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ABSTRACT 

A systematic assessment of the in-situ melting concept as 

an ultimate waste disposal option shows that the placement of 

solidified, high-level radioactive wastes in an in-situ melting 

cavity with a crushed rock backfill not only eliminates the major 

deficiencies inherent in other in-situ melting schemes, but also 

satisfies reasonable criteria for ultimate disposal. The criteria 

used are isolation, maintenance and tamper-resistant storage, 

minimally hazardous implementation, and initial retrievability. 

In-situ melting reduces the waste isolation time requirements to 

several hundred years, versus the hundreds of thousands of years 

of isolated storage presently envisioned by waste management 

planners. 

Detailed spent fuel and processing waste afterheat values 

calculated for individual fission products, quantitatively assess 

the role of actinide and cladding material nuclides in creating 

the total afterheat and provide quantitative variation with time 

for these values for contemporary and advanced-design fission 

134 reactors. In particular, the dominant role of Cs in thermal 

spectrum reactor afterheats during the first decade of cooling is 

identified. These calculated afterheat values also show the 

dominant role of the actinide nuclides in all typical waste after-

heats following a century or two of cooling. 

xii 



xi i i 

The spatial and temporal behavior of a spherically symmetric 

waste repository experiencing in-situ melting in an equal density, 

homogeneous medium for silicate rock and salt is controlled primarily 

by the overall volumetric thermal source strength, the time-dependent 

characteristics of the high-level wastes, and the thermophysical 

properties of the surrounding rock environment. Neither the molten 

zone heat transport condition (i.e., conductive versus convective), 

nor the type of fission reactor wastes being stored greatly influence 

the value of the parameters of interest in assessing the waste 

management process. Results from the basic modeling calculations 

have been verified by available contemporary experimental data. 

The hazard index for typical high-level wastes is dominated 

by the fission product nuclides for the first three centuries of 

decay, it is then controlled by the actinides, especially 

americium, which dominates for 10,000 years. With in-situ melting, 

the hazard index for the re-solidified rock/waste matrix deep 

underground falls below the hazard index of naturally occurring 

uranium ore bodies within a few hundred years, whether or not the 

more hazardous actinide nuclides are selectively removed from the 

wastes prior to storage. 

In-situ melting can be exploited with current technology and 

represents an attractive waste disposal alternative which should be 

committed to engineering development, cost analysis and demonstration. 



CHAPTER 1 

INTRODUCTION 

Perhaps the greatest public concern facing the world's 

expanding nuclear power industry is the safe and economic management 

of the radioactive wastes generated by the processing of spent 

reactor fuels (Frederick 1972). If nuclear power is to help provide 

world energy needs, its benefits should not be unnecessarily delayed 

by the absence of a viable high-level waste management program (Kubo 

and Rose 1973). 

Current waste management planning, consistent with recent 

Energy Research and Development Administration (ERDA) regulations 

(Pittman 1974), requires that the high-level liquid wastes, created 

in spent reactor fuel processing, be converted to a solid material 

within five years after separation. These solidified wastes must then 

be encapsulated and shipped to a federal repository within ten years 

of formation for long-term management. At present there is no fully 

acceptable and operational "ultimate" waste disposal program. How

ever, many techniques are now being evaluated, including a variety of 

geologic storage concepts (Schneider and Piatt 1974). Because of its 

potential ability to isolate these wastes from man's environment for 

greatly extended periods of time to achieve acceptable radioactivity 

levels, geologic disposal is currently favored as an ultimate dispos

al technique. 

1 
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To become acceptable as an ultimate waste disposal option, the 

disposal technique chosen should meet the following criteria. 

First, the waste disposal technique must isolate the radioac

tive wastes from the biosphere permanently. This includes isolation 

from regions of habitation, isolation from the principal components of 

the biological cycle (i.e. air, water and food sources), and isolation 

from potentially useful mineral resources. For geologic storage of 

any type, this isolation criterion implies that the wastes must be 

stored in a remote, stable environment and must remain immobile in 

that environment for times required for the radioactivity to decay to 

acceptable levels. These times turn out to be on a geologic scale. 

Second, because of the extremely long storage time require

ments, especially for the decay of the transuranic components of the 

high-level wastes, the isolation mechanisms involved in the ultimate 

disposal technique should be essentially maintenance and tamper free. 

This is because the waste disposal system must be as free as possible 

from the technical, social or political conditions that may exist 

centuries from now. 

Third, the ultimate waste disposal technique should not re

quire, or should at least minimize the requirements for, hazardous 

processing, transportation or implementation. This criterion is to 

protect health and safety of the present population. 



Finally, there is a fourth ultimate disposal criterion, which 

although potentially in conflict with the other three criteria, may 

also be imposed to assure public acceptance. It is that the ultimate 

waste disposal technique allow future generations the option of re

trieving the high-level wastes. Latent in this criterion is the as

sumption that the retrieval process would require a sophisticated 

technology level, comparable to or even greater than that available in 

this century. This criterion permits the useful application or per

haps transmutation of selected isotopes within the waste by some 

future, technologically advanced society. 

Although a quantitative evaluation of the relative safety of 

solid waste storage versus liquid waste storage has not yet been made, 

it is generally recognized (Schneider 1970, Pittman 1974, and 

Schneider and Piatt 1974) that storage of high-level wastes as solids 

would be considerably safer. This is due to the decreased mobility, 

smaller storage volume and greater physical stability of the solid

ified wastes compared to the high-level liquid wastes in tanks. 

The objective of this study is the systematic assessment of 

the technical feasibility of the in-situ melting concept as an ulti

mate waste disposal option for high-level solidified wastes. In-situ 

melting is the technique in which nuclear waste material is introduced 

into a geologic formation at an initial thermal power level which per

mits melting of the waste and its rock environment due to the heat of 



radioactive decay. An in-situ melting concept is developed in this 

study which overcomes major limitations or deficiencies in other in-

situ melting schemes, while still satisfying the criteria for ultimate 

disposal. The major factors involved in a systematic assessment of 

the in-situ melting process are identified, modeled and evaluated. 

These include highly-detailed afterheat data, rock thermophysical 

property data (especially at elevated temperatures), and radiological 

hazard levels as functions of storage time. 

A computer-based, transient heat transfer analysis is used to 

study the in-situ melting process. The in-situ melting model devel

oped in this study includes appropriate, time-dependent thermal source 

strength terms, temperature-dependent thermophysical property data, 

the effects of phase change, and the influence of molten region heat 

transport phenomena. In the molten region both pure conduction and 

simulated convection heat transfer conditions are treated. Emphasis 

is also placed in the analysis on the motion of the solid-liquid in

terface, since that identifies the maximum waste/rock system dimen

sion. Finally, recent in-situ melting experiment data (Klett 1974 

and Klett 1975) confirm the basic thermal modeling assumptions in

corporated in this study. 



CHAPTER 2 

IN-SITU MELTING CONCEPTS 

A novel approach has been added to deep geologic disposal 

schemes (Cohen, Lewis and Braun 1971). This, the "Plowshare Waste 

Disposal Concept", uses a nuclear explosion to create a deep under

ground chimney of broken rock and rubble (see Fig. 1). High-level 

aqueous radioactive wastes are injected and allowed to self-boil far 

beneath the surface. The resulting steam is processed at the surface 

and recycled in a closed system. When it is decided to terminate 

waste addition to the chimney, the accumulated waste solution is 

allowed to boil dry, solidifying the contained wastes. The heat of 

radioactive decay increases the temperature of the solid wastes and 

the surrounding rock, until they melt and form a molten mixture. 

This molten mixture of rock and nuclear by-products continues to grow 

by melting the surrounding rock, until the waste heat generation rate 

is balanced by the heat losses to unmelted rock. Then as the heat 

generation rate decreases because of radioactive decay, the molten 

mixture begins to re-solidify, trapping the residual radioactive 

wastes in an insoluble rock matrix deep underground. 

An initial consideration of the heat generation and transport 

within the nuclear rubble chimney and its surrounding rock environment 

was performed for the Plowshare Disposal Concept (Cohen, Lewis and 

5 
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Fig. 1 Plowshare Waste Disposal Concept. 



Braun 1971). The thermal model developed included the assumption of 

sphericity to facilitate the calculation of conduction heat transfer 

and the assumption that the molten zone remained at the melting point 

d u r i n g  t h e  g r o w t h  p h a s e  o f  t h e  i n - s i t u  m e l t i n g  p r o c e s s .  A s  w i l l  b e  

shown shortly, although the sphericity assumption is reasonable, the 

assumption of a constant, uniform temperature within the molten region 

is too optimistic and neglects a serious potential problem, associated 

with any in-situ melting scheme. 

One heat flow calculation involved a nuclear rubble chimney 

formed at a depth of 2000 meters by a 5 kiloton nuclear explosion. 

The resultant nuclear rubble chimney had a cavity radius of 10.8 

meters and a cavity volume of 5310 cubic meters. Into this chimney 

high-level liquid wastes (at 0.5 years post-irradiation time) were 

added for 25 years, while the chimney temperatures were kept below 

200°C. At the 25 year point waste addition and external cooling were 

terminated, and the in-situ melting process allowed to occur. The 

calculated motion of the melt radius versus time for this operation is 

shown in Fig. 2 (Cohen, Lewis and Braun 1971). In this calculation 

the molten rock mass reaches a maximum radius of 96 meters. 

The Plowshare Waste Disposal Concept served as the basic tech-

nical stimulus for this study (Cohen, Lewis and Braun 1972), but the 

results have a much wider application. Although in-situ melting con

cepts, including the Plowshare Concept, have appeared technically 
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Fig. 2 Plowshare Concept Calculation of Melt Radius Versus 
Time (Cohen, Lewis and Braun 1971). 
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credible, until now all have suffered from a lack of systematic 

assessment. The obvious advantage of in-situ melting as an ultimate 

waste disposal option is the rapid, in-place creation of an insoluble 

rock/waste matrix deep underground. There are, however, several dis

tinct disadvantages with the Plowshare in-situ melting scheme. 

Analysis of the concept shows the following major difficul

ties to be expected with the Plowshare Concept for in-situ melting: 

1. Disposal site proliferation. 

2. Adverse public reaction based on the use of nuclear explosives 

for cavity construction. 

3. A long waste addition period. 

4. Uncertainties in the waste addition process. 

5. In-situ melting conditions which create a large molten region 

for an extensive molten phase time period. 

The ultimate waste disposal plan for high-level solidified 

wastes, using in-situ melting, as developed in this study is illus

trated in Fig. 3 and Fig. 4. Spent fuel is discharged from the reac

tor and processed. The resultant high-level aqueous wastes are 

solidified. Then these solidified wastes are either shipped directly 

to an in-situ melting site for immediate disposal, or sent to a re

trievable surface storage facility for interim storage prior to ulti

mate disposal. 
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Fig. 3 Solid Waste In-Situ Melting Concept. 
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Fig. 4 In-Situ Melting Disposal Concept. 



In the solidified waste in-situ melting concept (see Fig. 5 

and Fig. 6) the waste containers are dispersed in a crushed rock ma

trix. This method of cavity loading has several distinct advantages 

over the indiscriminate lumping of all the wastes in one large config

uration. First the dispersed matrix promotes a rapid mixing of the 

heat-producing isotopes in the waste canisters and the rock material, 

before the melt moves beyond the initial cavity boundary. This ini

tial dilution of the waste materials avoids excessively high tempera

tures which could cause thermal decomposition and volatilization, thus 

creating high pressures within the initial waste cavity. Conduction 

heat transport calculations indicate that excessively high central 

region temperatures are quickly reached for highly concentrated waste 

regions. Until more detailed experimental data are available, con

cerning the actual temperature profile in a molten waste/rock spherical 

region which experiences convective as well as conductive heat trans

port, a more conservative modeling approach (i.e. one which limits the 

central cavity temperatures as predicted by conduction heat transport 

models) must be followed. This is particularly true for calculations 

made in support of an initial field demonstration experiment. The 

second advantage of the dispersed waste loading configuration is that 

the voids associated with the crushed rock backfill are plates into 

which the melt can initially flow and expand without creating exces

sive stresses and fractures in the surrounding rock environment. 
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Other operational and technical difficulties encountered with 

the Plowshare in-situ melting scheme are avoided by the solidified 

waste in-situ melting scheme created in this study. The technique 

permits selection of a variety of waste management options, which can 

vary from essentially immediate burial after waste generation and 

solidification to ultimate disposal after several years of interim 

storage. In addition, unlike the Plowshare Concept, the ultimate stor 

age facility need not be located at the fuel processing site, thereby 

eliminating the proliferation of ultimate disposal repositories, and 

permitting the creation of national or even international centralized 

waste repositories. 

Although nuclear chimneys may be the most economical and ex

peditious method for forming an underground waste storage cavity, the 

technical, social and political disadvantages of nuclear explosives 

cavity formation could easily outweigh any potential economic advan

tages. In fact, recent studies (Schneider and Piatt 1974; Cohen et al 

1974; and Klett 1975) have shown that conventional mining techniques 

would be more appropriate for in-situ melting disposal schemes. 

Other technical problems associated with the Plowshare Waste 

Disposal Concept are of even more significance. These problems are 

avoided by the in-situ melting scheme developed in this study. First, 

the Plowshare Concept requires that high-level liquid wastes be in

jected into the cavity for periods of up to 25 years. The piping 



and pumping operations inherent with that scheme are vulnerable to 

failure over such extended operating periods. Failure could lead to 

premature melting within the storage cavity or to the possible release 

of radioactivity into the biosphere. Placement of solid wastes in a 

mined cavity of pre-selected geometry, however, permits a more effec

tive and controlled commitment to ultimate storage. 

The arbitrary accumulation of high-level wastes in a nuclear 

rubble chimney is also avoided. Careful placement of the solidified 

wastes into a conventionally-mined cavity of pre-selected geometry, 

and surrounding the configuration with a crushed rock or glass back

fill establishes well-known thermal source conditions prior to the 

initiation of in-situ melting. Otherwise, large uncertainties about 

the volumetric thermal source conditions within a cavity would make 

an accurate prediction of the in-situ melting process extremely dif

ficult if not totally impossible. 

The Plowshare Disposal Concept also involves the creation of 

a very large molten region (100-125 metres diameter), which lingers 

in the molten state for many decades or even centuries. The real 

value of an in-situ melting concept is the relatively rapid isolation 

of the high-level wastes in an insoluble rock/waste matrix, created 

when the molten mixture re-solidifies. The time scales associated 

with the Plowshare Concept are too long to be supported by traditional 

operational and monitoring procedures. The creation of large molten 
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volumes, on the scale of small magmatic intrusions are involved in the 

Plowshare Concept, which could create adverse geological conditions. 

The in-situ melting plan as developed in this study requires at most 

between 10 and 20 years to achieve a re-solidified rock/waste matrix, 

and the maximum molten dimensions are small (10-25 meters diameter) 

by comparison. These molten rock conditions should not create any 

serious geologic consequences, and are, in fact, equivalent to or be

low the size at which very small magma systems can experience natural 

convection during cooling (Kadik and Khitarov 1968). 

