. As the féel melts, redistribution is initiated. The method of
theat source redls'rrlbuhon consists of energy Iecvmg the core as the enriched uo, melts
4(5500 R (3056 K))and-is deposH‘ed on colder UO zones in the shleld (less than 4500 R
(2500 K)). In the model fhe heof sources:are deposned_ on the intermost layers below
4500°R (2500°K). As node temperatures in a'laye.'r increase and exceed 4500°R' (2500°K),_
the heat sources are fronspog’red' to the next layer. In this manner heat sources move radially
outward layer by layer. The heat generation for a heat source s ir;creqsed radially outward
"due to the reduced sh’ie_:lding of the UO2 as the distance to the surface becomes smaller. An
escape temperature, condensation temperature, and a radial power factor array are defined

in FISSION to characterize this heat source distribution.
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Figure 3-15. Core and Shield Displacement for HTM-4
(23,700 Sec - 115,000 Sec)
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Model Description for HTM-5 and HTM-7
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The 4 K watt case was run for 6000 seconds. The time step was maintained of 30 seconds
throughout the transient with a 2 percent convergence criteria on the heat flow. This was
required as a result of the steep gradients imposed by the relative large amount of energy
generation versus the system éapacifohce. Ldrgé—r time éfeps induced considerable instability

in the temperature profiles.

Fiéure 3-22 shows the temperature profile axia“y from the center of the core to the bottom

of the containment vessel. As indicated in Figure 3-22 the center of‘fhe UO2 core melted
within 300 seconds. At this point the heat source left and was deposited out on the depleted
U(-)2 in the shielding area. The core center eventually sfabilizéd at about 45OO°RA(25000K),
the temperature level at which condensation occurs. The heat sources were driven entirely
from the core after 1200 seconds and eventually walked out layer by layer to the fourth and
fiffh shield layer after 2100 seconds. Because of the reduced shielding ccquilify radially
outwards, the power generotlon level had risen from 4 K watts to 10 K watts. Thermal equilibriur
of the system was reached with the heat sources located in the third and fourth layers. The
shield temperatures stabilized at about 4300 R (2389 K) in the fourth layer and the core center-
line stabilized at 4600°R (2555°K). The shield surface temperature was stabilized at 2550°R
(1417°K) at this point. | '

3.3.7 HTM-7 Results
The HTM=7 mode! consisted of the undeformed model with a W/UOz/LlH shield configuration.

This core was run with' 50 percent soil buruall and with 100 percent heat pipe operation. The
representation of this model is the same as for HTM-5 which is shown in Figure 3-18. This
case differed from Case 5 only in the condifion of heat pipe operation. HTM-7 was run for

200, 000 seconds of operation under the infllu__,ence of the afterheat power decay profile.

Figure 3-23 is an axi_oi profile of the temperatures in the core, shield, and containment vessel
for HTM~-5. The characteristics of this transient were the same as those ébserved from HTM-3
and HTM-5 with the exception of the containment vessel temperature response from about

50, 000 seconds on out to 200, 000. Duriné this period the sodium heat pipes are in an operating
mode as a result of reaching their operating range about 1390°R (772°K). As a result the
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peak containment vessel temperature was approximately 150°R (83°K) lower for HTM-7
than for HTM-3 or HTM-5 at 110,000 seconds into the transient. The temperature profile
circumferentially around the containment vessel is shown in Figure 3-24 for various times.
After 50, 000 seconds when the heat bipes are operating, the slopé acrsss the region adjacent
to the soil to air interface was more gradual than that shown just prior to the heat pipe
operating region. Comparison of Figure 3-21 for HTM-5 cmd Figure 3-24 at 120, 000 sec
also illustrate a more gradual slope indicative of the additional heat fronsp‘or’r capability
of the heat pipes. An isothermal containment vessel was not obtained, however. The peak

containment vessel after 200, 000 seconds was 1600°R (88¢°k).

Figure 3-25 shows the fission product redistribution for this case which was very similar to
Figure 3-20 for HTM=5. After 200, 000 seconds Groups C and D had started to reach the
containment vessel. At this point 100 percen; of Group A and 86 percent of Group B was

on the containment ves;sel. The remdining 14 percent of Group B was in the core. The
breakdown for G.roup. C fission product deposition was 4 percent, 1 percenf:, 22 percent, 54
pefcenf and 7 percent for the Ist through 4th shield layer and the containment vessel
respegfively. Twelve percent of the Group C Ffssion products had not escaped the core.

For Group D the breakdown was 4 percent, 1 percent, 15 percent, 37 percent, and 5 percent

respectively with 38 percent of Group D remaining in the core.
For this case the containment vessel did not rupture until after 170, 000 seconds. At this
point the internal pressure was 1610 psi (1110 N_/cm2) and the maximum containment vessel

“temperature was 1560°R (867°K'). T S ‘ ST T

3.3.8 HTM-8 Results

L ﬂl_e_H_"[MjS_ mo_dgl_c_gns:isjedﬁof_ the deformed model with_a_composite shield simulating LiH_ _ _
filled uo, spheres. This case was run without heat pipes and with 25 percent soil burial.

A preliminary set of thermal properties were used to represent the composite shield. The

thermal capacitance of LiH with its heat of fusion at 1700°R (944°K)_ was modeled. The

thermal conductivity was representative of UOZ' The density of LiH was used for capacitance
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purposes; however, UO2 density and melting point were considered in the sense that the core
was not allowed to displace the composite shield. Figure 3-26 is a sketch of this model
showing the material representation for this HTM. This model was run for 112,000 seconds

of operation under the influence of the afterheat power decay. profile.

Figure 3-27 is an axial profilq. of temperatures in the core, shield, and containment vessel
for HTM-8. The core structure started to melt at 350 seconds and required approximately
350 seconds to melt which was similar to results of the undeformed models and much quicker:
than HTM=8. This indicated that much less heat was getting out of the core and shorfihg to
the bottom with the W shield l'dyers replaced by the low cohdUchify, high capacitance
material. Without any displacement occufring the core was thermally s’hielded and therefore
rose to a temperature level of approximately 5200°R (2889°K) k;efore it peaked. Thé peaking
and subsequent decay was aftributed to the continued decay and escape of fission prbducts
from the core. The shield layers significantly lagged the core due to their:low cohdﬁcﬁvity,
high capacitance, no displacement characteristics. Furthermore the containment vessel at
the bottom did not start to rise significantly until 20, 000 seconds into the f'rcnsienf. . After
110, 000 seconds it had reached 1700°R (944°K). Figure 3-28 shows tHe temperature profile
of the containment vessel starting from the top. The top and side of the containment vessel
remained uniform in temperature. At fhe corner of the containment vessel between thé side
and bottom, the véssel runs cooler late in the transient. The bottom of the véssel} fhe_frrially
insulated by the soil, runs progressively hotter radially towards the center. Although it is
reasonable to expect a corﬁer farthest removed from the heat source 'roirun'cooler than: the rest
of the system, this case is amplified by the fact thot the bottom is thermo_lfy iinsulo‘fed c’m_{i the
side portion of the vessel down to node 138 is receiving fission products vaer_eas the corner is

not receiving fission products.

Figure 3-29 shows the redistribution of fission products for HTM-8. Because the core peaked
at slightly above 5000°R (2778°K), Groups A, B, and C were completely deposited on the
containment vessel, 88 percent of Group D left the core of which 75 percent were deposited

on the containment vessel. - -
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The containment vessel ripture occurred at 112, 000 seconds. ~ ‘At this point the pressure was

1050 psi (724 N/cm2) and the maximum containment vessel temperature was 1710°R (950°K).

3.3.9 Comparison of Containment Vessel Temperatures and Pressures

Figure 3-30 compares the maximum containment vessel temperatures determined for HTM's 2,
3,4,5, 7and 8 versus finﬁé' Figure 3- 31 compares the internal pressure for these cases.
HTM-2, the undeformed mode! with rodlcmon gaps, and HTM-4, the deformed model wnfh

a W/LlH/UO shield experlenced the earliest and steepest temperature responses on the
containment vessel. The pressure buildup consequenfly for these two cases was more rapid
than for the other cases. Rupture failure for these cases os:c,urred around 10, 000 seconds.

The three undeformed models with W/LiH/U02 (HTM—B, 5, 7j‘indicafed: much slower
temperature and resultant pressure responses with only minor differences between them.
Rupture occurred for two of these three cases, at about 100, 000 seconds, Heat pipe operation,
HTM-7, extended the rupture life to 170,000 seconds. HTM-8 the defofnﬁed mode|::w;ifh the
c6mposife shield ws:s initially similar in temperature response to HTM-4. ABe‘cause the core
was not displaced in HTM-8, the HTM-8 response remained gradual unlike_ HTM-4.,-'A‘
Evenfuully it was similar.in temperature level to the HTM-3, 5, and 7 cases. Thé \}O{d space
for this composnfe shield was assumed to be greater than in the LiH filled shields. .As d result
the pressure level lower than for the other cases. The rate that it built up was also slower,
however, this was a result of the transfer of fission products to the contcnnmenf vessel resulting

in lower shield ’remperofures on the side and top. Rupture for this case was oround 100 000

seconds.
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4.0 TASK Il DISCUSSION-OF RESULTS

In the contract nine questions were identified for response as parf of the 'r‘equi‘remAenfs of
Task 1. Results obtained in the course of the study suggest that additional aralyses

would be required to provide quantitative answers for some of the nine questions. Also
several interesting points, not covered by the nine questions, have been identified. This
section has, fherefore, been divided into a suBse'cfion' for answering the nine contractual -

questions and a subsection for other points of discussion.

4.1 CONTRACTUAL QUESTIONS AND DISCUSSIONS

4.1.1 Queshon What pressure could the confammenf vessel contain without rupture'v’

Whdt are the uncertainties of the answer°

Answer: Containment vessel rupfure occurred with mfernal pressures rangmg From lOOO pSI

to 1600 psi as shown in Flgure 3-31. Prelummary calculahons performed to date are

considered madequate to deflne percenf accuracY

Discussion:  The mechanism causing containment vessel structural failure for these HTM's

is creep rupture. The rupture pomf is a function of fhe mfernal pressure and temperafure time
h|sfory of the containment vessel.” A specnflc pressure, fherefore, cannof be defmed For
the four undeformed models and two deformed models analyzed fhe pressure Ievel ‘varied from
1000 psi to 1600 pSl at the time rupfure occurred as shown in Flgure 3- 3l Sechon 3.3.9
(based on an initial pressure of 350 psn). HTM=8 the deformed model wnfh a composire shield,
failed at the lowest pressure level of 1030 psiz - T T T

The initial helrum gas internal pressure inside the containment vessel and the amounf of -
mode_rajor a_nd_r_eflepto_r_viat_er rerpo_m_m_g in _'rbe_c_ore followmg _impact strongly mfluence fhe B
"ime to failure " of the confammenf vessel For example, if the initial pressure of the helium
gas were reduced, the resultant presSure level for a given femperafure level in the shield
would correspondingly be reduced. The pressure hlsfary would therefore be less severe, and
the time to failure of fhe containment vessel for a glven femperafure response would be

exfe nded.

4-]



4.1.2 Question: Does heavy insulation help lower the containment vessel temperature ?

Answer: A comparison of shields with and without insulation was not available. Of the

six HTM's identified and analyzed which pertain to the reactor power plant, five of the
shield configurdﬁons include the heavy insulation and the sixth consists of the composite

shield.ﬂ

4.1.3 Question: Does the effect of Iuthlum hydnde as a heof sink Iower sysfem temperature

fhroughouf the post impact period?

Answer:  LiH significantly delays the system temperature response as indicated by the

comparison of HTM-2 and HTM-3 in Figure 3-30.

Discussion" HTM-2 and HTM-3 provide a direct comporison of de‘signs.with and \;vifhouf LiH
shi‘elds. Both are undeformed models with W shield layers and UO2 adjacent to the confcun—
ment vessel. Both consnder 33 percent burlal without any heat pipe operation. Figure 3- 30

in Section 3.3.9 compares the confcunmenf vessel femperoture for both cases. The contain-
ment vessel for HTM-2 which had void spaces between the W oners started to heat significantly
at 2000 seconds, indicating a delaying effect by the LiH.

4.1.4 Quesﬁon- How far can fhe confomment vesse! penefrate the so|| before its surface

femperafure becomes excessnve'?

Answer. Burlol depths of 33 percent for the undeformed and for fhe deformed models resulted

in containment vessel fo_nlure. Burial depfhs less than these amounts were not considered. .

4,1.5 Question: Does the soil melt? What effect does this have on the containment vessel

surface temperature 7 ?

Answer In HTM 4 the peak confcnnmenf vessel temperofure reached 4000 R (2222 K) wnthm

]OO 000 seconds The clverage 'remperofure of the sonl depth oF 30 inches was 350°R. This
is yvell below the soil fusion temperature of 2300 R (12‘80'K).

Because of the high containment vessel surface temperature, local soil melting will occur and

will delay somewhat the containment vessel temperature response. The model was not defined
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in sufficient detail to illustrate this effect. The number of soil nodes in the model could be

increased by using the standard TAP-A input data option

4.1.6 Question? Is the containment vessel surface temperature affected by the surface

deformation?

Answer: Deformation can significantly decrease the time to failure as indicated by the

comparison of HTM=3 and HTM-4 in Figure 3-30.

Discussion: HTM-~3 and 4 provide a comparison of designs containing W/LiH/UO2 shields with
no heat pipes in an undeformed and deformed configuration. This comparison shown in

Figure 3-30 indicates that the containment vessel temperature rise for the deformed model is
significonfl} greater than for the undeformed model. In the case of the composite shiéld' A
configuration, differences between the deformed and undeformed models were not as significant
since displacement of the core relative to the containment vessel does not occur. It should
also be noted that in the deformed model with a LiH/W shields the thickness of LiH between W
layers in the base was assumed to 1 inch with a diametrical reduction of the containment vessel

to be 30 percent.

The degree of deformation was based on experimental data from rocket sled tests of two foot
dlometer spheres (30). The thickness of LiH was estimated without experimental verification.
The time to melt and displace the core through the LiH Iayer is dlrecfly related to the fhlckness
of the LiH loyers The containment vessel-temperature response_is therefore, .strongly. dependenf

on the assumed thlckness of LiH.

4 1.7 Question: Idenhfy those parameters which affecf the containment vessel surface

temperature that cannot be controlled by design. Determine the magmfude of their effeci'

Answer: Afterheat decay profile, amount of trapped helium gas, and containment vessel
material are three parameters that cannot be controlled without significant design

modifi cafibns._



Two alternatives exist in changing the afterheat decay profile which are changing the fuel
form and changing the mission time. Changing the fuel form would require a redesign of
the system and negate much of the present development work. Changing the mission time is

not a desirable change since it would impair the applicability and usefulness of the system.