Consider the following magmatic melt property limits: A viscosity 

5 -3 
range of 10 Pa-s to 10 Pa-s, a thermal conductivity of 5 x 10 

- 1  - f i  2  cal/cm - sec - °K and a thermal diffusivity of 10 m /s. Using 

these properties, calculations made for mafic and felsic melts (Kadik 

and Khitarov 1968) show that the critical size Ocr) for a natural 

magma system, which makes convection possible in viscous silicate melts 

for moderate (100°K) to small (10°K) temperature gradients, lies be

tween 10 metres and 100 metres. Since magma systems are frequently 

kilometers in extent (i.e. several orders of magnitude larger than 

the critical size of systems permitting a free flow of melt), it can 

be concluded that convection is a phenomenon in magmas exchanging 

heat with the external environment. 

The role of convection in a closed spherical cavity is the sub

ject of much contemporary speculation and investigation (Sullivan 

1973; Hardee 1974; and Stephani and Butler 1975). However, the 



present paucity of reliable rock thermophysical property data, 

especially in the molten state, severely limits the degree to which 

sophisticated analytic techniques can be applied to this problem. 

Due to the smaller dimensions involved in the in-situ melting pro

cess, the role of convection in the rock/waste melt may not be as 

dominant as the role played by convection in large magmatic bodies 

upon cooling. On the other hand, internal heat generation by 

radioactive waste decay can promote mixing and motion within the 

melt. In any event, the worst case in-situ melting condition is 

that of a highly viscous molten mixture in which conduction heat 

transfer is the dominant energy transport mechanism in the molten 

zone. Conduction, supported and complemented by convection, pro

duces a much more favorable thermal condition within the waste/rock 

mixture, and avoids excessively high central region temperatures 

and material vaporization. In the limit, "perfect" convection 

would result in an isothermal in-situ melting cavity condition. 



CHAPTER 3 

TYPICAL SPENT FUEL AND WASTE AFTERHEATS 

With the development of the first nuclear reactor, engineering 

design has required the evaluation and prediction of the heat gener

ated by the fission product and actinide nuclides found in spent fuel 

and processing wastes (Way and Wigner 1948). Since these early pre

dictions, many attempts have been made to evaluate the thermal power 

output, or afterheat, as a function of cooling time. Almost all of 

these efforts, including several subject to wide utilization (Perkins 

and King 1958, Stehn and Clancy 1958, and Varteressian and Burris 

1970), made one or both of two major approximations. The first is to 

neglect neutron capture by the fission product nuclides during irra

diation. The second approximation omits the contribution of the ac

tinide nuclides. The errors introduced by these approximations were 

not readily apparent, because the majority of earlier decay heat stud

ies were concerned with the first year or so of cooling, following 

discharge of the irradiated fuel from the reactor. It is only recently, 

with increased consideration of high burnups and long-term waste man

agement, that the isotopes from nuclear transmutation during irra

diation and the actinide nuclides have become important in afterheat 

calculations. 

19 
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The composition of spent fuel and nuclear processing waste 

is an important quantity for optimizing fuel processing techniques, 

for evaluating and developing partitioning schemes, and for selecting 

appropriate long-term waste management options. The immediate interest 

of this study is to conduct a systematic assessment of the in-situ 

melting technique, and to provide detailed afterheat values for dif

ferent waste materials, which are primary data requirements. A com

puter program to calculate these quantities accurately and furthermore, 

to examine the calculated results and define the specific contribution 

of individual actinide and fission product nuclides to the total after-

heat as a function of decay time was developed and tested. As part of 

this extensive effort, new radioisotopic decay computer codes were 

created to complement and refine the output of existing burnup codes. 

In particular, afterheat values were calculated for three 

representative fission reactors: A 1000 MWe reference pressurized 

water reactor (PWR); a 1000 MWe reference liquid metal fast breeder 

reactor (LMFBR); and a 1160 MWe reference high temperature gas-cooled 

reactor (HTGR). Pertinent design data and plant characteristics appear 

in Appendix A. 

The RADEC computer code (see Appendix B) was developed in this 

study to calculate extensive heat generation rate values as a function 

of cooling time for all fission product and actinide nuclides with 
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significant heat generation. Using reactor discharge inventory data 

calculated by the ORIGEN code (see Appendix C) (Bell 1973) as its 

initial conditions, RADEC was used to calculate the time-varying pop

ulations of all appropriate by-product nuclides, to determine the heat 

generation rate associated with each particular isotope, to compute 

the thermal power output, and finally to compute the fractional 

decay heat contribution for each thermally significant by-product 

nuclide. These calculations have not only pointed out the limitations 

in existing afterheat data, but have also provided a very extensive 

data base from which not only in-situ melting but also other waste 

management options (see Appendix D) can be evaluated. 

For example, an early result of this study (Angelo, Post, 

Has kin and Lewis 1972) has shown that by neglecting the process of 

133 134 nuclide transmutation for cesium ( Cs (n, y) Cs) the fission 

product heat generation rate by typical advanced design light water 

reactor spent fuel could be underestimated by as much as 25% during 

133 the first decade of decay. The Cs isotope is a fairly abundant 
p OC 

fission product in the thermal fission of U (approximately 6 atoms 

per 100 atoms fissioned) and has a fairly large thermal capture cross 

section (approximately 40 barns). The "transmuted" population of 



1 OA 
Cs in discharged thermal reactor fuel is much higher than previously 

predicted, even by more recent afterheat studies (Varteressian and 

Burris 1970). 

Another contribution (Angelo, Post, Haskin and Lewis 1973) in

volved the first realistic assessment of the significance of the ac-

tinide nuclides in the overall heat generation rate of radioactive 

by-products, a significance which had been neglected in the majority 

of previous decay heat studies. Calculations from this study showed 

that the actinide nuclides contained in typical LWR or LMFBR system 

wastes are significant heat generators after about the first decade 

or two of cooling. These actinide nuclides" then dominate the LMFBR 

waste thermal power output after approximately one century of cool

ing, and the LWR waste afterheat after about two centuries. 

Current nuclear power generation projections (see Fig. 7) 

are dominated by light water reactors. Wastes from reactors for mil

itary programs are not considered. The advanced converter reactor, 

such as the high temperature gas-cooled concept, and the breeder 

reactor, such as the liquid metal fast breeder concept, are not ex

pected to have a significant impact on waste management planning until 

at least the end of this century. The first major effort in the ef

fective control and management of nuclear wastes will, therefore, be 

directed at the by-products from light water reactor operations. How

ever, a reference-design high temperature gas-cooled reactor is also 
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considered to permit a comparison of by-product nuclides from thermal 

spectrum reactors; while a reference-design liquid-metal fast breeder 

is considered to permit an overall, comprehensive characterization of 

typical high-level wastes. 

There are a number of designs of light water reactors and a 

wide range of sizes. A 1000 MWe reference-design pressurized water 

reactor (PWR) was chosen as typical in this study. This choice is 

supported by recent investigations (Blomeke, Kee and Nichols 1974) 

which have concluded that the high-level wastes from a boiling water 

reactor will closely approximate those from a PWR with equal exposure. 

To provide the detail and accuracy necessary for a valid 

assessment of spent fuel and waste afterheats, calculations were 

made on the changes in isotope concentration due to the production of 

isotopes by fissioning, neutronic transmutation, and as daughters of 

other radioisotopes. The calculations must also take into consid-

ation the decrease in isotopes due to neutron absorption and radio

active decay. Furthermore, in the treatment of spent fuel processing 

wastes, certain other assumptions must be made regarding the chemical 

processing of the various isotopes. Some of these isotopes remain 

completely unchanged, some remain in part, and some are totally re

moved. 

The dominant role of the thermal spectrum reactors, especially 

the light water systems, in contemporary nuclear power generation 

makes these systems particularly significant for spent fuel and 



waste afterheat evaluations. The calculated values developed in this 

study are presented in two useful forms beginning with Table I. This 

table presents the total thermal power output for PWR spent fuel nor

malized to exposure. Table II presents the same data for the HTGR. 

Tables III and IV present data on the relative contribution of clad

ding, actinide, and fission product nuclides to the total heat gen

eration rate for periods up to 10 years cooling time. 

Examination of the heat generation data in Table III indicates 

that approximately 1% of the total heat, generated up to 1,000 days 

58 after discharge, is due to the activated cladding nuclides Co, 

95 60 Zr-Nb, and Co. The cladding nuclides contribute a negligible 

fraction of the total heat generation at discharge, but their contri

bution rises to about 2% of the total at the end of the first decade. 

Actinide nuclides from PWR spent fuel exhibit a similar pattern, 

contributing some 3 or 4% for the first year of decay and then be

coming more significant by the end of the first decade of cooling. 

The HTGR spent fuel was found to have a significantly differ

ent behavior. There was no significant contribution to the spent 

HTGR fuel afterheat from activated nuclides in the fuel coating or 

structural materials. However, the actinide nuclides in this spent 

fuel constituted a larger fraction of the total heat released be

tween 10 and 150 days following discharge, than they did in the spent 
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Table I. PWR Spent Fuel Total Thermal Power Output 

(Burnup = 2.9 TJ/kg) 

Time After 
Discharge 

(day) (W/T) 

Total Afterheat 

(W/MWd) 

0 1 .595 E + 06 4.834 E + 01 
10 7.868 E + 04 2.384 E + 00 
30 4.913 E + 04 1.489 E + 00 
60 3.509 E + 04 1.063 E + 00 
90 2.841 E + 04 8.609 E - 01 

120 2.417 E + 04 7.324 E - 01 
150 2.105 E + 04 6.378 E - 01 
270 1.392 E + 04 4.219 E - 01 
365 * 1.108 E + 04 3.356 E - 01 

1096 • 3.799 E + 03 1.151 E - 01 
3650 1.290 E + 03 3.909 E - 02 

Table II. HT6R Spent Fuel Total Thermal Power Output 

(Burnup = 8.2 TJ) 

Time After 
Discharge 

(day) (W/T) 

Total Afterheat 

(W/MWd) 

0 3.688 E + 06 3.912 E + 01 
10 2.148 E + 05 2.279 E + 00 
30 1.342 E + 05 1.424 E + 00 
60 8.700 E + 04 9.229 E - 01 
90 6.513 E + 04 6.909 E - 01 

120 5.232 E + 04 5.550 E - 01 
150 4.392 E + 04 4.659 E - 01 
270 2.765 E + 04 2.933 E - 01 
365 2.208 E + 04 2.342 E - 01 

1096 9.285 E + 03 9.849 E - 02 
3650 4.057 E + 03 4.304 E - 02 



Table III. Fractional Contribution to Total PWR 

Spent Fuel Afterheat 

Percent of Total Afterheat 
Time After 

Discharge Cladding Actinides Fission Products 
(day) (X) (X) (X) 

0 0.04 
10 0.63 
30 0.83 
60 0.91 
90 0.92 

120 0.89 
150 0.87 
270 0.85 
365 0.90 

1096 1.81 
3650 2.09 

4.68 95.28 
3.80 95.57 
2.69 96.48 
3.33 95.76 
3.70 95.38 
3.94 95.17 
4.11 95.02 
4.35 94.80 
4.30 94.80 
6.05 92.14 

17.29 80.62 
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Table IV. Fractional Contribution to Total HTGR 

Spent Fuel Afterheat 

Percent of Total Afterheat 
Time After 

Discharge Cladding9 Actinides Fission Products 
(day) { % )  { % )  { % )  

0 0 5.90 94.10 
10 0 23.65 76.35 
30 0 22.50 77.50 
60 0 16.67 83.33 
90 0 11.10 88.90 

120 0 7.30 92.70 
150 0 5.06 94.94 
270 0 3.08 96.92 
365 0 3.53 96.47 

1096 0 7.92 92.08 
3650 0 17.18 82.82 

aFor example, negligible thermal significance when compared to fission 
product or actinide contribution. 
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233 
PWR fuel. The primary contributor is Pa. At discharge the actinide 

contribution to the total afterheat is almost 6%, rises to 24% in 10 

days, drops to 3% in 270 days and finally reaches 17% again after one 

decade of cooling. 

Contributions from various isotopes to the total heat genera

tion rate of spent PWR and HTGR fuel as a function of decay time are 

presented in detail in Appendix D. Although the behavior of these 

isotopes is not unexpected from a consideration of their nuclear 

properties, the exact relative importance of the various isotopes is 

such a complex function of secular equilibria and other factors that 

a detailed calculation was necessary to define quantitatively the 

precise relationships among them. These calculated afterheat values 

are, therefore, of great importance not only in support of waste 

management studies, but also in support of studies involving the op

timization of nuclear fuel reprocessing and partitioning concepts. 

The currently favored treatment processes for spent reactor 

fuels (Schneider 1971, Pittman 1974, and Blomeke, Kee and Nichols 1974) 

form high-level wastes as an acidic aqueous stream. Approximately 99.9% 

of the non-volatile fission products are contained in this high-level 

aqueous effluent, which originates from the first cycle of solvent ex

traction. With complete process recycle all but 10~^ of these non

volatile fission products will appear in the high-level waste from the 
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first column. Management of the volatile or gaseous fission products, 
oc i OQ 

such as Kr and I, is yet to be defined so that the resulting 

gaseous stream can be treated to reduce its radionuclide content to 

acceptable limits (low as practical). 

Current ERDA regulations (Pittman 1974) require that this 

high-level liquid waste be solidified and encapsulated prior to the 

initiation of long-term management at a federal repository. Specif

ically, the high-level aqueous effluent from spent fuel processing 

must be converted to an acceptable solid material within five years 

after generation and must be encapsulated and shipped to a reposi

tory within ten years of its creation as a solid. Several high-

level waste solidification processes have been developed in the 

United States. These processes are: Spray solidification, pot 

calcination, fluidized bed calcination, phosphate glass solidifica

tion, and shale grout solidification. In general the techniques 

involve the application of heat to evaporate the volatile constitu

ents and decompose the thermally unstable ones, primarily water and 

nitrates. Typical density and thermal conductivity values for 

various types of solidified waste products are shown in Table V 

(McElroy, Blasewitz and Schneider 1971 and Pittman 1974). 

Present waste solidification research efforts are also 

focused on the development of solid silicate glasses and ceramics 

with which to incorporate the high-level waste. The chemistry of 
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Table V. Thermophysical Properties of Solidified Wastes 

Solidified Waste 
Form 

Thermal 
Conductivity 

(W/m-°K) 

Dens i ty 

(Kg/m3) 

Typical Heat 
Generation Rate 

(W/m3) 

Spray Phosphate 
Ceramic 

1.0 - 1.4 2.7 - 3.3 x 103 0.205 x 106 

Pot Calcine 0.3 - 0.4 1.2 - 1.4 x 103 0.085 x 106 

Fluidized Bed 
Calcine 

0.2 - 0.4 1.0 - 1.7 x 103 0.085 x 106 

Phosphate Glass 0
 

CO
 

1 —
1 

ro
 

2.7 - 3.0 x 103 0.190 x 106 

Borosilicate Glass 1.0 - 1.4 3.0 - 3.5 x 103 0.190 x 106 
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the solidified waste material will permit adjustments in composition 

so that the waste is compatible with the surrounding rock environ

ment for in-situ melting disposal (Battelle Northwest Laboratories 

[BNWL] Staff 1973). Development of this particular solid waste form 

would permit the direct utilization of in-situ melting as an ultimate 

disposal option, by-passing entirely interim surface storage. 

After experiencing an average burnup of J/Kg in the heavy 

metal (uranium) initially charged to the reference LWR, the spent fuel 

cools for one year prior to chemical processing. At processing 99.5% 

of the uranium and plutonium are assumed to be recovered, so that only 

some 0.5% of these materials appears in the high-level wastes. In 

addition, it is assumed that all of the tritium and noble gas fission 

products and 99.9% of the iodine and bromine fission products are 

released and collected by other means. Finally, all the actinide 

nuclides, except the recovered U and Pu, are assumed to be present in 

the high-level wastes. 

Similarly, wastes from the reference design LMFBR (Oak Ridge 

National Laboratory [ORNL] Staff 1970) core and blanket spent fuels 

were assumed processed at one year after discharge. In this case a 

"homogenized" waste was created by mixing the core and blanket spent 

fuels to reflect an average burnup of 2.9 TJ/kg of uranium and plu

tonium originally charged to the system. Again, it was assumed that 

after chemical processing some 0.5% of the U and Pu and all other 



actinides appeared in the high-level wastes. All fission products, 

except tritium and the noble gases and 99.9% of the iodine and bro

mine, are present in the waste. 

Finally, it was assumed that the uranium-thorium fuel in the 

reference design HTGR experienced an average burnup of 8.2 TJ/kg. 

Again, after the spent fuel cooled for one year, chemical processing 

was assumed to create a waste stream containing all the fission 

products (except tritium, the noble gases, iodine and bromine), 

0.5% of the thorium and uranium in the spent fuel, and all other 

actinides, including plutonium. 

Typical high-level waste afterheat values are plotted as a 

function of time in Figs. 8 and 9. It should be noted that the 

cooling time represents the total time for decay following discharge 

of the spent fuel from the reactor. The basis for presentation of 

the afterheat data is one megagram (one metric tonne) of heavy metal 

initially charged to the reactor. It is observed that for the first 

century of cooling, these values are closely approximated by a 30 

year half-life radioactive waste material "simulant", having an upper 

initial heat generation rate of lOW/kg and a lower initial heat 

generation rate of IW/kg. The first few decades of cooling are of 

particular interest for the in-situ melting process. 

In an effort to make these afterheat values more versatile and 

applicable to other burnup histories, a normalizing unit, the watt per 

megawatt day (W/MWd) was selected to provide a comparable basis for 



34 

UPPER APPROXIMATION LIMIT 
(T 1/2 = 30y) 

LMFBR 

^LOWER APPROXIMATION 
LIMIT (T 1/2 = 30y) 

COOLING TIME (YEARS) 
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presenting the calculated values. A tabular listing of these 

afterheat values appears in Appendix D. A comparison of the normal

ized afterheat values, as shown in Figs. 10 through 12, indicates a 

certain degree of similarity during the first decade of cooling for 

typical LWR, LMFBR and HTGR wastes. However, the distinctive dif

ferences in the actinide nuclide content of the various wastes pro

duces considerably different waste thermal outputs for cooling times 

ranging from decades to centuries. The influence of these different 

characteristic afterheats on the in-situ melting process will be 

examined shortly. 
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CHAPTER 4 

IN-SITU MELTING CALCULATIONS 

The study of in-situ melting requires a detailed knowledge of 

the temperature variations of the waste/rock system as a function of 

time. The essential features of this heat transfer problem include 

the existence of a moving surface of separation between the solid and 

the liquid phases, and the generation of heat within the system by 

radioactive decay. Consistent with other recent investigators 

(Cohen, Lewis and Braun 1971; Logan 1973; and Hardee and Sullivan 

1974), the density of both the liquid and solid phase material are 

assumed equal and constant. 

Of major importance in this problem is the motion of the 

surface of separation, and how this movement is affected by the time-

dependent heat generation rate of the waste and by the properties of 

the storage medium. Two geologic environments of particular interest 

in ultimate waste disposal studies are salt and silicate rock 

(Cheverton and Turner 1973; and Cohen, Lewis and Braun 1971). 

On the surface of separation thermal energy is liberated 

(solidification) and absorbed (melting), and the thermophysical 

properties of the material on either side of this separation line may 

40 



be different and change discontinuously. This heat transfer problem 

is non-linear, so that special solutions are required and cannot be 

superimposed. Because of this non-linearity, closed form or exact 

solutions have been obtained for only a very limited number of simpli

fied cases (Muehlbauer and Sunderland 1965). Unfortunately, none of 

these exact solutions correspond to the particular problem under 

study. Other analytical approaches, such as the heat integral tech

nique, have been applied to the heat transfer problem with phase 

change. However, these techniques not only fail to give an exact 

solution for even the transient, one-dimensional phase change problem, 

but also become extremely difficult, if not totally unmanageable, 

when temperature-dependent thermal properties or internal heat gen

eration are considered in the problem. Consequently, as generally 

accepted (Carslaw and Jaeger 1959; W. A. Shuker 1971; and Hardee and 

Sullivan 1974) the heat conduction problem with phase change is best 

handled by numerical methods. The systematic utilization of computer-

based numerical methods provides the distinct advantage that the 

thermal property variation with temperature, which is usually signif

icant in melting and solidification problems, can be treated adequate

ly. 

Therefore, the thermal aspects of the in-situ melting process 

were investigated in this study using the capabilities of an extreme

ly versatile general purpose heat conduction computer program, called 



TRUMP (Edwards 1972) (see Appendix E). This computer code permits 

the selection of a wide variety of initial and boundary conditions, 

time and temperature dependent property variations, and the treatment 

of phase change and molten interface motion. These capabilities are 

essential in performing a detailed thermal assessment of the in-situ 

melting process. The only major drawback associated with a computer-

based numerical solution approach to this problem is the large quan

tity of computer time that is required and the great amount of input 

and output data that are involved. However, these impediments can 

be brought within manageable limits by the judicious selection of 

the parameters varied during the study. The end results are in fact 

far more useful in describing the physical situation, than could be 

obtained using either exact solution models or the recent extensions 

of the heat integral technique for melting processes. 

To emphasize the phenomena of interest (i.e. time-dependent 

volumetric heat source, temperature-dependent thermophysical prop

erties, and molten "ball" growth and re-solidification) without 

destroying the applicability of the overall results, a spherically 

symmetric in-situ melting repository was investigated. With this 

spherical configuration internal heat transfer conditions, due to 

source term generation, are maximized; while surface heat losses 

by conduction away from the repository are minimized. In addition, 

because of rather pronounced uncertainties in rock thermophysical 



property data, a spherically symmetric, one-dimensional model, 

which included time-dependent afterheat data and the influence of 

phase change, was considered reasonable and adequate in performing 

an initial thermal assessment of the in-situ melting process (Cohen, 

Lewis and Braun 1971; Logan 1973; and Klett 1974). Two geologic 

media of current ultimate disposal interest, salt and silicate rock, 

are examined in the study. Representative thermophysical properties 

(Cohen, Lewis and Braun 1971; Edwards 1969; and Cheverton and Turner 

1973) are presented in Appendix F. These data are consistent with 

other rock thermal data. 

The geometry used in the in-situ melting model calculations 

shown in Fig. 13. The overall system involved one hundred concentri 

spherical shells each of one meter thickness. Each shell region was 

taken as a node with the innermost or central region being called 

Node 1. The outermost node (Node 100) was connected via appropriate 

boundary node data with a constant sink temperature of 100°C. The 

initial node temperatures for the system were also taken as 100°C. 

Several factors will affect the growth of the molten zone 

during in-situ melting. Conduction heat transfer away from the 

molten region through the "elastic/plastic" molten interface zone 

and into the surrounding rock environment controls the overall heat 

transfer process. Within the molten zone conduction heat transfer i 

complemented by convection and possible "internal cavity" radiation 
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Fig. 13 TRUMP Code Concentric Spherical Repository Model. 



heat transfer. Gravitational forces, internal mixing of the waste 

and rock materials, and density changes all contribute to defining 

the temperature profile in the molten region. Since the cavity 

represents a closed system, a major assumption made in this study was 

that these convective and radiative heat transfer effects within the 

melt could be simulated by using elevated values of the thermal 

conductivity for that particular region (Angelo and Post 1973). These 

elevated thermal conductivity values ranged from ten times the normal 

value at a particular temperature up to one hundred times the normal 

value. The assumption is based upon the results of contemporary 

geophysical research studies involving convection within magmas 

(Birch 1964; Kadik and Khitarov 1968; Kadik 1970; Foster 1969; and 

Ida 1970). Recent rock melting experiments (Klett 1974) have con

firmed this assumption. This approximation does not provide any 

insight to "washing" effects that could distort the spherical sym

metry. 

A series of preliminary thermal model calculations were made 

to determine which initial cavity radius would permit the storage of 

a reasonable amount of solidified waste without experiencing exces

sively high central region temperatures. Based upon the results of 

these calculations, an initial waste cavity radius of five meters 

was selected. The use of a much larger cavity radius (e.g. 10 or 20 

metres) resulted in severe central region temperature predictions by 
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the design-conservative conduction heat transfer model. The selection 

of much smaller cavity radii limited the amount of solidified waste 

per placement, and resulted in in-situ melting models which experi

enced very little molten region growth beyond the initial cavity 

boundaries. 

Based upon the afterheat values calculated in this study and 

upon the assumption that the high-level liquid wastes are typically 

solidified one year after spent fuel processing at a rate of 0.02832 

cubic meters (i.e. 1 cubic foot) per 8.64TJ exposure (Dillon, 

Perona and Blomeke 1971), the specific and total thermal load for 

three in-situ melting loading plans were calculated with the ACCUM 

code. The ACCUM code is a FORTRAN IV language code developed as part 

of this study (see Appendix B). In ACCUM, typical afterheat values 

are coupled with selected waste repository loading schemes to calcu

late the specific and the total thermal load in the repository as a 

function of storage time. 

In Case A, the first waste loading plan, freshly created 

solidified wastes are placed in the cavity in a single loading step. 

The repository is subsequently sealed and the in-situ melting process 

allowed to commence. For Case B, the freshly created solidified 

wastes are added to the cavity at one year intervals in ten equal 

amounts. Over this period external cooling is applied to prevent 

premature melting. When waste addition is terminated, the repository 
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is sealed and the in-situ melting process begins. Finally, for Case 

C, the freshly solidified high-level wastes are added in equal amounts 

for 25 years at one year intervals. Again, when waste addition ceases, 

the cavity is sealed, external cooling stopped, and the melting pro

cess begins. The specific thermal power levels for Cases A, B and 

C, as calculated by ACCUM, are shown in Fig. 14 through 16. In these 

figures the termination of waste addition is associated with the start 

of repository storage time (i.e. the time period from the initiation 

of in-situ melting). Case A is the thermally most severe loading 

plan, and also the waste loading option which most rapidly isolates 

the high-level wastes from the environment. It is used extensively in 

this study. 

For the thermal models in this study crushed rock was assumed 

to backfill the waste cavity. It was also assumed that the solidified 

wastes were made similar in overall chemical composition to the sur

rounding rock environment (Battelle Northwest Laboratory Staff 

1973), and chemical reactions were neglected in the thermal calcula

tions. However, the effect of latent heat during phase change was 

included in the calculations. 

A dispersed initial waste/rock matrix was postulated in which 

some 5.27 cubic meters of solidified waste material was uniformly 

distributed throughout some 527 cubic meters of crushed rock backfill. 

This model resulted in an average volumetric source strength of 
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3 
1549 W/m for typical fresh LMFBR wastes at the start of the ln-situ 

3 
melting calculations; 1088 W/m for typical LWR wastes; and 837.1 

3 W/m for typical HTGR wastes. The extensive afterheat calculations 

made as part of this study were then used to provide the highly 

structured time-dependent heat generation rates for the TRUMP code 

calculations. In addition, simulated fission product wastes with 
O 

initial average volumetric cource strengths of 4186 W/m (Case Alpha) 
q 

and 418.6 W/m (Case Beta) were used. Case Alpha and Case Beta heat 

generation rates involved pure exponential decay, characterized by 

a half-life of 30 years. As shown in Chapter 3, wastes with this 

half-life, bracket the typical LWR, HTGR and LMFBR thermal source 

terms and correspond to the decay of somewhat aged wastes which are 

dominated by the radioactive decay of two major fission products: 

90Sr and 137Cs. 

An estimate of the maximum amount of symmetric cavity growth 

that could occur for a given total decay heat input was obtained with 

an adiabatic limit model (see Appendix G). Using average thermo-

physical property data for salt and silicate rock, a simple energy 

balance was made, involving the addition of decay heat to the cavity 

and the change in energy storage of the cavity. Heat loss away from 

the growing molten region by conduction through the surrounding solid 

rock environment was neglected. This assumption results in an Adia

batic Spherical Melting process and hence the code name: ASM. This 



52 

rather simple adiabatic limit model nevertheless provides a meaningful 

indication of the maximum symmetrical molten region growth caused by 

a given heat input. The adiabatic limit calculations are compared 

to the maximum molten dimensions predicted by more sophisticated, one-

dimensional repository models later in this chapter. 

The major conditions and results of a typical series of in-

situ melting calculations are presented in Table VI. In this table 

the time at which the maximum molten radius was initially achieved 

and the total decay heat input up to that particular time are denoted 

as "time" and "heat input", respectively. Of particular interest is 

the motion of the molten/solid region interface. This calculated 

interface position for TRUMP code runs 1, 2 and 3 is plotted in 

Fig. 17 as a function of storage time. The effect of the latent heat 

on the in-situ melting process is demonstrated by the "flat" portion 

of the curve at maximum molten dimension. The effect of simulated 

convection within the melt manifests itself in a more rapid molten 

region growth period, a slightly larger maximum molten dimension, 

and a more rapid solidification period. It was also observed, 

however, that a factor of ten thermal conductivity enhancement pro

duced essentially the same temporal behavior of the molten/solid 

region interface as the factor of one hundred thermal conductivity 

enhancement. This indicates that ultimately conduction away from 

the molten region through the solid rock environment controls the 
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Table VI. In-Situ Melting Calculations 
Silicate Rock 

for LWR (Case A) Wastes in 

Molten Region 
Conducti vity Normal Enhanced 

(xlO) 
Enhanced 

(xlOO) 

Initial Cavity 
Radius: (Metres) 5 5 5 

Rock/Waste Ratio: 100 100 100 

Maximum Molten 
Radius: (Metres) 8 8 8 

Time: (years) 1.88 2.67 2.91 

Heat Input: (Joules) 2.88 E + 13 3.78 E + 13 4.01 E + 13 

Initial Average 
Source Strength: 
(W/m3) 1088 1088 1088 
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in-situ melting process. Internal cavity convection and radiation 

heat transfer contribute mainly to the determination of the actual 

temperature profile in the molten zone. Molten region temperatures 

will, in turn, determine the maximum initial thermal loads that can 

be placed in a particular cavity. 