Another parameter that may be difficult to modify is the amount of helium trapped in the
sysfem.A This baramefer affects the confdinmenf vessel temperature, but more significantly
it is the primary source for excessive internal pressure§ resulfing in creep rupture. A quick
removal system for dumping all the helium coolant prlor to an accident would be effective
if it could be mcorporated in the design. Another parameter that could be od|usfed only '
through rede5|gn of the shleld and confommenf vessel is the chonce of materials for the
containment vessel. This desugn parcmeter, however, effects the impact requuremenfs of the

containment vessel.

4.1.8 Question: Whaf effect does Flssmn producf redlsfrlbuhon hcve on the confcunmenf

vessel femperafu re?

Answer: Deposition of the fission products on the containment vessel results in a significant

temperature rise as indicated by Figures 3-3 and 3-8 for HTM-2 and 3.

Discussion: Comparison of the temperature response curves with fhe.fissic.n ‘prodvucf‘ redistri-f.
bution graphs have indicated that the containment vessel f'emperqfure-réspon;e. Hés beeh
influenced very significcnﬂy by the location of the fission products In fact, deposmon
of fission products into ‘the containment vessel is more predommafe than conduchon ond
radiation in the undeformed model in terms of increasing the vessel femperafure Only in
the deformed model is the thermal conduction pofh to fhe boffom of the confcunmenf vessel

more sugmflcanf

One feature fhaf the codes do not contcm is the deposmon of fhe flssmn producfs on fhe
insulation adjacent to the inside of the containment vessel. When fhe fission products o

transport outward they go from the W shield and LiH shield to the containment vessel.
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Under actual conditions this would not happen since the fission products would deposit on’

the insulation.

4.1.9 Question: Can vessel temperature be kept below failure limits without heat.pipes?

“If not, what percent of heat pipes must be operable to be effective in keeping containment .

vessel temperature from becoming excessive ?

Answer: The results of theHTM's calculated indicate that the time to failure is significantly
increased by the use of heat pipes as shown in Figure 3-30 by the comparison of HTM-5 and
7. Some consideration should be given to alternate heat pipes which operate at a lower
temperature level in.an attempt to keep the vessel in a temperature range where negligible
creep occurs. The present analyses performed with the heat pipe caleulation procedure still
indicated a significant temperature gradient around the containment vessel as shown in

Figure 3-24.

4.2 GENERAL DISCUSSION
This section will review the effects of the geometry options, heat generation sources, melting,

and pressure buildup on the temperature/pressure response of the containment vessel.

4.2.1 Model Options.
Results with the deformed and undeformed models were obtained for a W/LiH/UOz shield without

- heat pipes (HTM-4 and-HTM-3). The -comparison of the two indicated more severe heating of
the bottom in the deformed case than in the undeformed. case caused by the dropping of the
core t-hrough the LiH layers. The time required to rupture the confainmént vesselisa strong”
function of the time to melt LiH. ‘In the deformed mode! the-LiH thickness was fixed at 1 inch
for each layer. Furthermore the degree of diametrical deformation of the containment vessel

- - —was 0.3.- Because-of the sensitivity_to LiH melting, a.quantitative comparison of the deformed o

and undeformed model is very dependent on how good of an estimate can be made for the -
thickness of the LiH separating the W layers in the deformed base. To date, impact testing

suggests that voids or gaps between layers will be closed on impact but the test results do not

provide a quantitative value of the LiH layer thickness.



The in=pile test model was analyzed (HTM-6) with initially a 4 kwatt power level prior

to the release of enriched UO2 into the depleted UO2 shield zones. This model is a two- -
dimensional representation of a configuration that will have a three dimensional flux
distribution.. Figure 3-22 presented in Section 3.3.6 shows the temperature distribution for
HTM-6. -This temperature distribution reflects results based on a heat source relocation model
of fuel leaving the core as the UO2 melts and depositing on colder zones in the shield. For
this model gravitational effects on the fuel relocation have been neglected. The temperature
response of the system is strongly -influenced by the escape temperature-assumed from the-
core and the allowable temperature deposition and vaporization in the shield. -These two
parametérs are defined in the code along with factors defining the increased heat generation
radially outward for.q given mass of enriched UO2 vapor. These parameters can be readily
varied with minor coding changes along with the input value of the initial power level to
provide a capability for parametrically evaluating the in-pile test model and for matching
test data. If, however, a centerline cannot be defined about which the heat fluxes are
nearly symmetrical, then the two-dimensional model will be limited in its adequacy to match

the test data.and a more extensive three dimensional analysis may be indicated.

4.2.2 Shield Options

Of the five shield options, three were considered in the six applicable HTM's which include:
the W/water shield with water removed and with a UOzﬂlayer adjacent to the containment
‘vessel,, the. W/LiH/UOz.shieId and the composite shield. HTM-2 and'HTM-3 provided a
direct-comparison of the design with and without a LiH shield. - Figure 3-30 in Section 3.3.9
compares the containment vessel temperature for both cases. The containment vessel for HTM-2
which had void spaces between the W-layers started to heat significantly at 2000 seconds into
the transient. . HTM-3 however, .did not start to heat significantly until 20,000 seconds,

- indicating-a delaying effect by the LiH. The presence of LiH extended the stress rupture life-
time from about 10, 000 seconds for HTM-2 to. 100, 000 seconds for HTM-5. Over the 20, 000
second period analyzed for HTM-2, the peak containment vessel temperature was significantly
greater than that.for HTM=3. Although HTM-2 has less capacitance than HTM-5 and would
cool faster, the slopes of the curves shown in Figure 3-30 indicate that a cross over in vessel

temperature during the cooldown cycle, if it were to occur at all, would not occur within
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200, 000 seconds. With an initial pressure of 350 psi (24) n/cm2), the rupture point is well
before 200, 000 sec for both cases; therefore, a crossover is not important. If the helivm in
the system. could be removed such that the pressure buildup is much slower, the stress rupture

life would be extended further to the point that possibly the temperature response during -

periods beyond 200, 000 se¢ would be important in determining the utility of LiH. |

- HTM-4 and HTM-8 are two deformed models that compare o LiH/W shield to a- domposité

~shield that prevented core displacement and provided significant capacitance. Figure 3-30
indicated that with considerable deformation, the response rate of the containment vessel in

* - the deformed region is much greater. Providing a dense insulation that prevented the core

. displacement exterided the rupture lifetime from:12, 000 seconds to 120, 000 seconds. This -
compariSOnAind.i'cofe's that although LiH significantly delays the vessel temperature response,
a composite shield with sufficient capacitance ¢an provide even better protection particularly
with deformation occurring. The composite shield analyzed points out the advantage of
preventing core displacement and driving the core to a temperature lével such that fission

products escape to the upper regions exposed to the ambient.

The five shield options provide flexibility in terms of comparison of each shield with the other.
Additional shield configurations can be considered by replacement of materidl properties.

For example, the composite material can be replaced by a material having any melting point,
thermal conductivity and specific heat; however, it is limited to materials having a density
greater than or equal to-that of the core components. This is due to restricting the displacement
of the core for this shield model. Similarl y,_ﬂ;e ft;ngsfen .;.hi'e_ldila_yt;rs' and fh_é U(_)2 ins_u‘|>df'io;1
layer adjacent to the containment vessel can be replaced by components whose density is greater
than the core components.” LiH, vhowever, can only be replaced by materials whose density is

"—I'ess‘fhan“fhaf'bf’fh‘e 'co're"c‘omp‘one'nfs."’ e e e e e e

4.2.3 Heat Pipe Operation

In-the cases analyzed to date stress rupture failure has occurred with or without heat pipes. -

Lifetimes without heat pipes have been as long as 100, 000 seconds. - One hundred percent



heat pipe operation was considered in the undeformed model with a W/LiH/UO‘,2 shield based

on sodium heat pipe properties. In Figure 3-30 comparison of the containment vessel
temperature profiles 'for HTM-5 and HTM-7 indicated lfhaf flattening of the peak containment
vessel did occur. Creep stress rupture did occur in both cases; however, the lifetime was
extended from 100, 000 to 170, 000 seconds. Sodium heat pipe operation becomes effective

at temperatures above 1400°R which unfortunately is within 200°k of the level at which
significant weakening of the vessel occurs. As a result an appreciable amount of creep rupture
will occur in the operating regime for a sodium heat pipe. Some consideration should be given
to alternate heat pi.pe.fluids which operate at a lower temperature level in an attempt to keep
the vessel in a temperature range where negligible creep occurs. .The present analyses performed
with the heat pipe calculation procedure still indicated a significant temperature gradient around
the containment vessel as shown in Figure 3-24, Further effort could indicate whether this
implies that heat pipes cannot provide a uniform temperature profile or if there is opportunity

for improvement in the heat pipe modeling procedures. A possible quick check is to represent
the heat pipes-by a thermal conductivity much larger than that used to date as representative

of heat pipe operation.

4.2.4 Soil Burial v

The deformed model is limited to burial depths ranging from 33 percent to 100 percent surface
contact in increments of 8.33 percent. A minimum burial of 33 percent was set for the -
undeformed model. If less than 33 percent burial is desired for the undeformed model, the -
HTMGEN subroutine can be revised with a few minor changes or the standard TAP-A could be

used to change the material representation.

In the deformed model, O to 100 percent burial is treated. Increments of 8.33 percent are

provided from 50 to 100 percent burial.

4.2.5 Fission Product Decay and Redistribution

The fission product escape and redistribution procedure was defined to provide-the capability

for considering four groupings independent of each other with separate decay, .escape, -and "
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deposition criteria.. As described in Appendix B; the data search performed in. this contract
provided limited data to define accurately the time and temperature profiles for-all four
groupings. As a result some judgment was used in defining the curves contained in the
program. As better data becomes available it can be easily inserted in the FISSON sub-

routine to provide a better simulation of fission products. The present decay rate inthe code

is for a 1000 hour mission based on NASA definéd data..

The temperature response of the containment vessel to the deposition of fission products indicates
a possibility for improvement of the fission product redistribution procedure. Fission product
deposition is limited to the W shield layers and the containment vessel. Deposition on the 1iH

and UO

ization may occur on-the LiH as opposed to vapor flow through the porous LiH. " Likewise the

9 insulation is not considered. A significant amount of deposition followed by vapor-

fission products may deposit on the UO2 insulation adjacent to the containment vessel. Based
-on the response of the containment vessel to fission product deposition, deposition of fission
products on LiH and on fhe'U02 insulation layer will delay the containment vessel temperature

response and provide greater lifetimes.

4.2.6 Metal-Water Reaction

One mechanism not covered by the contractual questions was the consideration of metal-water
reactions and their efféct on containment vessel temperature and pressure response. |n all the
HTM's ‘anal'y'zéd,- the assumption was made that 95 percent of the moderator water in-the core

" was removed. In addition, for HTM-2 which analyzed-a W/water shield, -all the water in the
shield was removed.- For all cases, ‘therefore, the mass of water considered was 160 lbm (72.6
kgms). Typically the reaction of water with metal was completed within 180 seconds. . The

reaction that was analyzed was wdter reacting with  the stainless steel pressure-tubes. The mass

——_ -of helium_released was 18_Ibm (8.2_kgms) and the pressure buildup_due to this_release varied

~ from 51 psi .(35'N/<':m2) in HTM-2 with voids between W shield layers to 186 psi (128 N/cm2)
" in HTM=4; the deformed model filled with LiH. The heat released by this reaction was 9
percent of the total heat generated during this time period. - The effect of the reaction on the

temperature response was hegligible.: .The contribution to the pressure buildup can.be a



-significant per¢entage; however, with 350 psi (241 N/cm2) initial helium pressure the H2
pressure was .not dominant. |t is obvious, however, that if a much larger percent of the .
moderator water is left in the core then the pressure buildup due to H, release can dominate.
The effect on temperature response- would be.a steeper rate of increase in the core temperature

*-initially; the effect on the overall temperature response would still be negligible. Control

and removal of the moderator water is critical design parameter which can influence the

survival of the containment vessel subsequent to impact.

"~ 4.2.7 Component Melting-and Displacement S V
The ESATA program considers the heat of fusion.for melting of molybdenum, UOZ’ AM-355, W,

LiH, and the composite material. -The lumped capacitance of the core includes the capacitance

- and when applicable the heat of fusion of molybdenum, UOZ’ and AM-355.

The core structure melting occurred in the 500 to 1000 second range for all the HTM's. The
bulk core temperature did not reach the melting point for molybdenum or UOZ. in any of the

transients.

For the undeformed model, a basic assumption was made that the core structure was intact
~.and that the core could not drop until the structure was entirely molten. After structure
melting was completed, the core would drop and fill the base of the first shield layer in
HTM-2 which had voids between the core and shield layer. The dropping of the core
significantly increased the first shield layer temperatures for HTM-2 as indicated in Figure 3-3
after 700 seconds.- In the case with W/LiH/UO2 shields the core would drop a layer at a time
through the LiH as the LiH melted. With a W/LiH/UO2 shield the core did not drop onto

the first shield layer.until approximately 15,000 seconds as shown in Figure 3-8  for HTM-3.

There are several simplifications in the modeling of the core displacement to the first shield
layer which detract from the accuracy of the temperature time response. With a-homogeneous
core local -melting of components in the core is not considered, and displacement is delayed

until the entire mass of the core reaches the melting point of the structure.
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The mass and the capacitance of the core is conserved during displacement. When the core
displaces LiH, the mass of LiH is not conserved due to the different size of nodes above and below
the core. The thermal resistance is adjusted however to account for a changing heat transfer
path. LiH mass will be increased or decreased depending on the location of the core. Its

effect is not expected to significantly alter the ﬁmé to rupture of the containment vessel,
‘because the percent change of total LiH mass (5-10 percent) is small and the change occurs

well before rupture failure time (in HTM-3 the core drops to the first shield layer within

20, 000 seconds while rupture of the containment vessel occurs at about 95, 000 seconds. )

The UO2 insulation layer adjacent to the containment vessel did not detach from the vessel

wall for any of the HTM's analyzed with the exception of HTM-1. This was due to the low
insulation temperatures that resulted for the cases analyzed. Additional design studies
should be directed to provide for the detachment of the insulation layer in that portion of

the containment vessel exposed to the air.