Sample output data, corresponding to the in-situ melting 

model cases described in Table VI, are presented in Appendix H. 

These calculated values are representative of the vast quantity of 

computer output that was generated and analyzed in the conduct of 

this study. The other in-situ melting models investigated in this 

study are briefly highlighted in Tables VII through IX and are sum

marized in Appendix I. The significance of these thermal model 

calculations will now be discussed. 

The adiabatic model limit predictions are compared in Fig. 18 

with the maximum molten dimensions predicted by the more detailed 

in-situ melting models. The comparison clearly indicates that even 

in the most severe thermal loading condition considered here, a large 

portion of the heat generated by radioactive decay leaves the molten 

cavity region by conduction before and without contributing to phase 

change of the surrounding rock environment. This situation, a complex 

function of afterheat time-dependency and molten region thermal trans

port conditions, restrains the maximum molten dimensions ultimately 

experienced during the in-situ melting process. 



Table VII. Initial Volume-Averaged Thermal Source Strengths 

Source 

(W/m3) 

Type of Waste Run Numbers 

4185.5 Simulated Fission 
Product (Case Alpha) 

8, 9, 18, 19 

1548.6 LMFBR (Case A) 4, 5, 14, 15 

1088.2 LWR (Case A) 1 , 2 , 3 ,  1 2 ,  1 3  

837.1 HTGR (Case A) 6, 7, 12, 13 

418.6 Simulated Fission 
Product (Case Beta) 

10, 11, 20, 21 



Table VIII. Maximum Calculated Molten Radius for Silicate Rock 
In-Situ Melting 

Run Number Type of Waste Maximum Molten Radius 
(metres) 

1 LWR (Case A) 8.0 

2 It 9.0 

3 II 9.0 

4 LMFBR (Case A) 10.0 

5 II 10.0 

6 HTGR (Case A) 7.0 

7 M 7.5 

8 Simulated FP (Case Alpha) 29.0 

9 II II 30.0 

10 Simulated FP (Case Beta) 7.0 

11 II II 7.0 



Table IX. Maximum Calculated Molten Radius for Salt In-Situ Melting 

Run Number Type of Waste Maximum Molten Radius 
(metres) 

12 LWR (Case A) 10.0 

13 II 10.0 

14 LMFBR (Case A) 11.0 

15 It 12.0 

16 HTGR (Case A) 8.5 

17 II 9.0 

18 Simulated FP (Case Alpha) 33.5 

19 11 II 35.0 

20 Simulated FP (Case Beta) 8.0 

21 11 11 8.0 
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Based on the calculations made in this study the following 

comments can be made about the effect of waste afterheat on in-situ 

melting for a spherical repository. For the afterheat conditions 

specified, the typical LMFBR solidified wastes produced a slightly 

larger maximum molten radius than either typical LWR or HTGR wastes 

for both salt and silicate rock as the placement medium. In these 

calculations the average initial volumetric heat generation rates 

chosen (see Table VII) provided the energy necessary to achieve 

melting of the initial waste/rock cavity and a portion of the sur

rounding rock environment. Yet the initial conditions were such, 

due to the dispersed crushed rock matrix concept developed in this 

study, that the central region temperatures remained reasonable for 

both the pure conduction and simulated convection heat transfer 

models. In addition, the solid/molten region interface radius was 

observed to experience growth to a maximum molten dimension, and then 

retreat to a zero position upon cooling and total re-solidification. 

For identical initial source term conditions, almost identical 

maximum molten region dimensions were obtained for both the pure 

conduction and enhanced molten region conduction (i.e. simulated 

convection) thermal model runs. However, the times at which 

maximum molten conditions were achieved were much less for the en

hanced conductivity models than for the pure conduction model runs. 

The times required to achieve total re-solidification of the waste/ 

rock system were nearly identical for both thermal models. Finally, 



the enhanced conductivity runs involved much lower central region 

temperatures, a critical consideration in actual in-situ melting 

disposal operations. 

The typical LWR, LMFBR and HTGR waste afterheat data were 

bracketed by calculations in which in-situ melting was driven by 

simulated fission product wastes. Runs 8, 9, 18 and 19 corresponded 

to a 4186 W/m initial volumetric source strength for the waste/rock 

cavity, and were characterized by a 30 year half-life. This partic

ular source term produced very large molten regions, and was accom

panied by severe central region temperatures. From these calculated 

results done for both salt and silicate rock it appears that this 

initial source strength represents a reasonable, volume-averaged, 

upper limit for pilot in-situ melting experiments. Initial source 

strengths far in excess of this value may create undesirably high 

central region temperature conditions, even with a consideration of 

convection within the melt. 

On the other hand, initial volume-averaged source strengths 

of 418.6 W/m^, as examined in Runs 10, 11, 20 and 21, produced only 

a small amount of molten region growth beyond the initial cavity 

boundary. These runs were characterized by a very gradual molten 

region motion and moderate central region temperatures for both 

salt and silicate rock. 
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Finally, a volume-averaged simulated fission product source 

3 
strength of 41.86 W/m was observed to produce no melting in either 

the initial cavity or the surrounding salt or silicate rock environ

ment. This last thermal source strength, therefore, represents a 

basic lower limit for any experimental in-situ melting 

disposal process. 

The influence of the initial thermal source strength and the 

molten region thermal model on the maximum molten dimension is ex

amined in detail for the storage of LWR (Case A) wastes in silicate 

rock (see Appendix I). The calculational results are consistent with 

the overall observations of this study, and indicate that under the 

conditions specified melting will not occur for a five meter radius 

spherical waste cavity, if the initial volume-averaged thermal source 

3 
strength is less than 209.3 W/m . 

For the same afterheat values and initial cavity dimension, 

in-situ melting in salt produced larger maximum molten region dimen

sions than did placement in silicate rock. This can be attributed 

to the differences in the thermophysical properties of the two media. 

The effect of the storage environment on the maximum molten dimension 

appears in Tables VIII and IX and in Appendix I. 

An examination of the motion of the interface versus time 

(see Appendix I) reveals another interesting feature of the in-situ 

melting problem. At maximum molten radius condition several of the 



runs exhibit distinctly "flat regions", which reflect the effect of 

the molten region latent heat on in-situ melting dynamics. This 

phenomenon has also been observed in recent calculations (Kadik and 

Khitarov 1968) involving deep geologic heat transport, as is shown 

in Fig. 19. In this figure the molten sphere was assumed to have a 

one kilometer diameter and an initial contact temperature of K (100°C) 

(Curve a); K (300°C) (Curve b); and K (500°C) (Curve c). The inset 

illustrates the effect of molten region latent heat on the time-

temperature curve during cooling. 

A major assumption developed in this study (Angelo and Post 

1973) was that molten region convection could be adequately treated 

by using an effective, enhanced value of the molten region thermal 

conductivity. This assumption was also incorporated in a subsequent 

in-situ melting modeling study and then validated in an actual in-

situ melting experiment (Klett 1974). The predicted and experi

mental temperature profiles associated with the Sandia Laboratories 

in-situ melting experiment are shown in Fig. 20 (Klett 1974). 

The temperature distributions corresponding to the in-situ 

melting models in Runs 1, 2 and 3 of this study are plotted in 

Fig. 21 for a storage time of three years. The thermal model examined 

in Run 1 represented the pure conduction heat transfer condition and 

exhibited the severe central region temperatures that frequently 

accompany this heat transfer model during in-situ melting. The 
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thermal model examined in Run 2 simulated viscous molten region 

convection heat transfer by using an enhanced (factor of ten) value 

for molten region conductivity. Finally, the thermal model examined 

in Run 3 closely approximated an isothermal molten region, which 

represents an essentially perfect convection heat transfer condition 

(Cohen, Lewis and Braun 1971). Comparison of recent experimental 

data (as shown in Fig. 20 with the temperature profiles calculated in 

this study (as shown in Fig. 21) indicates that the viscous molten 

region thermal model, i.e. Run 2 for example, most closely approxi

mates the experimentally observed molten region temperature profile. 

The pure conduction molten region model appears to be too severe; 

while the perfect convection molten region model appears to be too 

optimistic an approximation of the in-situ melting process. 

Additional insight, concerning the various molten region 

thermal models examined in this study can be obtained from Fig. 22 

in which the central region temperature is plotted as a function of 

storage time for Runs 1, 2 and 3. Run 1 again represents the pure 

conduction model and corresponds to the most severe thermal condi

tion. The effect of simulated molten region convection in both Run 2 

and 3 was to lower the central region temperatures and to slightly 

enhance the maximum molten radius. Similar results were obtained for 

the other runs examined in this study. The primary effect of 

convective heat transport within the molten region was to create a 
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more benign central region temperature environment. The actual 

molten region dimensions predicted were at most only slightly 

increased by the presence of convective heat transfer in the melt. 



CHAPTER 5 

WASTE ISOLATION REQUIREMENTS 

It is now apparent to those both inside and outside of the 

nuclear power industry that the high-level radioactive wastes from 

spent fuel processing represent not only an extremely hazardous 

material for the first centuries of decay, but that certain long-

lived radionuclides, especially the actinides, represent a potential 

hazard for up to a million years. The extremely long duration of 

this hazardous condition has forced waste management planners to 

contemplate controlled isolation of these wastes from the biosphere 

for periods that actually exceed man's own imagination. The devel

opment and successful "demonstration" of an acceptable ultimate 

waste disposal technique has, up to now, been prevented by the im

position of isolation criteria which involve hundreds of thousands 

to perhaps millions of years. These time periods extend far beyond 

current capabilities in predictive geology or engineering relia

bility analyses. 

One way to mitigate this problem is to re-examine the 

"million year" or so isolation criterion that is now being imposed 

upon high-level waste management schemes, and to develop a more 

realistic waste isolation requirement-- one that is not only in

tuitively acceptable but also compatible, to some degree, with an 

70 



analytical and experimental verification during the 20th Century. 

For the various types of geologic disposal now being considered, 

including in-situ melting, one such isolation criterion involves a 

comparison with the radiological toxicity hazard inherent in 

naturally occurring uranium ores. The realistic isolation crite

rion is then based upon the time required for the high-level wastes 

to reach and fall below the naturally occurring radioactive mate

rial hazard index levels. 

In this study the hazard index (HI) is defined as the volume 

of water required to dilute a unit quantity of radionuclide mixture 

to the maximum permissible concentration for unrestricted use of 

the water, as defined in the Code of Federal Regulations, 10CFR, 

Part 20 (Bond and Leuze 1975). The use of this hazard index makes 

possible such comparisons, so long as it is recognized that it 

provides only an approximate comparison of radiological risks. For 

example, it does not allow for the accumulation or reconcentration of 

a nuclide in environmental media, or for the total impact of a number 

of nuclides. Despite these limitations, the hazard index is very 

useful in developing a realistic isolation criterion with which to 

evaluate a geological disposal concept. 

The specific hazard index for typical high level wastes from 

a 1000 MWe reference-design LWR (see Appendix A) is presented as a 

function of decay time in Fig. 23 and Table X. The specific hazard 
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Table X. Specific Hazard Index for Typical LWR Wastes* 

(Burnup = 2.9 TJ/kg) 

Waste ~ 
Decay Time m of Water/Mg 

(y) 

1 3.03 E + 11 

25 1.41 E + 11 

50 7.64 E + 10 

100 2.24 E +'  10 

300 2.15 E + 08 

500 3.94 E + 07 

1000 2.02 E + 07 

5000 5.11 E + 06 

10000 3.76 E + 06 

50000 1.41 E + 06 

•Processing at 1 year after discharge; 99.5% of U and Pu recovered. 



index is simply the volume of water required to dilute the wastes 

to levels which permit unrestricted use of the water, and the basis 

is megagrams of heavy metal initially charged to the reactor 

(i.e., m of water at RCG/T). These values were calculated in this 

study with the 0RI6EN code (Bell 1973) and a more extensive list of 

values appears in Appendix J. The relative contribution of the 

fission product, actinide and cladding nuclides to the total hazard 

index is described in Table XI. These calculated values indicate 

that for the first three centuries of decay the fission product 

nuclides dominate the hazard index, and are then replaced by the 

actinide nuclides, such as curium, americium, neptunium, and resid

ual uranium and plutonium. The long-term hazard associated with 

individual actinide nuclides is also presented in Appendix J. How

ever, it is significant to note here that beyond the first few 

centuries of decay, the specific hazard index is essentially dom

inated by one actinide, americium, for some ten thousand years. Beyond 

that period other actinides, such as neptunium and residual plutonium, 

and decay daughter products such as thorium, radon and even lead, 

begin to influence the hazard index. It can also be observed in these 

calculations that the radioactive cladding material nuclides exert 

minimal influence on the overall hazard index throughout the decay 

period studied. 



Table XI. Relative Contribution to Hazard Index 

Typical LWR Wastes (Burnup = 2.9 TJ/kg) 

% Hazard Index 

Waste Cladding Fission Actinide 
Decay Time (y) Nuclides Products Nuclides 

1 0. 06 99. 78 0 .16 

25 0. 02 99. 84 0 .14 

50 0. 02 99. 82 0 .16 

100 0. 04 99. 61 0 .35 

300 0. 91 75. 54 23 .55 

500 1. 10 3. 35 95 .55 

1000 0. 05 0. 41 99 .54 

5000 0. 01 1. 59 98 .40 

10000 0. 01 2. 13 97 

VO CO 

50000 0. 03 5. 06 94 .91 
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The pitchblende mineral, which is found primarily in Canada 

and South Africa, may be taken to represent the upper limit of 

radiological toxicity of naturally occurring minerals on the basis 

of hazard index values. The volume of water needed to dilute one 

gram of natural uranium in equilibrium with its daughters to 10CFR20 
O 

values is 15.1 m (Bond and Leuze 1975). The density of pitchblende 

3 
minerals varies from about 6000 to 9000 kg/m , and the uranium con-

3 
tent may vary from about 40% to 70%. A density value of 9000 kg/m 

and a uranium content value of 50% are selected to establish an upper 

limit of toxicity for pitchblende. The hazard index for one cubic 

8 3 metre of high-grade (70% U) pitchblende is then 1 x 10 m of water 

(Bond and Leuze 1975). Because of uncertainties regarding mineral 

property values, only one significant figure is used for this par

ticular calculated hazard index value. 

Similarly, carnotite ore, as found in deposits on the 

Colorado Plateau of the Western United States, can be taken as 

representative of considerably lower-content uranium ores of fairly 

3 widespread occurrence. For a density value of 3000 kg/m and a 

uranium content of 0.2%, the hazard index associated with one cubic 

5 3 
metre of this typical uranium ore is 1 x 10 in of water (Bond and 

Leuze 1975). 



The hazard index associated with typical high-level LWR wastes 
q 

which have been solidified at a rate of 0.02832 m (i.e. one cubic 

foot) per 864TJ exposure (see Chapter 4 and Appendix J) is compared 

to the hazard index of pitchblende and carnotite as a function of 

decay time in Fig. 24 and Table XII. Included in this comparison 

are the hazard index of the solidified high-level LWR wastes as would 

be experienced in typical, non-melting geologic storage, and the high-

level waste hazard index resulting from in-situ melting. As shown in 

Fig. 24 and Table XII the high-level waste hazard index for non-

melting geologic disposal is extensively reduced by the in-situ 

melting concept developed in this study. Two in-situ melting situa

tions are used to establish meaningful bounds for this hazard index 

comparison. In the first, or "more hazardous" in-situ melting situa-

3 tion, it is assumed that 5.27 m of solidified high-level wastes are 

3 uniformly dispersed over an initial cavity volume of 527 m in a 

crushed rock backfill matrix. As the in-situ melting process occurs, 

it is further assumed that the high-level wastes mix only with the 

rock in the original cavity, so that upon re-solidification the high-

level wastes are uniformly dispersed over the original cavity volume. 

This situation corresponds to a dilution of the solidified high-level 

wastes by a factor of 100 in the re-solidified rock/waste matrix. 
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Table XII. Comparative Hazard Index for Typical LWR Wastes 

Comparative Hazard Index 
3 3 

(m of Water/m of Wastes or Ore) 

In-Situ Melting Storage 
Waste 

Decay Time (y) Geologic Storage 5m Melt Radius 15.5m Melt Radius 

100 

o
 

>3
-

CM E + 11 2.40 E + 09 8.13 E + 07 

200 2.10 E + 10 2.10 E + 08 7.11 E + 06 

300 2.30 E + 09 2.30 E + 07 7.80 E + 05 

400 6.24 E + 08 6.24 E + 06 2.12 E + 05 

500 4.22 E + 08 4.22 E + 06 1.43 E + 05 

1000 2.16 E + 08 2.16 E + 06 7.33 E + 04 

5000 5.47 E + 07 5.47 E + 05 1.85 E + 04 

10000 4.02 E + 07 4.02 E + 05 1.36 E + 04 

50000 1.51 E + 07 1.51 E + 05 5.11 E + 03 



In the second, or "less hazardous" in-situ melting situation, 

3 
after 5.27 m of high-level wastes are dispersed over an initial cavity 

volume of 527m, the in-situ melting process proceeds beyond the origi

nal cavity boundaries to perhaps a maximum molten radius of 15.5m 

(see Chapter 4 and Appendices H and I). In this case, it is assumed 

that the original high-level wastes have been uniformly dispersed 

over the entire molten region, such that upon resolidification these 

3 wastes are now distributed over some 15600 m of rock. This situation 

corresponds to an effective volumetric dilution of the original high-

level wastes by a factor of 2950. 

Although the exact degree of mixing of the wastes and the 

molten rock is a complex thermophysical transport problem best 

studied and verified by experiment, the two in-situ melting situa

tions just described establish useful upper ("5m Radius Molten 

Zone Mixing") and lower ("15.5m Radius Molten Zone Mixing") hazard 

indices for the in-situ melting process. These indices are then 

compared to non-melting geologic storage and natural uranium ore 

bodies in Fig. 24 and Table XII. Of particular interest is the 

fact that, at worst, the in-situ melting disposal hazard index falls 

below the hazard index of high-grade pitchblende in about 250 years, 

versus some 2000 years for non-melting geologic storage; at best, the 

in-situ melting hazard index, as calculated here, falls below the 



hazard index of high-grade pitchblende at 100 years decay, and falls 

below the hazard index of even typical uranium ore (0.2%U) in 800 

years decay. This latter condition is not achieved by non-melting 

geologic disposal schemes in millions of years, if ever. 

Partitioning of the actinide nuclides (Bocola et al. 1976; 

Verkerk 1976; and Bond and Leuze 1975) has frequently been suggested 

as a way to treat the long-term waste disposal hazard. The actinide 

nuclides would be separated from the fission products, and then these 

long-lived alpha emitters would be subjected to nuclear transmutation 

processes in ordinary or special-design nuclear reactors. However, 

this would also eventually make the nuclear fuel cycle more intricate, 

and the requirement for repeated recycling (Claiborne 1975) could 

raise additional hazards, with the time for complete burnup requiring 

thousands of years (Pigford 1976). Although it is not the objective or 

intent of this study to address the merits, or lack of merits, of par

titioning, the effect of selected actinide removal on the hazard index 

for both non-melting geologic disposal and in-situ melting disposal was 

examined (see Appendix J). The most interesting and significant case 

of selected actinide removal is described in Fig. 25. Here the 

typical LWR high-level wastes, previously considered, were also 

assumed to have all of the americium removed at waste generation. 

As a result of removing just the americium from the high-level wastes, 

the time required for the hazard index of. non-melting geologic storage 

to fall below the hazard index of high-grade pitchblende was reduced 
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from some 2000y to about 450y. On the other hand, amercium separation 

did not significantly effect the temporal behavior of the in-situ 

melting hazard index, as previously exhibited in Fig. 24. Removal of 

the americium did, however, allow the "5m radius molten zone mixing" 

case to more rapidly approach the hazard level for typical uranium 

ore as an asymptotic limit, and did allow the "15.5m radius molten 

zone mixing" case to fall below the typical uranium ore hazard index 

in less than 400y versus 800y. Removal of americium, curium and 

neptunium from the wastes was also considered (see Appendix J) and 

this produced results very similar to those shown in Fig. 25. 

Consequently, removal of selected actinide nuclides from the high-

level wastes is not strictly necessary to take advantage of the rela

tively short isolation criteria established by in-situ melting. But 

it can be used, if desired, to further minimize the isolation time 

required until the high-level waste hazard index approaches and falls 

below the hazard index associated with typical 0.2% uranium ore. 

The viability and credibility of ultimate disposal by means of 

deep geologic storage has been given dramatic "experimental" support 

by the recent discovery of 0KL0-- a natural fission reactor (Cowan 

1976). In 1972 French Atomic Energy Commission scientists announced 

the discovery of a "fossil" fission reactor in the Oklo mine, which 

is a rich uranium ore deposit located in Southeast Gabon, West Africa. 
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The evidence, both quantitative and redundant, supporting the concept 

of a natural fission reactor is convincing. The age of the reactor 

g 
is estimated at 1.8 x 10 yrs. To date, six separate reactor zones 

have been identified. These zones are remarkable in both their un

disturbed geometries and in their retention of the fission reaction 

by-products, a consequence of major significance to the ultimate 

storage of radioactive wastes in geologic formations. 

About 473 pentajoules of fission energy was produced in 

this "fossil" fission reactor over a period of several hundred thou

sand years operation. This corresponds to the operation of a modern 

1500 MWe nuclear power reactor for three years and to the fissioning 

of some 6000 Kg of uranium. Current investigations indicate that 

only about 67 percent of the total number of fissions occurred 

215 
in the originally present U nuclei. Most of the remainder of 

235 the fissions occurred in "bred" U, which was created by the neutron 

238 239 
transmutation of U into Pu and its subsequent alpha decay into 
OOC 

U. A few percent of the fissions also occurred by fast fission 

238 239 in U and another few percent occurred in the transmuted Pu, 

235 
before it decayed to U. The fact that there were so few fission 

239 
reactions in Pu indicates that the processes at Oklo occurred 

over hundreds of thousands of years (i.e. over time periods much 

longer than the 24,400 y half-life of Pu). Furthermore, 

current studies on the distribution of isotopes indicate that the 



p o g  
Pu created in Oklo had remained completely fixed for times 

comparable to its halflife. 

Detailed examinations concerning the dispersion of Oklo's 

fission reaction by-products are continuing. Scientists are also 

searching for other natural reactors in rich uranium ore deposits 

around the world. Geophysical and geochemical stability and fission 

by-product containment information, obtained from Oklo and other 

natural reactors (if discovered), provide particularly valuable 

"experimental" data relevant to the geologic disposal of radioactive 

wastes. It can be anticipated that the natural fission reactors 

will reveal under what specific geologic conditions such fission by

product nuclides, including plutonium, will remain fixed indefinitely 



CHAPTER 6 

RESULTS AND CONCLUSIONS 

This study involved a systematic assessment of the in-situ 

melting concept as an ultimate waste disposal technique. An in-

situ melting concept for solidified high-level wastes was developed, 

which not only overcame the major deficiencies or limitations found 

in other in-situ melting schemes, but also satisfied reasonable 

criteria for ultimate disposal. How these ultimate disposal cri

teria for ultimate disposal. How these ultimate disposal criteria 

were satisfied is summarized in Table XIII. Based upon the findings 

of this study, it is concluded that the major advantage of in-situ 

melting over other forms of geologic disposal, is that the in-situ 

melting technique advantageously uses the heat of waste decay to 

create a molten waste/rock zone, in which (upon re-solidification) 

the high-level wastes are trapped and diluted in a large volume of 

rock deep underground. As observed in this study, dispersion of the 

high-level wastes in the waste/rock matrix significantly reduces 

the isolation time requirement. This is of major importance, since 

contemporary waste management planning has been concerned with the 

total isolation of the high-level wastes for hundreds of thousands 

of years. With the in-situ melting concept developed here, the 

waste isolation requirements are reduced to several hundred years, at 
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Table XIII. Summary Matrix 

1. Isolation 
(Remote and 
permanent) 

Storage deep underground in stable geologic region. 
Rapid incorporation of wastes in rock/waste matrix (1-10 years). 
Radiotoxicity hazard index approaches that of natural uranium ores 

in several hundred years. 

2. Maintenance and 
Tamper Free 
Storage 

Re-Solidified waste/rock matrix several kilometers below surface. 
Needs no active monitoring or control. 
Exerts no influence on the local geology. 
Would require an advanced technology to penetrate into waste/rock 

zone. 

3. Minimize Hazardous 
Implementation 

Uses available technology. 
Supports rapid isolation of wastes from biosphere. 
Can accept fresh or aged solidified wastes. 
Can support dispersed or centralized ultimate waste repositories. 
Predictable and to some extent controllable. 

4. Retrievability 
(optional) 

General location of waste/rock matrix known. 
Wastes can be retrieved via advanced earth-penetration technology. 



which time the hazard index associated with the re-solidified 

waste/rock matrix falls below the hazard index of naturally occurring 

uranium ore bodies. Furthermore, the waste isolation requirement 

for in-situ melting is compatible with the time periods for which 

engineering reliability studies, thermophysical transport phenomena 

analyses, and predictive geology investigations have meaning and 

significance. 

The detailed spent fuel and processing waste afterheat values, 

necessary to support a systematic assessment of in-situ melting, were 

calculated in this study for contemporary and advanced-design fission 

reactor systems. These calculated values not only satisfied a major 

requirement of this study, but have also made extensive contributions 

to the contemporary waste management literature (see Appendix K). 

The in-situ melting process, itself, was studied using a 

computer-based, transient heat transfer analysis. The spatial and 

temporal behavior of a spherically symmetric waste repository experi

encing in-situ melting in an equal density, homogeneous medium was 

examined in detail. Time-dependent thermal source strength terms, 

temperature-dependent thermophysical property data, the effects of 

phase change, and the influence of molten region heat transport 

phenomena were included in the in-situ melting models. The calcula

tions indicated that the in-situ melting process is primarily con

trolled by the overall volumetric thermal source strength, the 



time-dependent characteristics of the high-level wastes, and the 

thermophysical properties of the surrounding rock environment. In 

addition, this study observed that neither the molten zone heat trans

port condition (i.e. conductive versus convective) nor the type of 

fission reactor wastes being stored significantly affected the over

all in-situ melting process. Basic modeling assumptions developed 

in this study have been verified by recent in-situ melting experi

ment data. 

In conclusion, in-situ melting represents a viable ultimate 

high-level waste disposal alternative, which can be implemented with 

contemporary technology. As with any new concept there are certain 

technical questions and data unknowns which must be explored, prior 

to full-scale engineering development and operational exploitation. 

Several of the more significant of these technical questions are 

presented in Table XIV. Examination of and response to these ques

tions represents a fertile area for future research and development 

activities. 

Cavity migration, or the "inverse-China syndrome", is the 

usual objection raised against the in-situ melting concept. It is, 

however, a non-problem! This conclusion is supported not only by the 

adiabatic melting limit calculations performed in this study (see 

Appendix G), but also by another contemporary investigation, which 

addressed the possibility of in-situ melting cavity migration 



Table XIV. Technical Questions and Problems Concerning In-Situ 
Melting Disposal 

1. High-Temperature Thermophysical Properties of Rock Materials 
and Candidate Geologic Sites. 

2. High-Temperature Chemical and Mechanical Behavior of Rock 
Materials. 

3. Actual Shape and Migration Pattern of the Molten Region. 

4. Convective Heat Transport Processes Within the Molten 
Waste/Rock Region. 

5. Diffusion, Stratification, Mixing and Chemical Reaction 
Processes of the Waste/Rock Mixture. 

6. The Integrity, Erosion-Resistance and Solubility of the 
Re-Solidified Waste/Rock Matrix. 



(Cohen, Braun, Schwartz and Tewes 1974). A specific physical 

mechanism which would support possible molten region migration can

not be readily identified. However, even assuming that such a 

migration mechanism exists, the translational (i.e. upward) move

ment that would be associated with a non-spherical growth of the 

molten zone is, in fact, very limited and self-regulating. As 

apparent in the adiabatic limit calculations, the large heat capac

ity of the surrounding rock environment, severely limits the total 

extent of the molten zone for a given amount of decay heat, even 

when conductive losses are ignored. If preferential, non-spherical 

growth is assumed, the associated increase in molten zone surface 

area further increases conduction losses, thereby limiting the ulti

mate size of the molten zone. Therefore, even if directional molten 

zone growth were to occur, the increased conduction heat transfer 

losses associated with such migratory movement would actually pre

clude the possibility of migration over any significant distance. 

The behavior of magmatic intrusions (Kadik and Khitarov 1968; Kadik 

1970) and a review of recent in-situ melting experiment data (Klett 

1975) support this conclusion. 

However, there exists a potential problem area associated 

with the in-situ melting process, which up to now has been ignored by 

investigators. This problem area involves very high central cavity 

temperatures which could result in rock vaporization and excessive 



stresses in the surrounding rock environment. This condition is 

avoided by the in-situ melting concept developed in this study. 

Placement of the high-level solidified wastes in an initial crushed 

rock matrix supports early mixing of the wastes and rock, and pre

vents the formation of excessively high central region temperatures. 

Thus, in-situ melting, as developed here, represents an 

attractive high-level waste disposal alternative which should be 

committed to engineering development and demonstration. 



APPENDIX A 

REFERENCE REACTOR DESIGN PARAMETERS 

Three representative advanced-design fission reactors were 

considered in this study. Pertinent design data and nuclear reactor 

plant characteristics for the 1000 MWe reference-design pressurized 

water reactor are shown in Table XV. Similar data for a 1000 MWe 

reference-design liquid metal fast breeder reactor are presented in 

Table XVI and for a 1160 MWe reference-design high temperature gas-

cooled reactor in Table XVII. 

Table XV. Characteristics of Reference-Design PWR. 

Fuel Form: Oxide Pellets 

Power: 3083 MW (thermal) 

Thermal Efficiency: 35.4% 

Core: 

Average Specific Power: 34.8 KW/kg 

Burnup: 2.9 TJ/kg 

Charge (U): 88.6 Mg 

Enrichment (^5U): 3.3% 

Refueling Interval 365 full power days (approx.) 