4,2.8 Pressure and Stress

Containment vessel stress analysis is based on a simplified creep-rupture model. The Larson-
Miller parameter and the containment vessel percent life used is calculated for the maximum
vessel temperature. The hoop stress in the containment vessel is calculated for both the un-
deformed and deformed model based on thin wall pressure vessel theory. Local stresses at
the edge of the base in the deformed model are not considered in the analysis. The support
provided by rheAcompa‘cfed earth is also not considered for either model. The internal pressure
* buildup calculation is based on an average temperature of the heavy metal shield layers. In
cases where voids exist between W layers this is a more representative temperature than with
the voids filled with LiH. These considerations add uncertainty to the pressure buildup and
_stress rupture calculations. The containment vessel stress level_and_rupture_time_can therefore-— ———

only be considered as representative values.
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5.0 CONCLUSIONS AND DESIGN RECOMMENDATIONS

This program has resulted in the development of a computer program to analyze the.afterheat
distribution of a mobile nuclear-power plant. The computer. program analyzes an undeformed
and deformed power plant. It considers a homogeneous core with five shield options. The
code considers.variable heat pipe operation and soil burial. It will also analyze an in-pile
test model. Phenomena such as fission product redistribution, core/shield melt and displace-
ment, and me'rol—wofer reacflons are considered. The code olso calculates transient
femperafure and pressure responses ond performs a srmpllfled creep rupture analysis of the
_contcnnment vessel Vorloble srze, werght ond initial femperofures can be input to the

‘ code. The code was developed to minimize input data requnremenfs Thls program is
operohonol on fhe NASA IBM-7094 II/7044 drrecf coupled system ond the WANL CDC

6600 computer

‘Eight HTM's were run and analyzed. These HTM's were primarily selected to verify the
operability of the ESATA program options. However, the analysis of these HTM's has
provided insight into.some of the features that should be considered in future power plant

designs, - These features are:

‘e ' A composite shield material having the copa‘ciforrce of LiH and a specific

gravity equal to or in excess of U02. Likewise, a LiH/W shield is preferable

to a W/water shield with the water removed prior to impact.

° A heat pipe grid-work as an integral part of the containment vessel wall
~ provided the heat pipes through design can withstand impact and remain

operabl'e.

e ' Alayer oF insulation od|ocenf to the containment veSSel wall provided that
“fission producf deposmon through design occurs on the’ mfernal surface of

'the insulation and not on the con'rommenf vessel wall.

51



° A means for minimizing/eliminating the helium gas remaining in the

containment vessel prior to impact.

) A means of minimizing/eliminating the moderator and reflector water

remaining in the containment vessel prior to impact,

Specific conclusions pertaining to the HTM results and modeling procedures are described

below:

1. Time before rupture ranged from 10, 000 seconds for a deformed model to
170, 000 seconds for cn undeformed model with an initial inferﬁal pil'esédfé'
~ of 350 psi (24] n/cm ) The mternal pressure at rupture varied from 1000 pSI
(689 n/cm to 1600 psi (1103 n/cm ), and the peak confcunment vessel
temperature varied from 1500°R (833 K) to 1900°R QO 056° K) at rupture.

2, Time to rupture should be significantly increased by lowering the initial

- pressure through the addition of a means of removing helium prior to impact.

3. Without consideration of fission product deposition on the UOé insulation,
the presence of the insulation adjacent to the containment vessel did not
significantly affect the containment vessel temperature response when used
in a LiH filled shield. Consideration of deposition of fission products on

the U02 is expected to extend the life time of the vessel.

4, The use of LiH as a thermal capacitance material placed between heavy
metal shield layers sugmflconfly increased the life time of the containment
vessel. A representative increase from 12, 000 to 100, 000 seconds in the

time to rupture for the undeformed model was indicated.

5. Deformation of the reactor with a W/LiH/UO2 s.hield §horfened' the time to
failure significantly from 100, 000 to 10, 000 seconds. = Similar results are
expected for the W;’wcxfer/UO_2 shield, W/water, and W/LiH shields.
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Preventing the core from "dropping" onto the containment vessel significantly
incréased the life time of the containment vessel as indicated by the 112, 000
second time to failure calculated.for the deformed model filled with a com-
posite shield (HTM-8) having the capacitance of LiH and not displaced by

the core.

Partial earth burials of 33 percent and 50 percent for the undeformed model
indicated a negligible effect (about 6000 seconds) on the containment vessel

temperature response and the time to failure.

The containment vessel temperature response was very sensitive to the deposi-
tion of fission products on it. Consideration of fission product deposition on
LiH and UO2 adjacent to the containment vessel should extend the calculated

time to failure.

Sodium heat pipe operation occurs at a temperature such that rupture of the
containment vessel can still occur; however, the time to failure was increased

through the use of heat pipes by about 75, 000 seconds.

The presence of 5 percent of the moderator water (160 Ibm (72. 6 kgm)) is
sufficient to increase the internal pressure by 50 (34.5) to 160 psi (110 n/cmz)
by hydrogen release from metal-water reactions. This release occurs within

the first 200 seconds of the transient.

Bulk soil fusion did.not occur based on relative large soil node sizes.. Local

soil fusion is anticipated with a deformed system.
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6.0 RECOMMENDATIONS FOR FUTURE WORK

Evaluahon of the calculation models and the results obtained in the analyses of the HTM's
suggesfed several p055|b|e refinements in the colculchonal procedures.- The following code

improvements are recommended:

1. Modlfy fhe flsswn producf redistribution scheme fo include the option to
specify as part of lnpuf those shield layers ccpoble of receiving fission

products.

2, Update data on fission pioduct decay, escape, and deposition based on a

_more comprehensive survey.

3.. - ‘Include the degree of containment vessel deformation and LiH layer thickness

in the deformed model as part of the input data,

4, Increase the number. of nodes representing the soil.

5. Develop a three-dimensional nodal representation of the in-pile test model.
6. Develop a subroutine to treat dissociation of LiH.

7. Develop a generalized shield model permitting the program user to specify as

part of input the material representation of each shield layer.

8. Include a program restart capability at any printout time in the afterheat

decay-transient. - S

Analysis and comparison of the HTM's indicated several items that should be considered in

more detail with additional computer runs. Listed below are recommendations for more

1. Analyze additional composite shield materials.

6-1.



Reandlyze cases with the updated fission product redistribution scheme

recommended above and, if available, more representative data.

Evaluate al'rernate |n|t|c| mternal pressure levels and percenf of moderator

water remaining in fhe core.

Evaluate the deformed model with updated deformation characferlshcs

obtamed from the Rocket Sled Test Progrclms.

Evaluate LiH and water filled shields wifhout UO2.
Consider alternate shielding materials.
Evaluate heat pipes with an alternate fluid for lower temperature operation.

Consider more effective insulation such as "supported" 'Min-K adjacent to

the containment vessel.

Consider greater burial depths than 50 percent.
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APPENDIX A
HTM GENERATION SUBROUTINES

A total of_tén sUbirQufines are used to define the nodal structures for the undeform.ed;
deformed, and in-pile test models. The main subroutine for defining these models, HTMGEN,
was divided into six subroutines (HTMGEN, HTMGN1, HTMGNZ2, HTMGN3, HTMGNY4,
ond‘ HTMGNS5) to meet storage limitations for the |BM-7094. These subroutiﬁes perform fhe':’

following functions:-

HTMGN1 - defines undeformed model
HTMGN2, HTMGN4, HTMGNS - defines deformed model
.. HTMGN3 .- defines the in-pile test model '

Four subroutines(VCAU, VCAL2, VCALS, and VCALS5) are used. in the above suEroufines.
for performing repetitive fy_be calculations. Another subrodﬂne, FIXPAM, is Us'ed f.o set
up variables for calling these subroutines. The remainder vo.f this discussion will consi:de:r -
HTMGEN as <;'>ne subroutine. o

A general flow diagram of HTMGEN (plus HTMGN1 through 5) is shown in Figu;e A-1 with
a description of nomenclature presented in Table A-1, Figures A-2,' A-3, and A-4 are the
node structures for the undeformed réactor model, the deformed reactor model, and the
in-pile test model respec-tively. This subroutine sets up the following arrays which define

- the basic model, and are-used in VARK, POWER, CONDO, and other subroutines in_ ESATA.

VOL (i) volume on nodé‘i_
1J @i, k) index of node connected to node i by connection number k
== — —IMAT (i) _ _ _material numberofnode i -
OLDCON (i, k) the length to area ratio for node i and connection number k
IDEMK (i, |) define use of primary or secondary conductivity

. =0, use primary or secondary conductivity

=}, use secondory conductivity which is a fixed value



/\ 3
IMODEL

I MAX = 293
IS MAX - 25
IBMAX - 25.

| MAX 218
IS MAX 12
(18 MAX 12,

f

[ MAX 124
1S MAX 12
1B MAX 12

i

Calculate VOI(I), OLDCONI, K}
IMAT(, 130, K) IROCOL(, J), JROCOL
(I, J) for Nodes 1 to 36 Based on RS (5),
CORER, COREN, ISHLD,

CALL VCAL3 and VCALS

Caleulate VOL(1), OLDCONII, K)

1, K), IROCOL f, N, IMAT «D,
JROCOL I, N, 'IDEMK 1l, K\ for nodes 1 to
38 based on RS (1), CORER AND COREH
Call VCAL 3 and VCALS

Calculate VOL:IY, OLDCON .1, J, ~

1) o1, KY, IDEMN 1, K%, IROCQL I, & .
JROCOL +, ) IMAT |' for nodes | to 40
based on RCORE

Coll VCAL3 and \ CAL 3

1

i

f

Calculate VOL 1), OLDCON 1, J)1J (), K),
SAREA (1}, IMAT (1), IDEMK (I, K) for -
spherical nodes based on RS (1), DS (1),

Colculate VOL 1), OLDCON ¢, K3, 1)
(1, K), SAREA (D), IMAT 1, IDEMK 11, K}
for nodes 39 to 218 based on RS (1), DS ),

Coleulate VOL 1%, OLDCON 1, N©
10, KY, IDEMK -1, K", IMAT | SAREA

1Y for nodes 41 1o 124 based on RCORE,

ISHLD, IHTPIP, SOILF ' EISHLD, IHTPIP, SOILF RCV., ey
Coll VCAL! 8 VCAL 2 Call VCALI and VCAL2 Call,VCAL) 8 VCAL2
] 1
Define T{I), ST (1), BTil) for nodes 1 to 218 Define Tel), ST 1Y, BT 1" H -1% 148 1Y,

Caleulate VOL (1), OLDCON ¢, K), 1J1,K),
SAREA (1), IMAT (1), IDEMK (I,K) for reminader
of cylindrical nodes based on RS(1), DS (1),
ISHLD, IHTPIP, SOILF :

Coll VCAL3 & VCALS

based on TCOR, TSH, TCV, and TAMB

|

IB (N CC ¢, 1'based on TCOR, T3H, TC\,
& TAMB

{

Define T(l), ST (1), BT (1), H (1) 1JS (1), 1B (1)
and CC (1, 1) for nodes 1 to 284 ond surface

connections

Define H(1), 1JS (1), IB (1}, CC I, D for

surfoce connections

L

Figure A-1.

Initialize factors for FISSON *
FA 2 (1), FB2 (1), FC2 (1), FD2 1) ©

FAR (1) = FBR (1) - FCR(1) - FDR (1) |
FAR (1) ~ FBR (1) = FCR (1) ~FDR (1) - 0

1

Initialize Parameters for CSMELT XMEL(1) =
XMELI = XMEL2 =0
IMELT = IMELI = IMEL2 =0

I

Return END

613628-1C

Summary Flow Diagram HTMGEN Subroutine




Symbol

BT (i)
CC G, i)
COREH
CORER
DS (i)

IB (i)
IBMAX

IDEMK (i, )

IHTPIP

13 G, i)
S G, i)

IMAT (i)
IMODEL

Astronuclear
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TABLE A-1
HTMSEN NOMENCLATURE

Temperature for boundary node i

Emittance for surface node i and connection |

. Core heighf

Core radius

Thickness of shneld layers and containment vessel i=1,5 for
4 shield layers and the vessel

Heat transfer coefficient for surface node i and connection j
Boundary coefficient table number for surface node i.
Maximum boundary node index

Tngger to define ch0|ce of conduchvuty for node i cmd
connection i

IDEMK=0 - primary conductivity
IDEMK =1 secondary conductivity
Trigger for heat pipe.operation

IHTPIP =1 Zero operation

IHTPIP = 2 50 percent operation
IHTPIP = 3 100 percent operation

Index to denote node connected to node i by connection
number |

Index to denote boundary. node connected to surface node i
by connection |

Material index for node i

Trigger to denote model selection

IMODEL =1 undeformed model
IMODEL = 2 deformed model
IMODEL = 3 in-pile test model



Szmbol

IROCOL (k, )
ISHLD

ISMAX

JROCOL (k, 1).

OLDCON (i, j)
RS (i)
SAREA (i)
SOILF

ST (i)

T (i)

TAMB

TCV

TSH

TCOR

VOL (i)

TABLE A-1 (Continued)

Definition

Array to define node number in column k and row |

Trigger to denote shield selection

ISHLD =1. heavy metal shield - LiH
ISHLD = 2 heavy metal shield-water
ISHLD = 3 heavy metal shield-water~heavy insulation -
ISHLD = 4 composite shield . .
ISHLD =5 heavy metal shield-LiH-heavy insulation

Maximum surface node index -

Trigger to denote presence of core or shield in column k and row | °

JROCOL =1 ~core

"JROCOL=2  shield

Length to area ratio of. node i for connection number |
inner radius of shield layers and Cor)fainm_ent vessel i=1,5
Surface area of surface node .

Fraction of 'soil burial -

Temperature of surface node i

Temperafure of internal node i

Ambient fer’nperc;t'uré |

Containment vessel temperature

Shield temperature

Core temperature

Volume of node i

A-4
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Figure A-3. Nodal Model for Deformed HTM
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Figure A~4. Nodal Model for In-Pile Test Model
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SAREA (i) Surface area for surface to boundary connections

1JS (i) Node index for internal or boundary node connected to node i
H (i) Surface heat transfer coefficients

ST (i) Surface node temperature

BT (i) Boundary node temperature

T (i) . Internal node temperature

The following four subroutines were defined which store repetitive type calculations used
to define the above described arrays. Figures A-5 to A-8 contains flow ¢harts of these

subroutines.

VCAL) _Calc‘ulates the volﬁmg, I/A's, and material number-for a row of
o spherlcol nodes’ :
VCAL2 Calculates the volume and I/A' s for an individual spherical
node. It is called from VCALl,
VCAL3 '- Cclculates the volume and I/A' s for a cylmdncal node
VCALS Calculates the volume and |/A for three sided cylmdrlcal to

" “.spherical interface nodes

The three nodal models gﬁre defined internally in HTMGEN based on key rad!i,i and material
thicknesses which are read in as part of the input. This is accomplished by defining equations
for each node to calculate the volume and length-to-area ratios. In addition the material
numbers are assigned to each node. Based on the material number used, the properties are
assigned to each node by table look up of permanently stored material propertiés, calculated

parameters defined in the SHIELD subroutine, and fixed parameters stored in HTMGEN,

For the undeformed and deformed models fHe dimensions read in include: -
) Core radius and height

° Inner radius and thickness of each heavy metal (W) shield layer
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CALCULATE VOL(i), OLDCON(, j), IMAT(i), IDEMK(i, i) FOR A ROW OF SPHERICAL NODES
R = (Ro + Ri)/2 ) Ro OUTER RADIUS
AE = 2 8% (Ro - Ri) Ri INNER RADIUS
Z4 = (R_‘ ﬁ_‘R_‘“z Ké ° INITIAL NODE NUMBER IN A ROW
JAVELY
o Ro'— lR ’ K7 FINAL NODE NUMBER IN A ROW
5= )= )
{:z (2: Ro ) K8’ SUBTRACTOR INDEX TO INNER ROW
R 2 .2 . : NUMBERS
26 o[ (Ro -Ri
24 K9 ADDER INDEX TO OUTER ROW
NUMBERS
Do 50° | = Ké, K7
Z7=1-Ké+1
Ki =1
K2=1-K8
K3=1+K9or"
K3 = -ISUN
K4 =1-1 or
K4 =0
K5=1+1
CALL
VCAL 2
CONTINUE
=2 =3 .
If IF )
Ké= GOTO LOC - Ké = GOTO LOC
37 140 39 140
45 120 5 T T T2 — o
54 140 ' 63 . 140
63 120 75 . 120
72 140 87 140 IMAT (1) = 2 GO
81 120 99 20 _ | 10
90 140 m 140 . | = Ké -~ K7 300
100 120 123 120
1o 180 . 135 180
20 20 | |47 200
130 220 'hl's? - T i — | — | = .
243 240 . 17) . 240 IMAT (1) = 6
254 260 183 260 1=Ké - K7
265 260 . 195 260
276 260 207 260
Figure A-5, VCAL! Subroutine ' 613628-28



IMAT (1) = 23 GO
1= Ké - K7 10
SO(1)=RO, S 1(1) =Rl 300

YES

IMAT (1) = 24
1=Ké- K7
IMAT (1} = 5 GO
I=Ké-K7" T0
300

IMAT (1) = 22
1= Ké, K7

| IMAT (1) = 24
1= Ké - K7

IMAT (1) = 2
1= K6 - K7
TMAT (1) = 31,
- 1= Ké - K7
=2 [mar )= 32
200 HTPIP AR
3
TMAT (1) - 33 Go .
1= K6 - K7 0
300
IMAT (1) = 6
b 1= Ké - K7
@ |
NO
KB- K6 + KA -1
IMAT (1) = 43 _ IMAT () = 41
1= Ké - Kb KB = K6 + KA I'= KB - K7

613628-38

Figure A-5. (Continued)
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NO

KB = Ké + KA-1
(IMAT(1) = 42
I=Ké - KB

st(k)y= [-R7e

KB - Ké

NO

IMAT(1) = 8
1 = KB - K7

CONTINUE

IDEMK (K6, 4)=1
IDEMK (K7, 4) =1

NO

YES

[IDEMK (K7, 5)=1]

KB = K6 + 1
KD = K7 -1
IDEMK (I, 4) =1
IDEMK (I, 5)= |
= KB - KD

L T i—_ e S

RETURN -
END

- 613628-48

Figure A-5, (Continued)



CALCULATES YOUi) 13, k), OLOCON(, k) FOR & SPHERICAL NODE

Kl NODE BEING CALCULATED

K2 NODE INSIDE Ki

K3 NODE OUTSIDE K1 . .

K4 NODE COUNTERCLOCKWISE AND ADJACENT

K5 NODE CLOCKWISE ADJACENT

24 LENGTHS DEFINED IN VCAL)

Z5 LENGTHS DEFINED IN VCAL

Z6 LENGTHS DEFENED IN VCALI

27  NUMBER OF NODE CLOCKWISE FROM CENTERLINE
AE  AREA DEFINED IN VCAL

A®= COS [(Z?—l)'.ZbIB] - COS [zr.zma]
AD = ABS (AD)
VOL (K1} = AE * AD

(K1, 2)=K2 OLDCON (K1, 2) = Z4/Ad
1J(Ki, 3)=K3  OLDCON (KI, 3)= 25/A®

YES

1 (K1, 1) = K4 .

OLDCON (K, )= §rrap=T.) + . 262

=1+

(K, 1) =KS5 - .
OLDCON (K1, W)= Z&/SIN (Z(7) * . 262)

CONTINUE

ISUN = K1 - 200
SAREA (1SUN) = 2[IRo% * A®
OLDCON (K1, 3)=A®/Z5

CONTINUE
RETURN
END

613628-58

Figure A-6. VCAL2 Subroutine




CALCULATES VOL (i), 1J (i, k), OLDCON (i, k) FOR ANY CYLINDRICAL NODE

INNER RADIUS
OUTER RADIUS

Ri
Ro
RH
K1
K2
K3
K4
K5

THICKNESS

NODE NUMBER

Astronuclear
Laboratory

ADJACENT NODE SAME ROW LEFT COLUMN
ADJACENT NODE UPPER ROW SAME COLUMN
ADJACENT NODE LOWER ROW SAME COLUMN
ADJACENT NODE SAME ROW RIGHT COLUMN

R=(Ro + Ri)/2
AO = w(RoE - Ri?)

25 = log, (Roy
26= |oge (W)

VOL (K1)= AO * RH

: =11+1
NO | M (KL, )= K2
OLDCON (K1, 1) = —24
Yes : 2 m RH
=1+
1J (K1, )= K3
OLDCON (K1, 1) = 551x
=11+
1J (K1, 1) = K4 "
OLDCON (K1, )= 7, oo
"
N=1+1 T - - -
T, =KS
OLDCON (K1, 1) =
211 * RH
RETRN | ~ ~~  — - T T T T T T
END
613628-6B

~ Figure A-7. VCALS Subroutine



Colculates VOL (i), OLDCON (i, k).for any 3 sided cylindrical to spherical interface node

R,' inner radius
Ro outer radius
RHO Largest distance from horizontal reference line -
RHI Smallest distance from faoriiomo\ reference line
K1 Node numl;er - '
K2 - Adioc;nv node same row inner column
K3 Adjacent node same column inner row
K4 Adjacent node radially outward'
z7 Node Position
RH = RHO - RHI
R = (Ro + Ri)/2
AO n®-RD)
z5 - log, (Ro/R)
z6 = log, (R/Ri)
RDR = R R, ’
RDX - ‘ éS (hl) * 2618

RSS 7 .5 (RH + RDR + RDX)"

%R (RSS - RH) (RSS - RDR) (RSS ~ RDX)

v« RS
- A0 RH - RR
RADR = ( 5 ) (I * ®DR )
- SR *RH RDR - RR
RAH = L Ri RH (I +W—) )
P4 I (z7-1)* . 2618
79 - (27-.5)* 2618
zio = 27+ .2618
RADX = 20 * RS (1) [cos (8) - COS (zwﬂ [+ LU LAY RRR]

VOL (K1) = [“/3] [Sg:l_(('r%_"q'_—z%] [ és - 5|N(zm))3-<zs (1)'5|N(za))3

- 3. - (zs ) * SIN (ZB))Z' RH]

i

RADX = ABS (RADX)

111, 2)=K2 . OLDCON (K1, 2) = RR/RAH
1) (K1, 3) = K3 . OLDCON.(K1,.3) = RR/RADR
11 (K1, 4) = K4 OLDCON (K1, 4) = RR/RADX
: 613628-78
RETURN
END

Figure A-8. VCAL5 Subroutine
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° Inner radius and thickness of containment vessel

° Thickness of UO2 insulation

"For the-in-pile test model the following dimensions are read in
° Inner radius and thickness of containment vessel
e - Radius of minimum sphere that encloses core

Typical equations are shown below for representative nodes in the undeformed model -

(Figure A-9).

a. Cylindrical node 13 (dimensions defined in Figure 5)
Rs] is the inner radius of the inner shield layer

5, is the thickness of the inner shield layer

. R =R sin 30°
o sl
R.=R sin15°
i sl
L =R cos 45°
o s
L. =R cos 60°
i s
H=L -L,
o i
R=Ro * Ri
2

VOL (13) = (Ro? - Riz) H

Equivalent | in node 13 for the convecting node 13 to surrounding nodes are

Node 13 to Node 3




Undeformed HTM

ntative Nodes in an

Represe

for

Figure A-9. Dimensions

A-16
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Node 13 to Node 12

) .
=2 -
A r(RoZ- Riz) 2 VOL (13)
Node 13 to Node 14

L=

A 2VOL(13)
Node 13 to Node 22
= 1 In 2—0

|
A 2rH
These length to area ratios are in the node 13 only. To obtain the total conductance

between 2 nodes (say 13 and 22 for example) the following relation exists:
! .

Y s - 1 \ R ‘ 1 1\
(K(]3)) (;w H )(In R—;) ' (K(22)> (2_# H7. (n Fo—)

This is calculated in VARK,

Spherical Node 42

b.
‘ . ,"Ro=Rslfas]>
R =R D
: ' i s
R=Ro +R
sl

- VOL{(42) = 2 'R2_ (cos 45° = cos 60) T



Equivalent A 's for connecting node 42 to surrounding nodes are

Node 42 to 29

R
l g RR)
A A

2
27 R (cos 45° - cos 60°) »

Node 42 to node 43

e
i = 24 _ - R . 1

n<R02 - Ri2> 24 (Re’- Rilz) Sin 60°

Node 42 to node 41
R S
24 (Ro” - Riz) Sin 45° .

1
Y

Node 42 to 54
R
| - (Ro = R)

/&_ Ro —
2 7 Ro™ (cos 45 - cos 60)

Similar type equations are defined for each of the nodes in the undeformed model for nodes
representing the interface between cylindrical and spherical nodes. These nodes are
represented approximately by a cylinder cut by an inclined plane perpendicular to the

radius through the center of the spherical segment enclosing the node.

The deformed model contains spherical and-cylindrical nodes which can be similarly defined
by the radii and thicknesses that are input. Similar treatment is accorded to the in-pile test

model.
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APPENDIX B
HEAT GENERATION SUBROUTINES

B.1 FISSION PRODUCTS RELEASE AND DEPOSITION SURVEY

In-the event of clad rupture or gross melting of the core, the fission products in the fuel ~
will escape from the réactor core into the containment space, 'thereby tending to reduce
heat generation in the molten fuel. This could conceivably relieve the melt-through
problem. The effect of the release of fission products on afterheat distribution is therefore
evaluated. The computer program developed takes into consideration such a heat source
redistribution due to fission products release. By treating fission products in several groups
according to their volatility, the transport of these products can be reasonably represented.
The release rates of each group as a function of the time after shutdown and the temperature
in the core are required to estimate the amount of the product transported at various times..
By means of the redistribution subroutine, the deposition of these products on relatively cool
surfaces is computed and the heat generation rates for these locations is adiusf.ed accordingly.
Decay heat curves, corresponding to each group of fission products, are therefore required
“as input data to the computer program. Heat source contributions from non-condensible .
gaseous products are also considered, where significant, by assigning heating rates to surface
nodal points exposed to the gas. For these and other required data for the heat source redis-

tribution model, a literature survey was completed which covered the work performed at

ORNL, BNL, and other msflfuflons such as BMI, BNW, LASL, and Weshnghouse Th'e

pertinent mforma'rlon from the survey is summarlzed ond dato input fo the program are given