Refueling Fraction 1/3 
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Table XVI. Characteristics of Reference-Design LMFBR 

Fuel Form: 

Power: 

Thermal Efficiency: 

Core: 

Average Specific Power 
Burnup: 
Charge (U + Pu): 

Enrichment (^Pu): 
Refueling Interval: 
Refueling Fraction: 

Axial Blanket: 

Average Specific Power: 
Burnup: 
Charge (U): ?,r 
Enrichment ( U): 
Refueling Interval: 
Refueling Fraction: 

Radial Blanket: 

Average Specific Power 
Burnup: 
Charge (U): 
Enrichment ( U): 
Refueling Interval: 
Refueling Fraction: 

Oxide Pellets 

2500 MW (thermal) 

40% 

175 KW/kg 
6.91 TJ/kg 
12.6 Mg 

15.6% 
153 full power days 
1/3 

5.5 KW/kg 
0.22 TJ/kg 
7.32 Mg 
0.3% 
153 full power days 
1/3 

10 KW/kg 
0.70 TJ/kg 
26.7 Mg 
1.96% 
153 full power days 
3/16 (approx.) 



Table XVII- Characteristics of Reference-Design HTGR 

Fuel Form: Coated Particles in cylindrical pitch-
bonded fuel rods structurally maintained 
by hexagonal graphite blocks. 

Power: 3000 MW (thermal) 

Thermal Efficiency: 39% 

Fuel Material: Th/^U (93% enrich. )/^U (recycle) 

Average Power Density: 8.4 MW/m3 

Average Fuel Burnup: 8.15 TJ/kg 

Refueling Cycle: 1 year (at 80% capacity factor) 

Refueling Fraction: 1/4 



APPENDIX B 

THE RADEC CODE 

A number of FORTRAN IV language computer codes were developed 

during this study to process nuclide inventory data, to compute after-

heat data, to perform percent contribution calculations, to determine 

thermal significance ratios, and to evaluate waste repository total 

and specific thermal loading. The major codes in the RADEC code 

group are: GRAM, ZAP, MAXZAP, ZONK, HADES and ACCUM. These programs 

can be used either in conjunction with other computer codes such as 

ORIGEN (Bell 1973) and TRUMP (Edwards 1972), or independently to 

produce data for special studies (Angelo and Post 1974a and 1974b). 

Each program is described briefly here. More extensive details 

concerning these codes, including program listings and sample input 

and output data, are available in a series of Engineering Experiment 

Station Documents being published by the College of Engineering of The 

University of Arizona. 

The GRAM code utilizes nuclide population data from any major 

reactor burnup code as its input, and provides a variety of normalized 

output data printed in tabulated format, suitable for publication. 

These output data are also in the form of punched cards or magnetic 
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tape, which are suitable for use with standard plotting routines. 

These data form the basis of many afterheat and radioactivity inven

tory investigations, concerning spent fuel and waste populations. 

The ZAP code is a utility code which takes nuclide inventory 

data computed as a function of decay time by the HADES code and 

processes these data to provide nuclide heat generation rate data for 

thermally significant fission product and actinide nuclides in spent 

reactor fuel and processing wastes. ZAP code generated afterheat data 

then serves as input to the MAXZAP code, which performs thermal 

significance computations involving fission product and actinide 

nuclides taken collectively and also individually (see Fig. 26). 

Typical data resulting from a ZAP and MAXZAP run are presented in 

Table XVIII (Angelo, Post, Haskin and Lewis 1973). 

The ZONK code is a utility code which is similar to the ZAP 

and MAXZAP codes. ZONK utilizes output from the ORIGEN code to 

compute total afterheats and individual nuclide thermal significance 

as a function of decay time. The output from the ZONK code has been 

used separately in special studies (Angelo, Post and Haskin 1973b), 

and also as input to the ACCUM code in support of waste repository 

thermal loading studies (see Fig. 27). 

The HADES code is an extremely versatile program with which 

the nuclides in various radioactive decay chains are computed as a 

function of decay time for either an irradiation or non-irradiation 

environment. HADES uses a fourth order variable step size Runge Kutta 
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Table XVIII. ZAP and MAXZAP Data for Typical LWR High-Level Wastes 

Cooling Heat Generation Rate Fractional Contribution 
Time 

(years) (W/T) (W/MWd) Fission Product Actinide 

1 1.03 E + 04 3.11 E - 01 96.92 3.08 

2 5.53 E + 03 1.68 E - 01 97.49 2.51 

3 3.49 E + 03 1.06 E - 01 97.16 2.84 

4 2.47 E + 03 7.47 E - 02 96.42 3.58 

5 1.91 E + 03 5.80 E - 02 95.62 4.38 

10 1.10 E + 03 3.34 E - 02 93.59 6.41 

15 8.99 E + 02 2.72 E - 02 93.33 6.67 

20 7.79 E + 02 2.36 E - 02 93.43 6.57 
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algorithm to solve up to 50 simultaneous first order differential 

equations. The HADES output provides both a printed listing and a 

punched card deck, containing each state variable X(J) versus the 

independent variable T. HADES is a FORTRAN IV language, double 

precision program in which up to 100 values of T are permitted per 

run. A double precision number is a real number which may, but not 

necessarily, have up to 16 significant digits. The HADES code has 

been optimized for a study of radioactive decay chain dynamics. As 

such, the state variable X(J) becomes the appropriate nuclide popu

lation designator (i.e. atoms per 100 atoms fissioned, grams per 

metric tonne of fuel, etc.). The independent variable T becomes 

the decay time. The values of the time step are determined by the 

values of the decay constants (i.e. second"^, minutes"^, hours \ 

days \ etc.) selected in setting up the problem. Double precision 

computations insure extremely precise numerical results. 

The ACCUM code is a FORTRAN IV language program that was 

developed to evaluate the total and specific thermal load in a high-

level waste repository as a function of storage time. ACCUM code 

output is both a printed listing and a series of plots, which provide 

a time-varying assessment of the total thermal load and the specific 

thermal load in a storage facility for up to 1000 years storage time. 

Typical ACCUM graphical and tabular output appear in Fig. 28 and in 

Table XIX. These data represent LWR solidified wastes, experiencing a 
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Table XIX. ACCUM Output for Typical LWR Wastes (Case A Storage) 

Waste Decay Heat Generation Rate 
T i me 

(years) (W/CUFT) (W/CC) (CAL/CC-S) 

1 3.110 E + 03 1.098 E - 01 2.623 E - 02 

5 5.800 E + 02 2.048 E - 02 4.892 E - 03 

10 3.338 E + 02 1.179 E - 02 2.815 E - 03 

15 2.723 E + 02 9.615 E - 03 2.296 E - 03 

25 2.074 E + 02 7.325 E - 03 1.749 E - 03 

50 1.119 E + 02 3.953 E - 03 9.442 E - 04 

100 3.465 E + 01 1.224 E - 03 2.922 E - 04 

1000 6.457 E - 01 2.280 E - 05 5.446 E - 06 



Case A storage scenario (as described in Chapter 4), and assume < 

cubic foot of solidified waste per 864 TJ burnup (Dillon, Perona 

and Blomeke 1971). 



APPENDIX C 

THE ORIGEN CODE 

The ORIGEN isotope generation and depletion code was 

developed at the Oak Ridge National Laboratory (Bell 1973). It is 

an extremely versatile point depletion code, which is capable of 

solving the equations of radioactive growth and decay for large 

numbers of isotopes with arbitrary coupling. A general expression 

for the formation and disappearance of a nuclide by nuclear trans

mutation or radioactive decay can be written as follows: 

dN/dt = y A X + <f>f a Y - (\ + 4> o) N (C.l) 
x y 

where N = the atom density of nuclide N 

X = the atom density of nuclide X 

Y = the atom density of nuclide Y 

y = the fraction of radioactive disintegrations by nuclide X, 
leading to the formation of nuclide N 

f = the fraction of neutron absorptions by nuclide Y, 
resulting in the formation of nuclide N 

X = decay constant for nuclide N 

Xx= decay constant for nuclide X 

a = spectrum-averaged neutron absorption cross section for 
nuclide N 

0 = spectrum-averaged neutron absorption cross section for 
y nuclide Y 
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and i = the position- and energy-averaged neutron flux, assumed to 
be constant over short time intervals. 

Typical nuclide chain population dynamics, involving decay 

and nuclear transmutation, are depicted in Fig. 29. The ORIGEN code 

solves a system of such nuclide chain equations, using the matrix 

exponential method (Bell 1973). There are two principal difficulties 

encountered when using the matrix exponential method to solve a large 

system of chain equations: First, the large amount of computer 

memory required to store the transition matrix and the matrix expo

nential function; second, the computational problems encountered in 

applying the matrix exponential method to a "stiff" system of 

equations, i.e. a system in which the eigenvalues of the character

istic equation for the system are widely separated. These problems 

have been successfully overcome and avoided in the ORIGEN code 

(Bell 1973), making it one of the more versatile and useful point 

depletion codes available today. 
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APPENDIX D 

CALCULATED AFTERHEAT VALUES 

The contributions from the various isotopes in spent PWR and 

HTGR fuels to the total heat generation rate were discussed briefly 

in Chapter 3, and are now described more fully as a function of 

cooling time following reactor discharge (see Tables XX and XXI). 

The convenient basis of comparison is simply the relative contribu

tion, expressed as percent, for each isotope or closely coupled 

isotopic decay chain to the total afterheat. 

The total calculated heat generation rates for spent PWR and 

HTGR fuels are compared in Fig. 30 for the first year of cooling. 

The major differences in the nuclear chemistry of the PWR and HTGR 

fuel cycles, the 232Th-233U in the HTGR and the 238U-239Pu for the 

PWR, lead to significant differences in chemical composition of the 

radionuclides that survive over long periods of time in the two 

reactor systems. The fission-produced isotopes, starting with 

95Zr (see Fig. 31) and ^°Ba (see Fig. 32), have approximately the 

same contribution to the afterheat for both reactor systems. However, 

as shown in Fig. 33, the radionuclides "^Ru/^Rh have a much 

greater contribution in spent PWR fuel than in spent HTGR fuel. 

On the other hand, Fig. 34 and Fig. 35 show that the radionuclides 

^3^Cs and ^Ce/^Pr have a greater contribution in the HTGR spent 
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Table XX. Thermally Siqnific'ant Isotopes in PWR Spent Fuel (Contribution to 
heat generation, %). 

Isotopes 10 30 60 

Time After Discharge (day) 

90 120 150 270 365 1096 3650 

140Ba/140La 

144Ce/144Pr 

106Ru/106Rh 

103Ru/103Rh 
91 y  

134 
Cs 

89 
Sr 

141 

239 

242 

Ce 

Np 

Cm 

147Nd/147Pm 

137Cs/137mBa 

90Sr/90Y 
238 

60 
Pu 

Co 
244 

154 

241 

240 

239 

Cm 

Eu 

Am 

Pu 

Pu 

25.32 

16.62 

11.82 

7.17 

4.90 

4.07 

3.29 

2.87 

2.82 

1.68 

1.50 

1.37 

13.79 3.81 0.93 

23.24 25.74 24.52 21.85 18.80 8.43 3.92 

18.02 23.44 26.89 29.41 31.36 35.42 35.27 17.29 

11.08 14.65 17.10 18.97 20.59 24.85 26.05 19.11 

5.54 4.59 3.35 2.33 1.58 

5.13 5.04 4.37 3.62 2.92 1.07 0.44 

5.17 7.04 8.45 9.68 10.78 14.58 16.79 24.90 

3.52 3.31 2.74 2.16 1.66 0.51 

2.95 2.17 1.41 0.87 0.53 

2.22 2.72 2.96 3.06 3.10 2.81 2.36 

0.71 

1.16 1.63 2.00 2.35 2.69 4.04 5.05 14.08 

1.13 1.59 1.96 2.30 2.63 3.94 4.92 13.65 

0.26 0.33 0.39 0.44 0.68 0.85 2.49 

0.45 0.65 0.79 1.77 

0.59 0.74 1.99 

0.40 0.50 1.33 

6.90 

35.27 

33.84 

6.94 

2.07 

4.48 

2.88 

3.63 

1.15 

0.78 



Table XXI. Thermally Significant Isotopes in HTGR Spent Fuel 
(Contribution to heat generation, %) 

Time After Discharge (day) 

Isotopes 10 30 60 90 120 150 270 365 1096 3650 

233Pa 22. 53 21 .76 15. .36 9. 81 5 .71 3. 19 0. 24 
140Ba/140La 18. 97 10 .22 3. .12 0. 82 23 .83 21. 29 10. 01 4. 64 
95Zr/95mNb/95Nb 14. 33 20 .02 24. .47 25. 23 
144Ce/144Pr 9. 99 15 .24 21. .84 27. 15 31 .29 34. 75 41. 19 40. 85 16. ,32 
91Y 4. 70 5 .97 6. .46 6. 06 5 .29 4. 44 1. 71 0. 70 
89Sr 4. 30 5 .27 5, .45 4. 88 4 .07 3. 26 1. 05 0. 37 
134 Cs 3. 86 6 .07 9. .10 11. 84 14 .34 16. 60 23. 58 27. 04 32. .74 7. .03 
141Ce 2. 73 2 .85 2, .31 1. 63 1 .07 0. 67 
143Pr 2. 12 1 .24 
103Ru/103mRh 1. 78 2 .01 1, .83 1. 45 1 .07 0. 75 
90Sr/90Y 0. 98 1 .56 2, .40 3. 21 3 .98 4. 74 7. 49 9. 24 21. .00 40. .42 
106Ru/106Rh 0. 91 1 .41 2, .06 2. 60 3 .06 3. 44 4. 38 4. 53 2, .71 
137Cs/137mBa 0. 75 1 .21 1, .86 2. 49 3 .08 3. 67 5. 75 7. 20 16. .37 31. .80 
238Pu 0. 29 0 .46 0, .72 0. 96 1 .19 1. 42 2. 24 2. 80 6. .57 14, .22 
154EU 0. 49 1. .06 1, .80 
244Cm 0, .98 
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fuel. The larger initial amounts of 235u_236u ^ ̂  HTqR ^uej 

238 
result in Pu having a much greater contribution in the HTGR spent 

fuel afterheat than in the PWR spent fuel afterheat (see Fig. 36). 

233 
Of course, Pa is unique to HTGR spent fuel, and PWR spent fuel 

242 has a significant heat generation from Cm, as shown in Fig. 37. 

There are other differences which can be seen by studying Tables 

XX and XXI. 

The calculated afterheat values corresponding to the typical 

LWR, LMFBR, and HTGR wastes described in Chapter 3 are presented in 

part in Tables XXII through XXIV. One basis for presentation of the 

data is per megagram of heavy metal initially charged to the reactor. 