in the following sections.

~~~~~ B.1 .1 Product-Groups-According to-Volatility— ——m — —— — -~ — = o o — —

A basic study was made by Hilliard, et al, to determine the effects of temperature, time

of heating, atmosphere in which heated, irradiation level, and specimen'size on release

©F

- of key fission product elements from irradiated normal uranium Experimentally measured

B-1.



fractional release of radioisotopes in air, steam, and helium provides a means for grouping
the isotopes roughly in the order of their decreasing volatility, i.e., volatile, semi-volatile,
and non-volatile. Fission-product gas pressure in uranium oxide fuel elements was calculated
over the temperature range of 1800 (1000) to 4500°R (2500°K)(4). Inan expondled table, five
groups were listed by ORNL for the importdnf fission prbducf’isof-opes(s).‘ Since a U02 fuel is
assumed, the group involving Ru, Te, and.Mo will form oxides and becomes as volatile as Cs
and Te, and these groupings can be reduced to four groups as shown in Table B-1 with their

elements.

B.1.2 Release Rates and Deposition

A number of factors'afféct the fission product release rates, i.e., heating time, temperature,
volume'to area-ratio, depth of the condensed phase, fission product solubility in the liquid

(

' . . . 3 6 . o« 4w e "
phase, and gas:phasé mass transfer. " ) Other factors such as the effect of containment
system size can also be significant. (7) The release rates also depend on'the type of fuel, the
- degrée of ‘meltdown, “the duration of the'molten condition, the accessibility of coolant to the

(@)

.-melted fuel,’(s) and the fuél burnup (irradiation exposure). Very limited data have been
reported, for instance, the effect of the liquid depth on the release of iodine from molten U
was shown in Figure B-1. (8) Although attempts have been made to analytically describe the
release rate ‘by the diffusion mechanism-in the literature, the process involves so many varia-

bles that no correlation can be found.

In lieu of experimental data for the release rates under specific reactor conditions, use was

(3).

Table B-2 indicates the available

made of the results of the laboratory study of natural uranium cylinders in air ahd steam
and the measured fission product emission from UOZ.(]O)
data from these references. By averaging the available data, the effect of fuel temperature
on the release rates of different fission groups.\:/vas estimated as shown in Figure B-2. To be
useful in the computation scheme, . the effect of temperature on the release.rate is expressed
as a multiplier factor applied to the reference release rate measured at a specified tempéra-

ture. In other words, the relative variation of release rates due to the temperature effect was

assumed constant at all times and the multiplier factor was determined by the normalized values
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TABLE B-1
YIELDS AND CHARACTERISTICS OF
IMPORTANT FISSION PRODUCT ELEMENTS

Weight Percent of

Normal Boiling, Yield after 1 year of

Isotope (°R)  (°K) Irradiation™*

A. High Volatility Kr 216 120 1.4
Xe ‘ 27 165 : ' 15.3 17.5
Br | 598 332 0
| | 821 456 0.7

B. Intermediate Cs 1724 958 - 10.2

Volatility Te 2268 ) 1260 - 16 )

Ru 8105 4503 55| 29.5
Te 8771 4873 o : 2.8
Mo 9131 5073 9.4

C. Low Volatility Sr 250 1639 . 4.0 .
Ba 3434 1908 40]
Sb 3443 1913 -

- D, Refractory = - Sm - ---- - 3375 1875 - - - - 15 - - -
P 5927 3293 3.4
Y 5501 3056 1.9
N 6053 3363 18 450

La . es57 3643 3.6
Ce 6737 3743 9.8
Zr | 8276 4598 12,7
Nb 9365 5203 0.3

: 12 2
*Assumed thermal neutron flux, 5 x 10 * neutrons/cm” sec

B-3
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for each group from Figure B-2, These multipliers are shown in Figure B-3. The reference

(1)

fission product release versus fime (at 2470°K) is shown in Figure B-4. The deposition of
fission products is assumed instantaneous upon hitting cold surfaces, since the latent heat of
condensation of the fission products is considered negligible. Using thermochromatographic
apparatus, Ccsﬂ.eman and Tang studied the deposition of fission products from metallic uran-
ium and U-Mo alloy released to the sfream.(lz) They found at flow rates within the range of
5to 250 cm3/ minute, the deposition temperature of the iodine varied within 30°K. No signific
difference was noted in the deposition results for experiments carried out over different

periods (10 to 60 minutes). Likewise, experimental results showed that the deposition tem-
pérofures were independent of the distance from the heated fuel to the deposition region,

as well as the femperafuré gradient. A typical fission product deposition pattern reported in

Reference 12 was used as a basis for deposition temperature ranges of various groups (Table B-3).

| ~ TABLE B-3 |
* DEPOSITION PATTERNS IN THERMAL GRADIENT TUBE

* Temperature Range 470 to 870°K 870 to 1070°K 1070 to 1670°K
Deposition Fission A B C, D
Product Group

13)

Other studies of fission-product deposition in out-of-pile loops were reporfed( using
mildly irradiated UC2 fuel elements. The behavior of individual fission products, except
iodine, was somewhat analogous to that of the gross mixture. Behavior of the fission products
in ?‘he group, comprised of Ce, Ba-La, Zr-Nb, and Ru was comparable. These findings

support the division of fission products by groups.

B.1.2 Decay Heat Curves

The effect of fission product redistribution on the afterheat distribution sfudy lies in fhe
fact that the fission produc'r carries the deccy heohng out of the core wu’rh lf fhus

reducing the heat generqhon in the core. It is important, therefore, to determine the decay
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heat from individual fission product groups. From computations made by Bolles and Ballou,
the percentage contributions of activity of chemical groups to total fission product activity

after fission are obtained, 0 ) These chemical groups are very close to the groupings used
in the present compufer program. For instance, the halogens and rare gases belong to Group

A; alkali metals, noble metals and oxygenated anions to Group B; alkaline earths and miscellaneous
groups to Group C; and rare earths and Nb and Zr belong to Group D, Figure B-5 shows the
various contributions to the fission power expressed in percenf of operating power versus time
after reactor shutdown. Since the total energy distribution arong each fission product group

(15) .

heat. -An attempt ias made to evaluate the contributions of gamma energy to the decay heat

consists of beta and gamma rays, it may be desirable to separate these two sources of decay

in various product groups. The relative gamma ray spectral distribution as g function of

(15)

cooling time was reported in Shure's review, The decay energy for several gamma energy
groups which were divided according to energy range were shown, To convert-this information
to fhe‘desi'rab'le decay curves for fission éroduc't groups according to volatility, the following |
procedure was used, The data on energy range and yield for important gammc-emlfhng

(16

distribution for each |mporf0nf isotope in the fission product grOLp - The sum of these

fission products from the standard handboo were used to evaluate the relative specfral

dlsfnb,_uflons represenfs the normalized yield fraction in each energy range from the enfire

group, as shown in Table B-4,
| TABLE B-4
NORMALIZED GAMMA ENERGY YIELD -

Fission Product Group ': Normalized Yield Fraction in Energy Range
: : I | | y T 1.3B- 1.8
0.1-0.4 Mev  0.4-0.9 Mev.  0.9-1.35 Mev, 1.8 Mev 2.2 Mev

A (Kr, Xe, 1, Br) 115 0.22 0.29 0.54 1.00

B (Cs, Te, Rn, Te, Mo) 0.29 0.18 0.44 0 0

C (Sr, Ba, Sb) - 0.275 0.12 0.27 0.03 0
D(Sm, Y, Zr, Nb, La, Ce, . 0.285 0.48 0 0.43 0

Pr, Nd)
Total fission products 1.0 1.0 1.0 1.0 1.0
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Combining the normalized yield fraction in each gamma energy range with the reported
decay energy for such energy range versus time resulted in a decay energy curve for the
fission product group. Table B_—5 illustrates the computation of fission decay gammas, after

‘one year of reactor operations,

TABLE B-5

FISSION PRODUCT ‘GROUP DECAY GAMMAS CALCULATION
BASIS: AFTER ONE YEAR REACTOR OPERATION

(_Cooling Time = 102_ Seconds)

Percent of Operating Power

o ] 09- 1.35- | 18- Total
FISSIon._PrOdUCf | 0.1-0.4 Mev | 0.4-0.9 Mev| 1.35 Mev 1.8 Mev : 2.2 Mev G:mia
Total Fission Products | .~ . 0.09° | = 0.40 . 034 | 030 f 007 120
Group A - (0.15) (0.09) :(0.22) (0.4) {(0.29) (0.34) | (0.54) (0.3) i(o .07) (1) | 0.43
Grop B - (0.29) (0.09) | (0.18) (0.4) {(0.44) (0.34) 0 i 0 0.25
Group C S| (0.28)(0.09) [(0.12) (0.4) |(0.27) (0.34) | (0.03) (0.3) ; 0 0.17
Group D | (0.285)(0.09)|(0.48) (0.4) | 0 | (0.43)(0.3) |- 0 10.35

The same procedure \ was repedféd for differenf cooling times, and the resultant. decay
curves are shown in Figure B-6 By comparing the total decay heat curves of each
fission product group with the gqmma confnbuhon in the same group, the beta ray contri-
butions were calculated and are shown in Figure B-7, Because of the difference in the
penetration to the shielding materials, this information may be used to differentiate the
energy that will be :_reudily absorbed at the surface of the node (beta energy) from that
which cffenuafes in tH_e_ nodal volume according to the density of the material (gamma
energy). For simplicity, the go.m'mq energy was assumed to be completely absorbed in

the shield idyer.
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B.2  FISSON SUBROUTlNE

In the FISSON subrouhne the fission producfs were ldenhfued by four groups as listedin =
Toble B 1 occordmg to volohllty Each group was defined by a pOWer decay rote Q. Qb'
Q Q g wh|ch were calculated from the normal operofmg power Jevel, Glf f, and power

decoy foctors, Fb’ F as shown in Flgure B- 5

Each fission product group is ossngned o factor to determine the percent of fission vapor that
d by the product of -
.escopes af the time (F ], b] F cn) ‘These factors were defermlne | y Mp o
temperature dependenf and time dependent factors represented by F o) —*F (1) )
group A, Values of F (7 ) and M(T) are shown in ‘Figures B-3 and B-4, respecnvely During

rease with time nor
the transient the Fo]’ Fb]' Fcl' Fd] factors are not ollowed‘,fo dec > with

exceed 1.0.

A seoond foo}or (Fcz,” 'Fblz, Fcé, Fd2) is ueed fo es‘fo‘llal'i‘sh ~fhve 'fro'ef’i“on o"F'eécop”ed h.eor thaf
gets to the nodes that qualify for receipt of heat.

To calculate these fractrons, a temperature is assigned for each grouping to represent

the maximum condensation temperature for that grouping. - (To for group a, T for group b,
etc.). Another set of fractions is used to define the percent of escape energy in each" group
that are deposited in each of the four shield layers and the vessel layer. (Farl - Far5 for

~ groupa, Fbr1 - Fbr 5 for group b etc. )

As energy is releosed from fhe core For any of the. groupings at any time step, it is.

ollowed fo condense on oll of fhe nodes on fhe innermost shield layer that are below the .
condensahon femperafure for that grouping. The heat of condensation or evaporization i R
considered as negligible compared to the fission decay power level. If there are no nodes

below the condensation temperature, the amount of fission products released is fronsporfed on

to the next loyer. In @ subsequent time sfep, if @ node rises above the condensation tempera-

ture for any grouping, the fraction of that grouping that is deposited on that node is released to

* B-15



the next radial layer. That fraction of fission products is condensed on any nodes in the next
layer that c are below the condensahon temperafure The fractions of energy in each |ayer (Fas 1,
Fas 2, ete) is adjusted to account for these transfers from Iayer to oner 'If none of the nodes

in fhe next shield layer is below the condensahon femperafure, then that frcctlon of fission

' producfs is possed~fo the next layer. By fhls _process of condensahon followed by evapomhon,
fHe energy factors is "wa"(ed out" from |ayer to lcyer to'the vessel. Energy that has been
deposited on the. con'rcnnmenf vessel and is driven off by evoporchon is freafed as a vapor

ond will contribute to the.pressure buildup. The fraction of energy assugned to each |ayer

, for each group, (Far (i) Fdr( ), are used to calculate the fruchons of the energy deposﬁed

in mdlwdual nodes. ona volume weighted basis

. ., ,:‘ o | . I\ - ’
ch:2 (i). = Far (i) ——lQ—-
, \%

tot a

~ where | denotes fhe node number, i denotes the row number, V (i). is the v’qlur‘neA'of node |,
V.. _is the total volume of eligible nodes in row i.
tot a » o _
The equation for calculating the new temperature for any node is defined in CONDO

as: - » ' : |

T <i>__, Q'E‘*)‘?%Q()_’LQC e, z M, )T ()

QCV
Ex(n,w -

_ ' AT _ :
where Qinfo‘isv fhe heat generated due to fission predﬁcfs and Q, Lt is fhe heat genercted
due to the water metal reaction. The definition of Q fakes dlfferen'r forms For core
and s'hie'ld nodes. Excludlng consudercmon of wafer vapor frcnspor’r fhe equcmon of Q for
a coré ‘hode is: ‘ ' ‘ o

Q. [Q (1-F ])+Q (l-Fb])+Q 0, +Qy (-F )]

mf

[
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where Fv is the fraction of the total energy deposited in each core node and is simply defined
on a volume weighted basis. For shield and vessel nodes the equation for Q would be:
Faoiy  Toay  Feati)
Q) =Qu Fap = G Fp * A Fop * Qg Fangs

Figure B-8 is a similified flow chart illustrating the above described logic.



Yes

No

Define TRELES - - -

Calculate QINTO (1} Colc MFISA, MFISB, MFISC, MFISD, VOLLS

for Core Nodes

Az rAZ () Colculote QA, @8, QC, QD

" QiNto () . Set MAVT, MVBT, MCVT, MDVT =0 ) ) ) ,
amTow =0 Define FRA, FRB, FRC, FRD vs. TIME : . S ca
Define FMA, FMB, FMC, FMD vs. TCOR

Calculate FAT, FB1, FC1, FDI, FAR (1) = FAL, FBR (1) =
FB1, etc.

EAR (I} = FAR (J) - FAZ (K4)
FAR (1+1) = FAR {1 + 1)
+FA2 (K4)

Do J=KIl, K2
VBOT = LVOL (J)

VATOT = VATOT +VOL (K6}

FA2 (K4) =0

Teazg+n= )
FAZ ) FA2 (D] . -
FAZ(W=0 Do J=Kl K2 Caleulate MAVT, MBVT, MCVT, MDVT ]
" [r2 0 =raz 0o - ICH e
! = . QINTO {(J)
QINTO (J) = 0 FA2 (1) = FA2 (1) - —— — —
for 4 = K1,.K2 FATPOW 1) FAR (1 + 1) =FAR'G + 1) + FAR (1) -
S *1 FOR J where T(J) > 4500 FAR (1)=0

Do J=KI, K2
QINTO (1) = FALED VOL ) - RATEOW

For J where T (J) < 4500

VOL (Ké)

FAZ (K4) = 20T

* FAR (I}

I Repeat for FB2 (K4), FC2 (K4), FD2 (K4) l_——“ 613628-8C

Figure B=8. .FISSON -Subroutine
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B.3 WATER-METAL REACTIONS (REACT SUBROUTINE)

In order to evaluate the reaction®rates as a function of temperature and the accom-
panying thermal effects, the materials in the reactor core that react with water, or

steam are specified. These are stainless steel, molybdenum and tungsten. The principal

reactions are:

3Fe+4H,0 = Fe,0, +4H, (I

2° = 3%y
Mo+3H,0 = MOz +3H, (2
W+3H0 == WO, +3H,  (3)

Although the form of reaction is similar, the refrdcfory materials show a behavior
different from that of steels or aluminum. The oxidation of steel or aluminum forms a pro-
tective oxide lﬁyer, but the refractory méfcls do not. For instdnce, the oxides of Mo and
W are volatile at reactor temperatures. This fact causes higher r_ec:cfi‘o.n rates than that

for aluminum and steels.

Reaction Rates

The rate dafc for fhe steam oxidation of Mo and W between 1370° K and ]970 K are
(

shown in Figures B=-9 and B-10. 17) The corresponding Arrhenius equations are:

(k)rcfn 2 = (6.58 + ].54) x ]02 exp ( - 54400i 700 ) g-atom metal
- RT 2 R
: (cm™) (Min)

(k) : - 2 - 48900 + 1000

retn 3= (1.69 +0.59) x 107 exp (=223 ) 132°K < T < 1723
(0.28 +0.18) x 107 exp ( 2R L2200; ;4795 <. <1973

* A more detailed reaction between stainless steel and steam may be expressed as:

H2O + (Fe, NI, Cr)& Fe3 04 + Crzo3 + FeCr2 O4 + NnCr204

The number of atoms for metals to react with oxygen is essentially same for each component

in the steel.

B-20
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Figure' B-10. Arrhenius Plot for the Tungsten-Steam Reaction
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- 'where 'k is linear rate constant, R = universal gas constant and T is absolute temperature, -

O
. . (19) .
Therate of oxidation of stainless steel is estimated from the experimental data in terms .
of the linear rate constants as,
ml H,, evolved
), - 5 2
rctn 1 =2,58 x 10” exp ( 21060/8” To=metal) (Vem)
gm )

or, using the geometry of the reactor (pressure tube surface area to weight ratio = 2.21 2

the rate constant becomes,

ml H2 evolved
(cmz) (min)

() y | =568 102 exp (~21060/RT)

or

19.2 exp (.- 21060/RT) g-atom mefal/(cm)2 (min)

Before the melting of pressure tubes in the reactor, only steam=stainless reaction prevails.

As the stainless steel melts, the contact of Mo and steam results in the Mo-H2O reaction.

Total stainless steel surfaces A (279) (3 3") (v) (42") = 120,000 i |n

" (before melting) = - o T =7 x 10 cm2’ I

The extent of the reaction depends on the amount of water available in the system. It is,

therefore, more convenient to express the reacﬁon rate in terms of steam consumption rate:

For k = 0. 03] g ~ atom Fe/cm2 min at 1670°K,

Rate of Steom Consumption

(0.031) (7 x 10°) () (18) ) gm/min

]

5.2 x ]05 gm/min or 1150 Ib/min

B-23



Since the time required to. use up all steam in.the reactor is about the same .order.of magnitude
as the time to melt the pressure tubes, the reaction between Mo and H2O should be considered.
The surface available for reaction in this case becomes increased because the number of fuel

pins are 19 times the number of pressure tubes. -

Thus, ' o

A, = (259) (19) (0.47") (42") (v) = 3,05 x 10° cm?

Rate of Steam Consumption at 1770°K
= (1074 (3 x 10°) (3) (18) = 1600 gm/min or 3.3 Ib/min
Rate of Steam Consumption at 2070°K -

= (1073 (3 x 10°) (3) (18) = 16, 000 gm/min (33 Ib/min)

Heats of Reaction

(20)

Thermodynamic data of these reactions are compiled by Elliot and Gleiser

which are presented in Tables B=6 and B-7.

The heats of reaction for stainless steel and for Mo are calculated at two temperatures:

_ keal Btu at 1670°K - .
AH'| = -2 g-atom Fe or - 90 Ib/steam )

keal - . .~ Btu

AH'I 6 g-atom Fe or ‘ 450 [Bsteam at 2070°K
_ k cal Btu NPT

aHy =3 oMo O 1800 g e ieOK
_ k cal o Btu | ‘ o
aH, =50 S e 1700 oo ot 2070°K

B-24
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~ TABLE B 6
HEAT AND FREE ENERGY OF FORMATION OF MoO
Mo0O; (¢, 1, g)
Mol. wt. 143.95
T, 1S, AFS, T, AL, ars,”

‘K cal/mole cal/mole °IK cal/nmole cal/mole
120815 —178,1000 —159,700 1,600 —113,800 —_93,200
. (-£100) . (2:200) -~ 1,700 —113,800 —91,900
400 —177,800" —153,100 1,800 -—113,800 —90,600
- 500 —177,400 - -—-]4?,-100 1,900 —113,800 —89,300
- 600 —177,000 - ~-141,400 2,000 —113,800 —88,100
700 —176,500 —135,600 2,100 - —113,800 —86,500
8§00 —175,900 —129,700 2,200 —113,800 —85,500
000 —175,400 —123,900 2,300 —113,500 —84,200
1,000 - —174,700 —118§,300 2,400 —113,800 —82,000
1,068 —174,300 =114,300 2,500 —113,800 —81,600
- 1.06S —162,400 —114,300 2,600 —113,500 ‘ —80,300
1,100 —161,800 —-11‘2,909 2,700 —113,600 —79,100
1,200 ‘—160,300 - —108,500 2,800 —113,800 —717,800
1,300 —159,300 —104,200 2,880 —113,800 —76,700
. 1,400 —158,200 ——IOQ,IOO, 2,850 " —120,400 ,—76,7_00
1,500 —157,000 —05,900. 2,900 —120,100 ~76,400
1,553 - —156,500 --93,800 3,000 - —120,400 —174,900

1,553 -—113,800 —93,800 : ’

Hcdt of form'mon A.D. Mah, J. Phys. Chem., 61, 15

:Phasc chﬁngcs

METAL .
 2,880°K; AlL.a = 6,600 cal/"m atom

OXIDL

., 1,0GS°K; Alf
553°IK; All,

SOURCES OF DATA

11,910 cal/mole
42,700 cal/mole

heat contents of erystalline and liquid oxide: L.
J. Am.Ciiem. Sec., 75, 1227 (19@&) \Icltm"pomt of oxide: I, Brcx\u Chem, Reviews,
52,1 (1953). Hmt of fusion of oxide derived fiom L. A. Cozgrove, md P. ,E Suyder,

J.

liquid oxide.
D. J.8asmor, and I. R. Van Artsdalen, J:

B-25"

72 (1957).

High- tcmpentux(,
A. Cosgrove, and I. I.. Snyder,

Am.Chem. Soc., 75, 1227 (1953), assuming a Cp of 32.0 ml/dpgrbc/molé for the
Entropy of MoO3 at 208.15°K: D. F. Smith, D. Brown, A. . Dworkin, -
Am. Chem. Soc., 78, 17%’3 (mm



TABLE B-7
" HEAT AND FREE ENERGY OF FORMATION OF Fe304

Fez04 (magnelite, 8, 1)
Mol. wt. 231.55

T, “AHS, - AFS, T, Alls, AF3,
°K . cal/mole cal/mole °K cal/mole cal/mole
208.15 —266,800 —242,200 1,700 —2359,600 —139,000
- (£2,000) (£2,200) 1,500 —250,500 —131,500
400 —266,100 —233,900 1,509 —259,500> —131,300
© 500 --265,300 —~225,900 - 1,809 "—270,600 —131,500
600 © —264,300 —218,100 1,870 —270,600 —126,600
700 —262,900 —210,500 1,870 —237,600 ° — 126,600
800 —261,200 —203,100 1,900 —237,700 --124,800
900 —259,500 —196,000 2,000 --237,500 —118,900
1,000 ~259,700 — 188,900 2,100 —-238,000 ~112,900
1,100 260,500 —181,800 2,200 —238,300 —107,000
1,184 ©—260,500 —175,700 2,300 238,500 . - —101,000
1,184 —261,200 —175,700 2,400 —238,800 —95,000
1,200 L —261,100 - —174,600 2,500 —239,000 '—8§9,000
. 1,300 © —260,600 —167,400 2,600 —239,300 —83,000
" 1,400  —2060,100 160,300 2,700 —230,700 —77,000
1,500 . —259,600 —153,200 2,500 —210,000 - ~171,000
1,600 —259,100 —146,100 2,900 —210,400 . —64,900
1,665 —258,500 —141,500 3,000 " —240,800 —58,900
1,665 - —259,600 —141,500 : :

T.P.(Curie point), 1,042°K; All,

Phase changes

"METAL

T.P. (@« — V), 1,181°I;
T.P. (¥ — 8), 1,665°K;

. OXIDbE
T.P.(Curic point), 900°K; All, =
M.P., 1,870°K; © Al =

SOURCES OF DATA

AH,
AH,
M.P. (6 — 1), 1,809°K;  All,,

o

i

0

215 cal/gm-atom
270 cal/gm-atom
3,700 cal/gm-atom

0
33,000 cal/mole’

~ Heat of formation at 208.15°K:: W.A.Roth and F. Weinert, Arch. Eisenhuttenwesen,
7, 460 (1934), in moderately good agreement with L. 8 Darken and R. W. Gurry,
J. Am. Chem. Soc., 67, 1398 (1945). High-temperature heat content of crystalline

oxide: J. P. Coughlin, 12. G." King, and K. R. Bonnickson, J. Am. Ciem. Soc., 73,

3891 (1901).. Heat of fusion of oxide: L. 8. Darken and R. W. Gurry, J. Am. Chem..

Soc., 68, 799 (1946).
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While the reaction with stainless steel is slightly exothermic, the net thermal effect including
the latent heat of vaporization of water would be in the range of 100 Btu/Ib H2O(|) (232
joules/gram) to 550 Btu/Ib HZO (1278 joules/gram (1) heat absorbed from the liquid state.

In the case of molybdenum-water reaction, the net thermal effect would be in the range of
2700 to 2800 Btu/lb H20 (1) (6275 to 6507 joules/gram). The compuf;zfional procedure can,

therefore, be recommended as follows:

Computational Procedure

The computational procedure for the steam - metal reaction is programmed in the REACT
subroutine. This subroutine requires the input of the tofal surface area of the pressure tubes
in the reactor, APT’ and the total surface area of the 'fuel pins, AMO' In core femperofufes
below 1770°K (3191°R) the reaction rate is calculated for a stainless steel - steam reaction
by the equation |

(-19080/TCOR) Ibm water

R = (1092) (Ayp) e —
, (-10600/TCOR) kgm water
(.00767) (App) e S T sec

For core temperatures above 1500°C the reaction rate is calculated for a molybdenum -

steam reaction by . : .
(~48646/TCOR). Ibm water
i sec

) e(-27026/TCOR) kgm water '
MO~ = - - . T sec - - -

R= 1(0.38) (A )
MO
C(.731) (A

The mass of water that is reacted is'5umm.ed and compared to the initial mass of water in the
system which is an input value. The heats of reaction for both reactions are stored in data
statements versus temperature in_this subroutine. _The_total_heat release or.absorption for__ _ ____ _ _
the core is calculated for each time step based on the reaction rate and the corresponding

heat of reaction. This total heat is distributed among the core nodes by a volume weighted

basis.

Figure B-11 is a flow chart of this subroutine.
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YES

NO
FIND )

IMAT(I)
=2l

TCOR =
n

TCOR YES

>39N

NO

AGC = APT * 6,45
AE = 19,2 o(-19100/TCOR)

_AO * AE
RRATE = v

AQ = AMO * 6.45

AE =812+ ¢ (748600/TCOR)
AD * AF
7

RRATE = 5

DEFINE HREACT
‘FROM ~
HREACT VS TCOR

!

_RRATE * DELTAT

DMX WA

RRATE = RRAT * MX/DMX
DMX = MX

Y

MX = MX - DMX

QREACT = RRATE * HREACT * (-1)
MAH2 = MAH2 + RRATE * DELTAT/¢

[DC!m=|, R S ——

YES

QINTI() =

QREACT * VOL(I)
VOLC

NQ

Figure B-11.
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_ APPENDIX C.

-PBOPERTY DATA SUBROUTINES

C.1 SUBROUTINE VARK

The VARK subroutine defines the thermal c'olnducﬁvity for each node and calculates the
thermal conductance between each node in the model. It calls the SHELDK and PROTK
subroutines described below. VARK confains.logi; to calculate the effective conductivity
to simulate heat pipe operation and to simulate vessel"té'cir and Qésse| to soil interfaces.

Figure C-1.shows in general the flow of this subroutine.

C.1.1 Heat Pipe Calculation

VARK calculates the effective thermal conductivity of the nodes representing the heat pipe
for the three modes of operation - zero, 50 percent, and 100 percent heat pipe operation.

Figure C=1 contains the flow chart for this logic, and Table C-~1 contains its nomenclature.

For zero operation (MAHT = 31) the thermal conductivity is based on the thermal conductivity
of stainless steel and the void fraction. An additional correction factor, CFHTPP, is shown
in Figure C-1 to account for nodal area compared to the area enclosing a 1 inch thick matrix

of heat pipes. This factor is applied to all equations. (MAHT =33 and 32, respectively).

For full and 50 percent operation the thermal ‘cbnducfivify for operation is defined within
temperature limits of 500°C (1390°R) and 1000 °C (2290°R). A curve has been defined for
operation as shown in Figure C-2. In VARK maximum allowable heat fluxes are calculated
from analytical expressions in the operating rongé consistent with Figure C-2. These equations

0033T) Btu/sec/i n2 for 1660°R < T < 2290°R

Q/A = 0.023 "

(.0059 T)

= 3.76 e w<:’l'fs/cm.2 for 920°K < T < 1270°K _

C-1



. AREA CORRECTIONS DEFINED IN HTMGEN _
THPON = 0 - NO HEAT PIPES ON - —

2 2
' N o L Comrpp - <ABS(8)+ 1” - ps (5))
| THPON =1 - HEAT PIPES ALL ON-FOR FIRST | 1 . 5
| TIME . | | AHTPIP = .ES(S)Z - (RS(5) - 0,1) ]
| THPONDI - HEAT PIPES ON FOR MORE THAN | |

L hwmeswepr 1 (.

_[xxm = CFHTPP * 0002083 1.__&

;-'txxm < .01 * CPHTPP

[ IS |

QQA = (,932 x |0'7) ef.on *T(N)) ’CFH"_’P o

QOA = . 02309 &+ 0033086 * TUL)) L pyrpp

M DYl Goa=0.5+ oA

'NO

YES IHPON

Do 488 JN\= 1, 4

[ﬁ= 13, 4 _]

_ XKHT * 20
XKHT = S &

YES . Lo

( CONTINUE )

.Figure C-1. Logic for Heat Pipex Simulation

6 13628-128
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MAHT
K1
K2
K3

XKHT
CFHTPP

AHTPIP
QOAMAX
QOA

TABLE C-1
HEAT PIPE NOMENCLATURE

V-Astronuclea_r» .....
Laboratory

Material Number:
Node Number

Connection Number

Index of Adjacent Node Connected to Node K1,
by Connection Number K3

Thermal Conductivity

Correction Factor for Using Nodal Area to
Simulate Actual Heat Pipe Annular Area

Annular Area of Node Used in HTMGEN

Maximum Allowable Heat Flux

Heat Flux




AXIAL MAXIMUM HEAT FLUX IN HEAT PIPE, I<w/cm2

20

o o o

'S

N

ntrainment Limit

0.4

2.5cm)

(LAY:ER THICKNESS

MEAN HEAT FLUX IN THE LAYER kw/cm?

£
-
1 — o]
£
0.8 ;3 0.2—
0.6 B Basis:
Evaporator temperature - Condenser Temperdfure = 50°C