In an effort to make these computed results more versatile and 

applicable to other burnup histories, a normalizing unit, the watt 

per megawatt-day (W/MWd), was also selected as a basis in presenting 

these values. A more extensive listing of these data are available 

in a series of Engineering Experiment Station Documents being 

published by the College of Engineering at The University of Arizona. 
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Table XXII. Typical LWR Waste Afterheat Values 

Cooling Heat Generation Rate 
Time 

(years) (W/T) (W/MWd) 

1 1.026 E + 04 3.110 E - 01 

2 5.531 E + 03 1.676 E - 01 

5 1.914 E + 03 5.800 E - 02 

10 1.101 E + 03 3.337 E - 02 

20 7.789 E + 02 2.360 E - 02 

50 3.694 E + 02 1.120 E - 02 

100 1.143 E + 02 3.465 E - 03 

500 3.815 E + 00 1.156 E - 04 

1000 2.131 E + 00 6.457 E - 05 



Table XXIII. Typical LMFBR Waste Afterheat Values 

Cooling Heat Generation Rate 
Time 

(years) (W/T) (W/MWd) 

1 1.432 E + 04 4.343 E - 01 

2 6.728 E + 03 2.040 E - 01 

5 1.613 E + 03 4.890 E - 02 

10 8.653 E + 02 2.624 E - 02 

20 6.567 E + 02 1.991 E - 02 

50 3.489 E + 02 1.058 E - 02 

100 1.452 E + 02 4.404 E - 03 

500 2.796 E + 01 8.480 E - 04 

1000 1.369 E + 01 4.151 E - 04 



Table XXIV. Typical HTGR Waste Afterheat Values 

Cooling Heat Generation Rate 
Time 

(years) (W/T) (W/MWd) 

1 2.195 E + 04 2.330 E - 01 

2 1.298 E + 04 1.377 E - 01 

5 5.964 E + 03 6.326 E - 02 

10 3.925 E + 03 4.164 E - 02 

20 2.932 E + 03 3.110 E - 02 

50 1.585 E + 03 1.681 E - 02 

100 6.420 E + 02 6.810 E - 03 

500 2.099 E + 01 2.227 E - 04 

1000 5.206 E + 00 5.523 E - 05 



APPENDIX E 

THE TRUMP CODE 

TRUMP examines conduction, convection and radiation heat 

transfer between nodes. This code can also consider chemical reac

tions. It solves a set of simultaneous, partial differential 

transport equations with four independent variables (the spatial 

coordinates and time) and three primary dependent variables (temper

ature and two reactants). For the general three dimensional case of 

heat conduction and mass flow with heat generation and chemical reac

tion, the following equations define the TRUMP problem (Edwards 1972): 

pc (3T/3t + v-vT) = v*k VT + q - pQa 3a/3t - pQ^ 3b/at (E.l) 

where v - is the vector flow velocity 

T - is the temperature 

t - is the time 

c - is the specific heat 

k - is the thermal conductivity 

q - is the volumetric heat generation rate 

3a/3t + v-va = - a^9 exp (Z, - E /RT) 
a a 

3b/3t + v-vb = - bPb exp (Zb - Eb/PJ) 

(E.2) 

(E.3) 

123 
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Pa' pb -
are reactant orders 

a , b - are reactant concentrations 

V V are heats of reaction 

Za,  Z b "  
are log collision frequencies 

Ea- Eb " are activation energies 

R - is the gas constant 

and P ~ is the density. 

The transient strategy employed in the TRUMP code is both 

unique and sophisticated (Shuker 1971). It is a truly clever attempt 

to extract the useful features of both explicit and implicit differ

encing techniques in just one calculation. The control of a 

transient or steady-state TRUMP problem is provided by the input 

variable (TVARY), which represents the desired maximum temperature 

change of any node (n) for each time step (At). The size of the time 

increment then becomes a variable quantity, which is primarily 

controlled by the actual temperature variations throughout the tran

sient. This unusual strategy forms the basis of the differencing 

method employed in TRUMP. The code adjusts the differencing method 

for each node during a calculation on the basis of whether the node 

stability limit is greater than or less than the time increment 

required by TVARY. If the stability limit is greater, an explicit 

or forward differencing method is used, thereby taking advantage of 
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its computational efficiency. These nodes are termed regular nodes. 

If, however, the stability limit is less than the time increment 

required by TVARY, the node or nodes involved are called special 

nodes, and an implicit differencing method is invoked, so that large 

time steps might be utilized. In routine computations the decision 

concerning which differencing method to employ for each node is made 

at every time step. Consequently, the calculation of steady-state 

conditions becomes very efficient and regular nodes may be made 

special nodes automatically, before these nodes impose any stability 

limitations or restrictions on the problem. 

Materials in a TRUMP problem may have any of the following 

parameters dependent on either time or temperature: Specific heat, 

thermal conductivity, heat of reaction, log collision frequency, 

activation energy, mass flow rate, heat generation rate and surface 

convective heat transfer coefficient. The TRUMP variable heat gener

ation capability is of great importance in the study of in-situ 

melting. 

The amount of phase change and the resultant latent heat 

effect on the regular node temperature are estimated in subroutine 

THERM!. Then the temperature changes in special nodes and in regular 

nodes connected to special nodes are recalculated in subroutine 

SPECK. This is accomplished using an iteration scheme for intercon

nected special nodes, which is based upon interpolated average 
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temperatures during the time step for internal thermal and mass flow 

connections. The final calculation of the amount of phase change 

and the latent heat effect, consistent with the results determined 

in subroutine SPECK, are calculated in subroutine THERM2. 

The stability limits (SLIM) of all nodes are computed in sub

routine TALLY and the resulting maximum stable time step for regular 

nodes (DELTMX) is determined. Regular nodes are reclassified as 

special nodes as required. The minimum allowable time step is com

puted. The maximum temperature change for the time step is also 

found, and the new time step, the total time step, the total time, 

interpolation factor and the time derivative correction factor are 

computed. If the time step does not need to be repeated, the new 

temperatures and new concentrations are found by summing the calcu

lated changes and the values for the beginning of the time step. 

Then the estimated rates of temperature and concentration change are 

determined. At this point the criteria for producing data printouts 

and for problem termination are tested. 

In TRUMP this calculational sequence is repeated for each 

additional time step, until the problem is ended. As part of the 

code's computational efficiency portions of the program not needed 

to solve a specific problem are skipped, and computations not in

volving time-dependent or temperature-dependent quantities are 

skipped after the first time step. 
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Auxiliary computer codes, such as FED (Schauer 1970), have 

been developed to prepare the geometric input data for a TRUMP 

problem. These auxiliary codes are especially useful in complex 

geometry problems or in problems which have many nodes. In this 

study an IBM 360 machine compatible version of FED was created and 

used to generate the large amount of geometric input data needed to 

apply TRUMP to the in-situ melting problem. 

Each node in a TRUMP problem may have assigned to it a vol

umetric heat generation rate. This heat generation rate may be 

either constant or a function of time or temperature. In addition, 

the heat generation rate may also undergo pure exponential decay from 

some specified initial value at a specified half-life. 

The TRUMP code was used extensively to investigate the tran

sient temperature distributions in a spherically symmetric solidified 

waste repository which experienced in-situ melting. Typical TRUMP 

problem input data are presented in Table XXV. 

The TRUMP in-situ melting problems involved six input data 

blocks. BLOCK 1 input data treated overall problem control and 

limits, as well as special problem constants. Thermophysical prop

erty data were read as input in BLOCK 2. Node geometry and internal 

thermal connection data were read as input in BLOCKS 4 and 5. BLOCK 

6 involved external thermal connections and BLOCK 7 established 

tmperature conditions at boundary nodes. For the TRUMP in-situ 
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Table XXV. Typical TRUMP Input Data 

Problem-Type: Spherical Repository in Silicate Rock Environment 

BLOCK 1 INPUT DATA 

IPRINT = 40 

TVARY = 5 

KD = 1 

BLOCK 2 INPUT DATA 

NAME = SILIC 

MATL = 1 

INDEX = 1 

KA = 0 

KB = 0 

TONE = 1.00 E + 2 

TIMAX = 1.00 E + 03 

LTABC =12 

LTABK = 12 

DENSITY = 2.7 E + 03 

TMELT = 1.050 E + 03 

HMELT = 8.000 E + 04 

CAPACITY = (a constant; or tabular input) 

CONDUCTIVITY = (a constant; or tabular input) 



129 

melting problems studied here, the boundary (Node 2000) was maintained 

at a fixed temperature condition of 100°C. Time-dependent afterheat 

data, reflecting typical LWR, LMFBR and HTGR high-level solidified 

wastes, were introduced into the problem in BLOCK 8. The variable 

heat generation rate capability of the TRUMP code also permitted the 

introduction of simulated fission product wastes (i.e. exponentially 

decaying with a half-life of 30 years) as BLOCK 8 data. 

A typical TRUMP in-situ melting problem on an IBM 360/75 

computer required a MAIN of 388K logical core storage (LCS), some 10 

to 15 minutes central processing (CU) time, some 200 to 250 input 

data cards, and about 20 to 25 minutes execution time. About 40,000 

lines of printed output data accompanied the solution of each 

problem. 



APPENDIX F 

ROCK THERMOPHYSICAL PROPERTY DATA 

The representative silicate rock thermophysical property 

data (Cohen, Lewis and Braun 1971) used in this study are given 

in Tables XXVI and XXVII. The specific heat data were obtained 

from the relationship: 

Cp (T) = 904.35 + (0.402)-T - (1.218 x 107)/T2 (F.l) 

where T is the temperature in K and Cp is the specific heat in 

J/kg - K. The thermal conductivity (k) is given by the equation: 

k(T) = 2.638 - (2.805*10~3)-(T - 273.15) + (1.428-10~6)-(T - 273.15)2 

(F.2) 

where k is in W/m - K. 

Similarly, representative thermophysical property data for 

salt appear in Tables XXVIII and XXIX (Edwards 1969 and Cheverton 

and Turner 1973). These thermophysical data are consistent in both 

magnitude and temperature-dependent variation with other contem

porary rock material data (Krupka 1974; Fujisawa et al. 1968; 

Leonidov 1967; Schatz and Simmons 1972; and Klett 1974). 

13.0 



Table XXVI. Silicate Rock Properties 

Property Value 

Density (p) 2700 kg/m3 

Melting Temperature 1323 K 

Latent Heat (L) 3.35 x 10^ J/kg 

Table XXVII. Silicate Rock Specific Heat and Conductivity 

Temperature (K) cp (J/kg - K) k (w/m - K) 

373 967 2.374 

573 1097 1.926 

773 1193 1.591 

973 1281 1.373 

1173 1369 1.269 

1273 1407 1.260 

1323 1428 1.269 

1373 1449 1.277 

1473 1491 1.327 

1573 1532 1.403 

1673 1574 1.507 



Table XXVIII. Salt Properties 

Property Val ue 

Density (p) 2165 kg/rn^ 

Melting Temperature 1073 K 

Latent Heat (L) 5.02 x 10^ J/kg 

Table XXIX. Salt Specific Heat and Conductivity 

Temperature (K) cp (J/kg - K) k (w/m - K) 

473 854 3.057 

673 942 2.051 

873 1022 1.466 

1073 1089 1.256 

1074 1147 1.256 

1673 1147 1.884 



APPENDIX G 

ADIABATIC SPHERICAL MELT (ASM) CODE 

The adiabatic spherical melt (ASM) computer code was developed 

to investigate the maximum molten radius that could be achieved for 

a given heat input in a spherical waste repository. Assumptions in

clude constant thermophysical properties, which are representative 

average values for the geologic environment; symmetric melt growth; 

and no heat losses by conduction away from the molten region during 

the growth period (i.e. an adiabatic melting model). 

Average silicate rock and salt thermophysical properties 

used in a representative calculation are shown in Tables XXX and 

XXXI. ASM node geometry data are presented in Table XXXII. Some 

typical ASM code output data for silicate rock are shown in Table 

XXXIII, and for salt in Table XXXIV. The term NODAL QIN in the 

tables refers to the total heat required to melt a particular node. 

The term TOTAL QIN reflects the total amount of heat required to 

melt a sphere of given radius. RATIO is simply the percent of NODAL 

QIN to TOTAL QIN for a particular radius. Finally, the expression 

SENSIBLE QIN refers to the heat input required to raise a particular 

node up to the melting temperature, but does not include latent heat 

effects (i.e. no melting). 
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Table XXX. Average Silicate Rock Thermophysical Properties 

Density ( p )  2,700 kg/m3 

Specific Heat (cp) 1424 J/kg - K 

Thermal Conductivity (k) 1.267 W/m - K 

Latent Heat (L) 3.35 x 105 J/kg 

Melting Temperature (T ) 1323 K 

Initial Temperature (T^) 373 K 

Thermal Diffusivity ( a )  10.4 m2/yr 

Table XXXI. Average Salt Thermophysical Properties 

Density ( p )  2,165 kg/m3 

Specific Heat (Cp) 1147 J/kg - K 

Thermal Conductivity (k) 1.327 W/m - K 

Latent Heat (L) 5.02 x 105 J/kg 

Melting Temperature (T ) 1073 K 

Initial Temperature (T^) 373 K 

Thermal Diffusivity ( a )  18.0 m2/yr 



Table XXXII. Adiabatic Spherical Melt Model Node Data 

Node Node Volume Total Volume Percent 

(m3) (m3) (VN/VT0T) 

1 4.32 4.32 100.00 

2 29.70 34.02 87.31 

3 80.22 114.23 70.22 

4 155.87 270.10 57.71 

5 256.65 526.75 48.72 

6 382.56 909.31 42.07 

7 533.61 1442.92 36.98 

8 709.79 2152.71 32.97 

9 911.10 3063.81 29.74 

10 1137.55 4201.36 27.08 
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Table XXXIII. ASM Output Data for Silicate Rock 

(Thermal Diffusivity = 10.4 M^/YR) 

Node Nodal QIN Total QIN Ratio Sensible QIN 
(J) (J) (Percent) (J) 

1 1.97 E + 10 1.97 E + 10 100.00 1.57 E + 10 

2 1.35 E + 11 1.55 E + 11 • 87.31 1.08 E + 11 

3 3.66 E + n 5.19 E + 11 70.22 2.93 E + 11 

4 7.12 E + n 1.23 E + 12 57.71 5.69 E + 11 

5 1.17 E + 12 2.40 E + 12 48.72 9.38 E + 11 

6 1.74 E + 12 4.14 E + 12 42.07 1.39 E + 12 

7 2.43 E + 12 6.57 E + 12 36.98 1.95 E + 12 

8 3.23 E + 12 9.80 E + 12 32.97 2.59 E + 12 

9 4.15 E + 12 1.39 E + 13 29.74 3.32 E + 12 

10 5.19 E + 12 1.91 E + 13 27.08 4.15 E + 12 



Table XXXIV. ASM Output for Salt 

(Thermal Diffusivity = 18.0 M^/YR) 

Node Nodal QIN Total QIN Ratio Sensible QIN 
(J) (J) (Percent) (J) 

1 1.22 E + 10 1.22 E + 10 100.00 7.49 E + 09 

2 8.42 E + 10 9.63 E + 10 87.31 5.15 E + 10 

3 2.27 E + 11 3.23 E + 11 70.22 1.39 E + 11 

4 4.40 E + 11 7.62 E + 11 57.71 2.71 E + 11 

5 7.24 E + 11 1.49 E + 12 48.72 4.48 E + 11 

6 1.08 E + 12 2.57 E + 12 42.07 6.66 E + 11 

7 1.51 E + 12 4.08 E + 12 36.98 9.29 E + 11 

8 2.01 E + 12 6.07 E + 12 32.97 1.24 E + 12 

9 2.57 E + 12 8.67 E + 12 29.74 1.58 E + 12 

10 3.22 E + 12 1.19 E + 13 27.08 1.98 E + 12 



APPENDIX H 

SAMPLE TRUMP OUTPUT DATA 

Selected TRUMP output data, corresponding to in-situ melting 

model calculations for LWR (Case A) wastes in silicate rock (i.e. Runs 

1, 2 and 3 as described in Chapter 4), are presented here. 