Wick Configuration ~ 400 Mesh Screen (Pore Diameter
0.4 50 Microns) 0.1 |
Working Fluid = Sodium ' '
Heat Plpe Layer - Assumed A Solid Layer of Thickness 2.54 §. 08—
cm Attached on Inner Surface of the Containment Vessel
Heat Pipe Arrangement 0\ 04|
0.2 }— Tlh. O.D. Pipesinl In. Spacing
_ 0.
[ N B B
400 500 600 700 800 - 900 1000 1100

EVAPORATOR TEMPERATURE, °C

Figure C-2, Maximum Heat Flux vs Heat Pipe Evaporator Temperature
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Q/A 0.98 x 10

e O By /sec/in? for 1390°R< T <1660°R

-5 . (.020T)

1.52 x 10 wcﬂs/cm2 for 770°K < T € 920°K

Based on éz predefined AT of 20°F bgtween' ‘qdi_cc.ent heat pipe nodes, thermal conducﬁvities
are calculated from the heat flux at the calculated heat pipe node temperature. If adjacent
heat pipe nodes exceed a temperature drop of 20°F (1 ]oK), then the thermal conductivity is
adjusted to prevent the heat flux from e*ceeding ii;s maxim.ﬁm value. For 50 percent operation

the heat flux and thus thermal conductivity are divided by two.

A thermal conductivity ‘of 2.1 % ]0-4 Btu/sec/in R (O. 157 watts/cm/°K) representation of
stainless steel with a 0.25 void fraction is used for zero percent operation or in the case that all
the heat pipe nodes are below 1390°R (770°K) or above 2295°R '(1270°K). If any heat pipe
node is in the 1390°R (770°K) to 2290°R (1270°K) operating range then all the heat pipe nodes
are considered to be operating. In this case those nodes below 1390°R (770°K) are assigned

a thermal conductivity of 0.01 Btu/sec/in/°R (7.47 watts/cm°K).

C.1.2 Ambient Effective Thermal Conductivity

The following three ambient material representations are calculated to represent the ambient

conditions. The soil thermal conductivity is stored in PROTK.

Material . . o . .
umber Description and equations
41 o __Defines contact coefficient for vessel to soil interface

H = 1000 Btu/hours ff2_ °R '
= ,00193 Bty/sec in2 OR

= .-5677W0H'-s/cm»2—°Kr—-— S

K=Hx Ff
Fo= (2 R-R )+ [(RYR -R) radially in sph
t (R, : VAL radially in sphere
_ R R 10 . .
Ff =Rf In = ¢ In 'TQQ- radially in cylinder
i
F'_ = b axially in cylinder

-5



42 - Large thermal conductivity for air to air connection
K = 10. Btu/fsec inch®R)
= .75x 10° watts/cm K

43 Effective conductivity representative of rodlchon plus convecflon
: across interface from vessel to ambient

T.,- ‘= adjacent vessel node temperature
T2 = ambient temperature

e =05
F=1 ) .
2

3 3
-—CFU<T.| +T- 2y +T]T2 +T2)

= 0.19 (T )333 Btu/hour ft2 °R -
. o

F. is same as for material 41

C.2 FUNCTION SHELDK

This function calculates the effective thermal coﬁducfivify to simulate radiation from
core to shield and between shield layers. It assigns high or low thermal cohduéff_viﬁe;

for one dimensional heat transfer paths through materials or across interfaces. It also asﬁigns
a large thermal cbnducfivify for the homogenized core r'epre’se'ﬁfcfion. Presented below are

descriptions and defining equations for-each shield material.

C-
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Number Description and defining equations and assumptions

21 - Core node (high conductivity)
K = 1.0 Btu/ (sec inch = R)
K =.75 x 10 watts/cm°K

22 Effective conductivity to represent radiation at interface
between core and shield
T (i) = interface node temperature .
Tp = cold shield temperature

T =T,+206)-T,)

3.2 2 .3
Fa =T 7T Ty v T+ 1,

R 4T 0’
Ff = (Fﬂ + Ff2)/2
€ =
i 5
&9 =25
1
€= 1 1
—— " — - 'I
1 €
F=1.0
H= ¢ FaFf
K =H$- -axial-radiation- - - - - - - - = < - -

K=H=R <|n -E + In -E—o) Radial radiation
1 i )

. K = 0.01 K. in direction perpendicular to direction of
- 0 /- ~of radiation ‘connection ~ B

23 Effective conductivity to represent radiation between shield layers
& = 25
62 =.,25



Material

Number Description and defining equations and assumptions
= Ro 71
o
T % (5 )
23 (cont'd) Y = __7r§
X =

_ 1=
S = >
T2 = representative cold side temperature
2(T() -T2
T, =T, +2 <T2 - T(i)>
-3 2 2 3

FH = T1 + T] T2 + T1T2 + T2,

.\ \3
Ff2 =4 (T(l))

Fo= (Fy +Fip)/2
H = € FUFf

L R R o .
K= H -R-l- (R'- Ri) + To (R, - R) radially

K = FS » K/F circumferentially

24 High thermal conductivity in shield in radial direction
if IDEMK =1 K=1.0 Bfu/sec inch R (.75 x ]03 wclffs/cm K)
If IDEMK =0 K =.00

.0001 Btu/sec. inch °R  (.075 watts/cm’K)
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Material
Number Description and defining equations and assumptions
25 .- -+ _ High thermal conductivity in shield in axial direction
If IDEMK =1 K =.0001  Btu/sec inch zR (. 075 watts/cm°K)
IFIDEMK =0 - K=1.0 Btu/sec inch "R (.75 x 103 watts/cm®K)
26 : ' High thermal éonducﬁvify in shield in both directions

K=1.0 " Btu/sec inch °R (.75 x 103 watts/em®K)

c.3 FUNCTION PROTK

This subroutine stores thermal conductivity data versus temperature for 9 materials used
in the gas cooled réactor concept. It does a linear interpolation of this data to define

a thermal conductivity for a prescribed material and temperature. The following data is

contained in this function:

Material . Material oTemperature Therrna! Conductivity
Number : R K Btu/(sec in. R) (watts/cm K)
| ' Moly(2]) 720 (1513) .001792 (1.338)

1440  (800) .001585 (1.184)
2160  (1200) - .001417 (1.058)
. 2880  (1600) .001288 (. 962)
3600  (2000) .001204 (.899)
4320  (2400) .001148 (. 850)
5040  (2800) .001120 (.837)
2 vo, 855  (473) 700x 1074 (.0523)
1391 (773) © 526 x 10~4 (.'0393)
1640 (913) 465 x 10~4 (.0347)
o 2291  (1275) .364 x 10-4 (. 0272)
L 2474 _(1373)— ... -318x1074 _ (.0238) _
3019 (1673) 265 x 10~ (.0198)
3494 (1943) 258 x 104 (.0193)




Material

Number

3

Material

AM 355 (24)

LiH (23)

(21)

Tungsten

Stainless Steel (23)

316

(25)

Coastal Plains

Soil

Temperature Thermal Conductivity .
°R - %K Btu/(sec in. R) (watts/cm®K)
540  (300) 1.96 x 10':*1 (. 146)
900 - (500) 2.32x 107 (.173)
1080  (600) 249 x 1074 (. 186)
1440  (800) 2.37 x 1074 (.177)
1800  (1000) 3.22 x 1074 (.241)

2169 (12000 3.53x 1074 (.264)
2520  (1400) 3.78 x 107 (.282)
2880  (1600) 4,03 x 104 (.301)

720  (400) 1.37 x 10"1 - (.102)
900 (500) 1.04 x 107 4 (.0777)
1080  (600) 0.84 x 1075 (.0627)
1260  (700) 0.73 x 10~ 4 (-0545)
1440  (800) 0.67 x 107" (,0500)
540 (300) .00269 (2.00)
720 (400) .0021 - (1.57).
1440  (800) .00174 (1.30)
2160  (1200) .00154 (1.15)
2880  (1600) . .00143 (1.07)
3600  (2000) .00132 (. 986)
4320 (2400) .00129 (. 964)

- 5580 (3100) .00120 (.896)

540 (300) 1.344 x 1074 (. 100)
. 720 (400) 1.568 x 1074 (.117)
1080 (600) 2.072 x 1077 (.155)
1440  (800) 2.548 x 1074 (.190)
1800  (1000) 3.052 x 107, (.228)
2160 (1200) 3.70 x107% ( 276)

671 (373) 3.75x 1070 (2.80 x 103°)
851 (474) 4.01x10° (3.0x 10 Y)
1211 (673) 4.55x 100 (3.4 x 103)

1571 (873) 535x10°% (4.0 x 10-3)
1931 (1073) 6.29 x 10‘2 4.7 x 10-3&
2291 (1273) 749 x 10,  (5.59 x 10~

2651 (1473) 10.0x10° (7.5« 10—3%
2831 (1573) 12.8x 10 (9.56 x 10-9)

3011 (1673) 18.5 x 1076 (13 8 x 1073 )
3191 (1773) 29.4 x 107 (22.0 x 10-3)
3371 (1873) 49.5x10°  (37.0x 1073)
3461 (1923) 64.2 x 1070 . (47.9 x 1073)
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Material Temperature Thermal Conductivity
Number * Material °r ok Btu/(sec in. R)
8 . . . Water . 492 (273) - 7.38 x ,]0'6 - (5.51 x lO_g)
564 B13) g4 x10¢ (6.27x10 )
636 (353) 8.94 x 10 (6.68 x ]0_3)
708 (393) 9.17x 1076 (6.85x 10_3)
816 (453) 9.03x10°¢ (6.74 x ]0_3)
888 (493) 8.73 x ]0—6 (6.52 x 10_ )
960  (533) 817x 10  (6.10x 10°3)
1032 (573) . 72210 (5.34x103)
1460  (813) 6.94x 106 (5.18x107)
9 - Composite . 855 (473) . 700 x 10_;{1 (. 0523)
‘ Moterial«(UOz, : 1391 (773) .526 x 10_,  (.0393)
CLH) 1640 (913) 465 x 10_, (. 0347)
L 2291 (1273) .364 x10_, (.0272)
2474 (1373) .318 x 10_4 (.0238)
3019 (1673) .265x10_, (.0198)
94 (1943) .258x 10~ (.0193)

C.4 BLOCK DATA
This block stores dén;ify, melting point temperature, and the effective specific heat to simulate
the heat of fusion for nine basic materials indicated below. The effective specific heat is

defined for a temperature differential of 50°F by the equation

: H
C [ fg .
P 50 |
-7 _M;fevr-i‘o_l - oo T s ‘Dgnsify" - 3 v 'Me'lf; Temps- — — — - H%g'/—SO T
Number . Material  lbm/in” (gm/em”) °r °k Btu/(Ibm-R) (ioules/gmoK)
1 Moly ©.370 (10.24) 5200 (2889) 2.52  (10.54)
2 uo, 379 (10.49) 5040 (2800) 1.  (4.18)
3 T AM-355 T 7282 T (7.81) T 2950 (1639) T 25T (10048 T T T
4 CLiH - .0245 (.678) 1700 (944) 31.6  (13.22)
5 Tungsten  ~.697 (19.29) 6550 (3639) 1.49 (6.23)
6 . SS-316 294 (8.14) 2800 (1555)  -- -
7 - Soil ~.0482 (1.334) 3460 (1922) -~ -—
8 ~Water ~ .0361° (. 999) —— - - -
9 Composite =~ .379 (10.49) 1700  (944) 31.6 (13.22)



C.5 FUNCTION PROCP

This subroutine stores specific heat data versus temperature for nine materials used in the
gas cqoled‘feoctor. It does a linear interpolation of this data to define a specific heat for

a prescribed material and temperature. The following data are stored in this subroutine.

Material - Temperature Specific Heat

Number Material °R °K Btu/(Ib-R) (iOUIeS/ngK)

1 " . Moly 1) ' 360 (200) .054 (. 226)
' S ‘ 720  (400) .062 (-259)
1440 (800) .068 (.284)

2160 (1200) - - 074 (.310)

2880 (1800) - - ,081 (.339)

3600 (2000) - .088 (. 368)

4320 (2400) .097 (.406)

5040 (2800) 101 (.422)

5199  (2888) 101 (.422)

5200 (2889) 2.52 (10.54)

5250 (2917) 2.52 (10.54)

5251  (2918) 101 (. 422)

2 uoz(zz) 671 (373) .063 (.263)
855 (473) .067 (. 280)

1391 (773) -+ . 074 . (.310)

1640  (913) .076 (.318)
2291  (1273) .078  (.326)

2479  (1373) .079 (.330)

3019 (1673) .081 (.339)

3494  (1943) - .083  (.347)
5400  (3000) .084 (.351) .

3 AM-355(24) 540 (300) - - .140 (.586)
S . : 900 (500) .42 (. 594)
1080  (600) 149 (.623)

1440 = (800) . .162 (.678)

1870 (1050) . .175 (.732)

2160  (1200) 110 (. 460)

2520 (1400) . .148 (.619)

2880 (1600) . 170  (.711)

2049 (1638) . .170  (.711)

12950  (1639) 2.5 (10.5)

3000 (1666) 2.5 (10. 5)

3001 (1667) A7 (.71)
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Material Temperature Specific Heat o
Number ~ Material ’ °r (°K) . Btu/(Ib-R)  (joules/gm K)
4 L @) 540 (300) 84 3.5)
720 (400) 1.04 (4.35)
900 (500) 1.19 (4.98)
1080 (600) ~ 1.33 (5.56)
1260 (700) 1.48 (6.19)
1440 (800) 1.62 (6.78)
1620 (900) 1.76 (7.36)
1699 (944) 1.76 (7.36)
1700 (945) 31.6 (132.2)
1750 (972) 31.6 (132.2)
A 1751 (973) 1.76 (7.36)
. . 1)
5 - Tungsten 540 (300) .0315 (. 132)
. - 720 (400) .032 (. 134)
1440 (800) .034 (. 142)
2160 (1200) ,036 (.151)
2880 (1600) . .0375 . (.157)
3600 (2000) .039 - (. 163)
4320 (2400) . 041 (.172)
5580 (3100) .044 (.184)
6549 (3638) 044 - (.184)
6550 (3639) . 1.49 6.23) .
6600 (3667) 1.49 (6.23)
6601 (3668) .044 (. 184)
6 Stainless Sfee|316(23). 540 (300) 1 (.46)
720 (400) 115 (.48)
- - - 1080 (600) - -2- - (: 50)-
1440 (800) 13 (. 54)
1800 (1000) 15 (.63)
2160 (1200) .18 (.75)
7 CoustalPlains®) ___ e @B 2 (84
: 2290 (1273) 2 (.84)
(.84)

3500 (1944) .2



Specific Heat

Material Temgerafure
Number Material R k) Btu/(Ib-R) (iou|es/gm°K )
8 Water 492 (273) 1.0074  (4.21)
564  (313) .998  (4.17)
816 (453) 1.055 (4.41)
1032 (573) 1.368  (5.72)
9 Composite (UO2, . 540 (300) .84 3.5)
LiH) 720 (400) 1.04 (4.35)
900 (500) 1.19 (4.98)
1080 (600) 1.33 (5.56)
1260  (700) 1.48  (6.19)
1440 (800) 1.62 (6.78)
1620 (900) 1.76 (7.36)
1699 (944) 1.76 (7.36)
1700  (945)  31.6 (132.2)
1750 (972)  31.6 (132.2)
1751 (973)  1.76  (7.36)

C.6  SUBROUTINE CPCAL

This subroutine defines the specific heat and density for all materials not defined by basic
material properties; for example, effective prbperﬁes for the homogenized gas cooled thermal

reactor core. The following calculations are performed in this subroutine.

Material
Number Description and defining equations and assumptions
21 Cofe node
p= Moty * Myo, * Mam-3ss * Muy0
—VOLC
VOLC = 2, VOL (i) for i's where IMAT (i) = 21
. 1 :
Cp = Muoly Cp moly + Muo, + Cpuoz + Mam-ass + Cram-ass + MH 0P
Moty + Muo, + Mam-ass + Mhyo
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Material .
Number Description and defining equations and assumptions

22, 23,24, 25,26  Shield nodes representing radiation or high conductivity

CP = 1.242 (helium)

p= MHel
VOLS
VOLS = 3 V@L (i) where IMAT (i) = 22, 23, 24, 25, 26
i S - .

31, 32, 33 Heat pipe

p = Cp AM-355

a pAM-355 *Q-Fvoid)

Fyoid s void fraction and equals .75

41,42 © . Air and air to vessel interface

p=.0230 = Tambienf

Cp =024
43 Soil interface

C:P - CP soil

= Poil T )

C.7 ALTERNATE SOIL PROPERTIES

Reference 25 presents the detailed fesults of an-experimental-program by-the NBS-to-measure- - — - —
the thermal conductivity of nine soils for SANDIA. These data and WANL test data were used

for the soil property selection for the ESATA program usage. Table C-2 lists the nine soils

used for the thermal conductivity measurements and their density. Table C-3 lists the derived
thermal conductivity as a function of temperature for the soil. Because of its commoness and low

thermal conductivity the coastal plains clay soil is being used in the ESATA cases.

C-15
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TABLE C-2
SOIL SAMPLES

. Calcareous Soil (natural weathered limestone)

Granitic Defrital Soil (weathered decomposed granite soil)
Dune Sand (windblown sand) |

Magnesian Soil (magnesium aluminum silicate)

Podzol Soil (leached organic timberland soil)

Coastal Plains Clay (coastal flood plain soil)

Laterite Soil (tropical rain forest soil)

Estancia Playa (Dog Lake) Soil ‘(highly saline playa §9il)

Ottawa Sand (silica-artificial soil)

Average Density

Symbol _(gm/cm°)

C 2.0
GD 1.92
DS 1.57
M 1.79
P 1.75
o] 1.34
L 1.49
EP 1.53
05]. 1.76
oS, 1.57



Astronuclear
Laboratory

@)

!
|
|
!
|

Ay sua| wb —
! __u c- A 0451 /4
AJ15udj w b —
! _v c- 70941 /o

anjoA pajojodougxy,,

0451

o

| ainjosedwa)

- s s oL 8L L 86T SLT O UST Sy ¥ET 0T | g PUSS OMolO
- =sm 08l 89Tl 95TL VUL ¥ZTL YO'L S8BT 89T IST  £bT | SPUDS DMOHO
- -—- %% 8L 9 8 8 SE Iy I Oy’ 8 | pAolg piounss3
6's 6w g€ z'T 8L §8 08 £I° € 6l LT JIE
8y L't T Sl 9 G 9 Ly Oyt ve' 0g° g | SuIpld [oispoD
- WY v L7 1T €9l 86T ¥9T 2§t 1§ €5 & | ozpog
e e e 9L 4L €67 ELT L9 9T ¥9T 69T 997 | uoisaubow
- WS L€ ST 4L STU 0L 1S v opT VT 08T pupg aung
- == WZS ST WL SOl 78T ST w4t L0 €8T 88 ,1oHNAQ dumOIO
y'€ vz Tel 78 T9  ¥ST  ¥S' 8§ €9 89 ¥ 8L m $n09.102 D))
0261 081 OLLL - OL9 Oyl 02l 001 0/8 09 Oy 0 | |tosjo3dA]

. | |

|

|

" 1105 40 $3dAL ININ 3HL 40 (22

o1~

WA NI @35S3¥dX3)

CLY ALIAILDNGNOD TYWEIHL GIAINIA 3HL

€-0 318Vl

c-17



Specific heat data for these soils were not presented. Data presented in standard references
26-28 - . .
(26 )were surveyed, Table C-4 presents specific heat data of materials that comprise a
part of the nine soils or are similar to these. Until better data are defined a specific heat

of 0.2 Btu/Ib°R (.84 ioules/gmoK),_ was assumed for use in ESATA.,

TABLE C-4
SPECIFIC HEATS OF VARIOUS SUBSTANCES

, Cp- Btu/Ib°F (joules/gm’K)
Limestone : .22 I(~ 92)

Granite : .20 (-84)
Sand | | .20 (.84)
Quartz R B . 17-.28 (.71 -1.17)
SiOZ K 19 (.79) )
Magnesia : . B .22 (. 92)
Gypson ' | .26 (1.09)
Earth (gravelly) - S .44 (1.84)

" Clay . .21 (.88)
Concrete : - : | 21 (.88)"
Sandstone . 17 (.71)
Diatomoceous earth ' _ : .21 (.88)
Marble _ .19 (.79)
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APPENDIX D

CORE AND SHIELD MELT AND DISPLACEMENT SUBROUTINES
D.1 SUBROUTINE TMPCAL

A separate subroutine was d}eveIOped.ond programmed for correcting temperatures in the shield
and core to ‘o_cggun_t for the heat of fusion during phosé‘ changes of the various materials. In
the PROCP function and the DATA block are defined effective specific heats simulating the
heat of fusion spread over a prescribed ( 6 T) of 50°R (27.8 °K). Namely

" , ‘
CPP ——D ELTT where. DELTT = 50 R (27..._8 K )

Presently. this data is defined for 6 materials used in the ‘cqng and shield elmolyf‘bd,enrum-,'

UO,, tungsten, AM=355, lithium hydrid and:a composite, of: LiH: and UOZ TMPCAL was
written to simylate. phase changes for these five materials. as. separate components and: to.
simulate the effect of phase changes. of three materials in. fh_‘e;.cpmpqne_nf qqré (IMAT = 21);
cor)sj‘sl':ian of mpl,ybdgnum,"U;chnd, AM-355'.‘ Figure. D~1: presents, fhe.‘ flow: éhqr-h for this sub-
routine with a list of nomenclature in Table D~1. The: method:for modeling;a single: component:

phase. change is. described: below.

After.a temperature convergence. is obtained in CQNDLO;'fér a particular time.step;. the:
temperature..of-all_nodes. assigned.one .of the obov,e‘.mqfe_riqls;qnd., compared. to.their melting
point temperature, TMP. When the calculated.temperature exceeds- TMP for-a.node,. the.
fraction of melting in that: node is calculated-by. the equation. . . _

C (T- TMP).

“ps. .
"CPP - DELTT -

where C__ is the:specific heat of the.material at.the. prevnously calculated: femperofure
_ _Where pss _

X =

T is.the,temperature calculated -by. CONDQO.

D-1
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I =1, ISNMAX

No

Yes T (1)=TCOR
XMEL = 1) . Kb (MAT (1)
K9=1 =XMCOR Cale.
., ) . TCOR=T(1) TMP1, TMP?, TMP3

No

Calculate
TMPI, TMP2, TMP3
CP1, CP2, CP

CP1, CP2, CP3

Kl=3
Cale. Z (5), Z(8),
{6) XMEL2

K1=1,Cole.

Ki=3
Z(5), 286) - Ki=2 Cale Z {5) Yes
XMELZ = Cale Z (5) -
Z(6), XMEL2 XMEL (1) = 1 Cale. XMEL (1) < 1
XMEL (1) o
-0 Cole. T1) : Cale. T (1)
Cole. T0 l l
Yes -
K1=1
Cale Z (5)
No Z (6), XMEL2 .
-
Cale. Z (5),
Cale. 76 @
TMP1, TMP2 e,
cpl
e Calc. TMPI, TMP2,
. | t™es, e, cre, cra
Colc.
XMEL2 RETURN
END
No
KLz =0 >
v z
XMEL2 - X2 =0
Yes 4
e, T, No
i XMEL2 = 0
XMELZ = Cale.
ves | Cate. T} ole. 10
Tce >
WP (K]) + 50 IF K1 =3 XMEL = XMEL2
TCOR=T @1)
No - XMCOR = XMEL (1)
Cale. KMELZ éﬁ':ium)' Cole XMEL2
T =Temp TM=Temp

613628-13C

Figure D-1. Subroutine TMPCAL
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TABLE D-1

NOMENCLATURE FOR THE TMPCAL SUBROUTINE

CP(I, T)
CPP (1)
CPl

CP2

CP3
'IMAT‘ )
ISNMAX
K1

K?

Represents specific heat of material | at ferr‘\perdfure T
Effective specific heat - <HFJ50)

Solid phase specific heat prior to melting

=CPP (1)

Liquid phase specific heat just after melting

Material number of node |

Maximum shield node index

= IMAT (1)

Trigger used to denote if core temperature has been
for this line step

Mass of molybdenum
Mass core pressure vessel and structure
| Mass of UO2
- - Temperature of node | an end. of time_step
Melting point temperature of material |
Temperature af beginning of melfing (=TMP (1))
Temperature at end of melting
Temperature of liquid phase
Temperature of node | at previous time step

Fraction of melting in node | (for core nodes it
represents UO2)



TABLE D-1 (Continued)

Fraction of melfirig of structure in core
Fractionof melting of particular component in core
~ Fraction of melting of moly in core

_Capacitance of components in core not going through
melting process at time step in question

Mass of component that is melting

D-4
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TMP is the melting point temperature
CPP is the effective specific heat simulating the heat of fussion
DELTT is the prescribed temperature increment over which melting is
simulated.
If X is calculated to be less than 1 indicating that melting is not completed for this node

during the time step in question, then the temperature is corrected to a new temperature

T' = TMP+X - DELTT

If X exceeds 1 indicating that all the material is melted for that mode, then the temperature

correction takes the form

. - (T ~ TMP2) - C,, - DELTT
T = TMP2 + Cr3 c i
P2
where TMP2 = TMP + DELTT is the temperature at the end of the melting process

L
For nodes with incomplete melting, or T € TMP2, the calculation of the fraction of melting ’

will be continued during the next time step,

S T -TOLD
X E X o
where T OLD is fhe calculated temperature from fhe prev1ous time sfep

IF the frachon X is shll less than 1 mdlccmng that melhng is not complefed fhen no
femperature correction is needed lf X exceeds 1 then it is.set equal to L cnd fhe fem-

perature is correcfed by the equahon

T = TMP2 + : (T - TMP2)

CP2

For the three.component core simulation a similar set of equations are defined; however, .
: fhe-cqucifonce»of the.two non-melting components must be included. For example, the

core equation for melting of moly which compares to the preceeding equation would be



T = TMP2 4 ey —— (T - TMP2)
o ( p'UO, + (MC ) + CP2
where TMP2, CP1, and CP2 are set up for moly melting.
If the melting of AM-355 is taking place the equation vwuld be
MCyo, + MM +cp
T = TMP2 + (T - TMP2)
(MCJ o, +MCm_+cp :

where  TMP2, CP1, and CP2 are defined for AM-355 melting.

The detailed procedure for setting these equations are shown in the flow chart.

D.2 SUBROUTINE CSMELT

This subroutine redefines the IMAT array fo simulate the effects of melﬁng on displacing the
core and/or shield. Figure D-2 presents a general flow diagram of the subroutine. Included

in this subroutine is logic for handling an all UO2 shield defined by ISHLD = 4.

This subroutine allow.;, the core to displace LiH (lighter than uo,, material) or drop onto -

- the inner shield layer when the core structure melts. It also allows the core to fill the
base of the inner shield l:yer during the time step ofter the core reaches the bottom.
Dlsplacement or movement of the core within the i inner shield layer (first Icyer of spherlcal
nodes) is accomplished by changing the nodes that represent fhe core (IMAT 21) Once
the core is resting at the inner shseld base no further chonges are mcde in the core locchon
Everytime the core material is reassigned the total core volume and den51fy will be recal—
culated at each step to maintain the same btal core mass and its proper capacitance, and

to provide for proper distribution of the core heat generation terms.

In the shield the core will not displace tungsten heavier than UO2 material o UO2'3 ’
When the nodes of the tungsten shield melt the phase change will be calculated ds described

in TMPCAL subroutine and molten material remain in the same location. However, the

D-6
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node adjacent to it will be checked. If it is a void, which is represented by a radiation gap,
it will be redefined as a high K material. Thus, the molten tungsten (heavy metal) effectively
fill the void. If LiH is present in the adjacent node, no change will be made unless the LiH
is molten in which case that node will be changed also to a high K. In this manner the
melting process of the core and shield layers are simulated by reducing the heat transfer
resistance. This prdcedure was adopted because it is most feasible for the prog.rclm logic,

and yet compatible with other subroutines such as FISSON.
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APPENDIX E

PRESSURE AND STRESS SUBROUTINE

E.1 PRESSURE CALCULATION PROCEDURE

A procedure for calculating the pressure build up in the shield is based on an ideal mixture

of three perfect gases. The three components considered will include:

3 helium
e - - hydrogen (released from water/metal reactions)
° non condensed fission products

The mixture temperature is the average of the heavy metal (W) shield node temperatures.
Heat transfer from the gas to the shield is not considered. Initial parameters that are- defined
include the total pressure, Po; temperature, To, and the volume of the gas mixture, V. From
the REACT subroutine the mdss of hydrogen released by water-metal reaction of the shield is
defined at each time:step. The FISSION subroutine defines the number of moles ‘of fission

products that are in a vapor state at each time step.

‘A The total prevssdli-e is the sum of the partial pressure of the three consfituents
' = 4 S+ ’
Pf_ot, ‘ Phe, : Ph2 ‘ pr

The partial pressure is calculated from the perfect gas laws

niRT |
T~V
where n. is the number of nodes of each component in the mixture. The number of nodes

is defined simply as

n, =
j M,

where m, is the mass of components in the gas state and M, is the molecular weight. The
i i

molecular weights for the four fission product groupings was estimated from the constituents

E-T




of each grouping as defined below and is stored in the FISSON subroutine.

- B Effective Molecular
Group Weight

A 125
B 108
e 107
D 120

Initially, the mass of helium will be calculated based on the initial totdl pressure, and

temperature and is held constant for subsequent time steps.

Stress Calculation

A cursory procedure for computing the rupture life of the containment vessel (assumed to be
316 stainless steel) for the HTM's has been formulated and programmed as part of the. compu-
tational sequence in the PRESUR subroutine of the ESATA program. The procedure consists
of the following for each time increment in the transient analysis: ‘

e The containment vessel stress is computed for fhe applied pressure based on thin
spherical she||(fheory. THe cohfainmenf vessel defqrmafions, areas of stress con-
centrations, and support provided by the soil for those céses when the vessel is

~ buried are neglected.
° The computed stress, once esfcblis_hed," permits determination of the value of the

Larson-Miller parameter using the following equation .

60 - Lm) 2 4% - (logy a) 2+ 1.2=0
where LM = Larson-Miller parameter
a = Computed stress level
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The above equation is based on creep rupture data for 316 stainless steel
from Reference29. The Larson-Miller curve from which the equation was

derived is shown in Figure E-1. This curve was developed from the creep

~ rupture data using operating life times of 10 hours and 1000 hours for_

temperatures ranging from 1200°F to 2000°F to be representative of the

~ entire data spectrum.

- The time to failure is computed from the Standard Larson Miller equation

LM = (T + 460) (a + log, , 1) 1073

where T = temperature of the vessel in °F

a = empirical constant having a value of 20 for the 316 stainless steel
material

t = time to failure at the applied stress level

For ESATA calculations, the maximum containment vessel ferhperafure,af the end

of the time increment is used for computational purposes.

The percent of life used during the time increment is computed by dividing f_he‘

~ time increment by the time to failure (1).

The percent of life used is summed for each time increment during the transient

~analysis. When the sum is equal to 1, the containment vessel is considered to be

. ruptured. The ESATA program outputs a statement indicating that rupture has

occurred. Pertinent data such as pressure, stress, temperature, and time are also

printed out. In the subsequent time period, rather than ceasing the computations,

_the ESATA program continues_computing thermal and pressure_data but bypasses _ _ _

the stress calculation.
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Figure E-1. Larson~Miller Curve for SS 316
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APPENDIX F

SYMBOLS

Experimental constant for Larsen Miller equation

Clad surface area

Pressure tube area

Specific heat

Effective specific heat to simulate the heat of fusion divided by o T

Heat of fusion

- Larsen Miller parameter

Heat generation rate

Temperature

Melting point temperature

Volume

Fraction of melting for a component

Prescribed temperature differential for simulation of heat of fusion
Stress

Time

F-1
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