Table XXXV contains a summary of the TRUMP output data for the 

in-situ melting disposal of LWR (Case A) solidified wastes in silicate 

rock, using the normal molten region conductivity model (i.e. Run 1). 

These data include printout cycle number, time, node number, the 

fraction of solid material in a node which is experiencing phase 

change, and the position of the solid/liquid interface. The central 

node (Node 1) temperature is given as a function of time in Table 

XXXVI. The temperature profile at three years storage time is given 

in Table XXXVII. 

Similar data are contained in Tables XXXVIII through XL for 

LWR (Case A) wastes in silicate rock, using the enhanced (factor of 

10) molten region thermal conductivity model (i.e. Run 2). Finally, 

Tables XLI through XLIII contain representative TRUMP output data 

for the in-situ melting disposal of LWR (Case A) wastes in silicate, 

using the very enhanced (factor of 100) thermal conductivity model. 
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Table XXXV. Selected Run 1 Output Data 

Printout Time 
(years) 

Node Solid 
Fraction 

Interface 
Radius (m) 

9 1.434 E - 01 4 0.1128 3.920 

12 2.326 E - 01 5 0.0912 4.934 

21 9.969 E - 01 7 0.6162 6.431 

25 1.872 E + 00 8 0.0900 7.930 

26 2.294 E + 00 8 0 8.000 

32 5.192 E + 00 8 0 8.000 

35 6.604 E + 00 7 0.6346 6.411 

37 7.887 E + 00 6 0.5561 5.498 

43 1.218 E + 01 3 0.6101 2.498 

44 1.282 E + 01 2 0.1294 1.932 

46 1.355 E + 01 1 0.6677 0.699 

47 1.438 E + 01 1 0 0 



Table XXXVI. Node One Temperature as a Function of Time (Run 1) 

Printout Time 
(years) 

Temperature 
(°C) 

9 0.1433 1255.2 

12 0.2326 1846.2 

21 0.9969 3254.0 

25 1.8717 3347.0 

26 2.2936 3272.9 

32 5.1916 2074.9 

35 6.6042 1738.5 

37 7.8872 1563.3 

43 12.1782 1132.0 

44 12.8191 1076.7 

46 13.5529 1050.0 

47 14.3825 950.8 
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Table XXXVII. Temperature Distribution at Three Years Storage Time 
(Run 1) 

Node Temperature 
(°c) 

1 3073.9 

2 3011.7 

3 2884.5 

4 2684.2 

5 2394.7 

6 1979.4 

7 1622.3 

8 1296.8 

9 1007.0 

10 777.9 

15 295.8 

20 168.5 

25 124.3 

30 108.1 

35 102.5 
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Table XXXVIII. Selected Run 2 Output Data 

Printout Time 
(years) 

Node Solid 
Fraction 

Interface 
Radius (m) 

11 1.242 E - 01 4 0.6913 3.382 

15 1.290 E - 01 4 0.5572 3.523 

23 2.182 E - 01 5 0 5.000 

30 4.488 E - 01 6 0.1599 5.872 

41 1.125 E + 00 8 0.8949 7.129 

46 2.088 E + 00 9 0.9668 8.049 

49 2.679 E + 00 9 0 9.000 

57 3.530 E + 00 9 0.3149 8.720 

62 5.034 E + 00 8 0.9837 7.029 

69 6.613 E + 00 6 0.2826 5.761 

85 1.116 E + 01 3 0.1586 2.893 

92 1.291 E + 01 1 0.4239 0.840 



Table XXXIX. Node One Temperature as a Function of Time (Run 2) 

Printout Time Temperature 
(years) (°C) 

11 0.1242 1095.7 

15 0.1290 1126.5 

23 0.2182 1514.3 

30 0.4488 1816.8 

41 1.1250 1669.6 

46 2.0876 1574.3 

49 2.6785 1523.5 

57 3.5302 1406.7 

62 5.0341 1204.7 

69 6.6133 1196.2 

85 11.1620 1086.2 

90 12.6420 1063.5 

92 12.9140 1050.0 

93 13.2300 1000.8 



Table XL. Temperature Distribution at Three Years Storage Time 
(Run 2) 

Node Temperature 
(°c) 

1 1398.0 

2 1385.5 

3 1360.5 

4 1322.1 

5 1269.7 

6 1201.9 

7 1153.2 

8 1116.6 

9 1065.7 

10 917.8 

15 334.3 

20 182.6 

25 129.6 

30 109.9 

35 - 103.0 
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Table XLI. Selected Run 3 Output Data 

Printout Time 
(years) 

Node Solid 
Fraction 

Interface 
Radius (m) 

3 9.284 E - 02 1 0.9587 0.345 

5 1.245 E - 01 4 0.6831 3.392 

8 2.160 E - 01 5 0 5.000 

10 7.061 E - 01 7 0.2288 6.806 

12 2.139 E + 00 9 0.6504 8.387 

13 2.908 E + 00 9 0 9.000 

16 4.850 E + 00 8 0.8007 7.232 

18 5.498 E + 00 7 0.6070 6.440 

27 9.016 E + 00 5 1.0000 4.000 

30 1.034 E + 01 4 1.0000 3.000 

33 1.171 E + 01 3 1.0000 2.000 

36 1.289 E + 01 1 0.5868 0.751 
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Table XLII. Node One Temperature as a Function of Time (Run 3) 

Printout Time Temperature 
(years) (°c) 

3 0.0928 1050.0 

5 0.1245 1092.3 

8 0.2160 1358.8 

10 0.7061 1496.7 

12 2.1387 1273.8 

13 2.9076 1111.3 

17 5.2093 1080.0 

27 9.0162 1092.9 

30 10.3390 1072.0 

33 11.7080 1059.0 

35 12.5910 1052.3 

38 20.3490 124.4 



Table XLIII. Temperature Distribution at Three Years Storage Time 
(Run 3) 

Node Temperature 
(°c) 

1 1111.4 

2 1110.1 

3 1107.6 

4 1103.8 

5 1098.7 

6 1091.9 

7 1087.2 

8 1084.5 

9 1050.0 

10 918.9 

15 342.1 

20 184.1 

25 129.9 

30 110.0 

35 103.0 
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In a TRUMP calculation the input variable IPRINT controls the 

number of time steps between data output. For example, if IPRINT is 

set equal to 50, the first, second, last and every 50th time step for 

the problem are provided as output data. Typical TRUMP in-situ 

melting calculations involved problems with several thousand time 

steps in each run. To keep the output data within manageable limits, 

the value of IPRINT was usually selected to fall between 50 and 100. 

This range of IPRINT values still resulted in several hundred 

printout cycles per problem run, generally creating some 40,000 lines 

of printed output data. 

For detailed calculations concerning a particular geologic 

site, which can be accurately modeled based on known geologic data, 

the value of IPRINT can be set equal to unity, so that every time 

step in the calculation appears as output data. There is, however, 

no real need for such detailed time structure in a general parametric 

study of the in-situ melting problem. An IPRINT value between 50 

and 100 usually provided sufficient temporal detail to study 

significant thermal history variations without creating totally 

unmanageable quantities of output data. 



APPENDIX I 

SUMMARY OF IN-SITU MELTING CALCULATIONS 

A summary of the TRUMP code in-situ melting calculations for 

the storage of LWR (Case A) wastes in silicate rock has been pre

sented in Chapter 4. Similar TRUMP output data for the in-situ 

melting storage of typical LMFBR, HTGR and simulated fission product 

wastes (as described in Chapter 3) in salt and silicate rock are 

summarized in Tables XLIV through LII. In these tables the time 

at which the maximum molten radius was initially achieved and the 

total decay heat input up to that particular time are denoted as 

"time" and "heat input", respectively. The motion of the molten/solid 

interface as a function of storage time, corresponding to these calcu

lations, is presented in Fig. 38 through 46. 

The effect of the initial, volume-averaged thermal source 

strength on in-situ melting dynamics was examined in detail for the 

storage of LWR (Case A) wastes in silicate rock. The results are 

summarized in Table LI 11. These data indicate that, if the thermal 

source strength averaged over the original cavity volume is less than 

3 or equal to 209.3 W/m , no melting will occur. 

149 
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Table XLIV. In-Situ Melting Calculations for LMFBR (Case A) 
Wastes in Silicate Rock 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 10 10 

Time: (years) 3.80 1.96 

Heat Input: (joules) 6.32 E + 13 4.10 E + 13 

Initial Average-
Source: (W/m ) 1548.6 1548.6 



151 

Table XLV. In-Situ Melting Calculations for HTGR (Case A) Wastes 
in Silicate Rock 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 7 7.5 

Time: (years) 1.71 2.65 

Heat Input: (joules) 2.03 E + 13 2.89 E + 13 

Initial Average., 
Source: (W/m ) 837.1 837.1 



Table XLVI. In-Situ Melting Calculations for Simulated Fission 
Product Wastes (Case Alpha) in Silicate Rock 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 29 30 

Time: (years) 39.3 24.5 

Heat Input: (joules) 1.80 E + 15 1.30 E + 15 

Initial Average., 
Source: (W/m ) 4185.5 4185.5 



Table XLVII. In-Situ Melting Calculations for Simulated Fission 
Product Wastes (Case Beta) in Silicate Rock 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 7 7 

Time: (years) 6.00 5.39 

Heat Input: (joules) 3.93 E + 13 3.53 E + 13 

Initial Average., 
Source: (W/m ) 418.6 418.6 



Table XLVIII. In-Situ Melting Calculations for LWR (Case A) Wastes 
in Salt 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radisu: (Metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 10 10 

Time: (years) 3.17 1.95 

Heat Input: (joules) 4.61 E + 13 2.98 E + 13 

Initial Average, 
Source: (W/m ) 1088.2 1088.2 



Table XLIX. In-Situ Melting Calculations for LMFBR (Case A) 
Wastes in Salt 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 11 12 

Time: (years) 2.26 2.54 

Heat Input: (joules) 4.56 E + 13 4.98 E + 13 

Initial Average., 
Source: (W/m ) 1548.6 1548.6 



Table L. In-Situ Melting Calculations for HTGR (Case A) Wastes 
in Salt 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 8.5 9.0 

Time: (years) 3.70 2.46 

Heat Input: (joules) 3.64 E + 13 2.73 E + 13 

Initial Average-
Source: (W/m ) 837.1 837.1 



Table LI. In-Situ Melting Calculations for Simulated Fission 
Product (Case Alpha) Wastes in Salt 

Molten Region 
Conductivity 

Normal Enhanced 
(xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 33.5 35.0 

Time: (years) 36.0 28.7 

Heat Input: (joules) 1.67 E + 15 1.46 E + 15 

Initial Average^ 
Source: (W/m ) 4185.5 4185.5 



Table LII. In-Situ Melting Calculations for Simulated Fission 
Product (Case Beta) Wastes in Salt 

Molten Region Normal Enhanced 
Conductivity (xlO) 

Initial Cavity 
Radius: (metres) 5 5 

Rock/Waste Ratio: 100 100 

Maximum Molten 
Radius: (metres) 8 8 

Time: (years) 7.51 6.72 

Heat Input: (joules) 4.81 E + 13 4.35 E + 13 

Initial Average, 
Source: (W/nT) 418.6 418.6 
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Fig. 38 In-Situ Melting Results for LMFBR (Case A) Wastes in 
Silicate Rock. 
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Fig. 39 In-Situ Melting Results for HTGR (Case A) Wastes in 
Silicate Rock. 
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Fig. 40 In-Situ Melting Results for Simulated Fission Product (Case Alpha) 
Wastes in Silicate Rock. 
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Fig. 41 In-Situ Melting Results for Simulated Fission Product 
(Case Beta) Wastes in Silicate Rock. 
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Fig. 42 In-Situ Melting Results for LWR (Case A) Wastes in Salt. 
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Fig. 43 In-Situ Melting Results for LMFBR (Case A) Wastes in Salt. 
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Fig. 44 In-Situ Melting Results for HTGR (Case A) Wastes in Salt. 
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Fiq. 45 In-Situ Melting Results for Simulated Fission Product (Case Alpha) 
Wastes in Salt. 
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Table LIII. The Influence of Thermal Source Strength on In-Situ 
Melting Dynamics 

LWR (Case A) Wastes in Silicate Rock 

Initial Source 
(W/m3) Maximum Molten Radius (metres) 

Conductivity: Normal Enhanced Enhanced 
(xlO) (xlOO) 

1088.2 8.0 9.0 9.0 

870.6 7.0 8.0 8.0 

652.9 6.0 6.1 6.1 

435.3 5.0 5.0 5.0 

217.6 - - -• - No Melting - -



APPENDIX J 

HAZARD INDEX CALCULATIONS 

As discussed in Chapter 3, a 1000 MWe PWR was taken as the 

reference LWR system in this study. The fuel experienced a burnup 

of 2.9 TJ/kg. After cooling for one year following discharge, 

the spent fuel was processed during which 99.5% of the uranium 

and plutonium were removed and recovered. During processing, all 

of the T, Kr, and Xe and 99.9% of the Rb and I were also assumed 

to be removed and committed to other forms of treatment and stor

age. All the actinide nuclides, except the recovered U and Pu, 

were assumed to be present in the high-level wastes. Finally, it 

was also assumed that the high-level liquid wastes, created in 

3 
spent fuel processing, were solidified at a rate of 0.02832 m 

per 864 TJ exposure. 

The specific hazard index for these high-level wastes 
O 

(m of water/T) were calculated using the 0RI6EN code (see Appen

dix C). A detailed listing of the calculated values and the 

relative contribution of the fission product, cladding and actinide 

nuclides to these values is presented in Table LIV. 
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Table LIV. Specific Hazard Index Values 

(Typical LWR Wastes, (2.9 TJ/kg Burnup) 

Waste Decay Specific Hazard •% Contribution 
Time (y) Index (SHI) 

(m3 of water/T) Cladding Fission Actinides 
Products 

100 2.24 E + 10 0.04 99.61 0.35 
200 1.96 E + 09 0.21 96.76 3.03 
300 2.15 E + 08 0.91 75.54 23.55 
400 5.83 E + 07 1.57 24.01 74.42 
500 3.94 E + 07 1.10 3.35 95.55 
600 3.32 E + 07 0.61 0.63 98.76 
700 2.90 E + 07 0.33 0.36 99.31 
800 2.55 E + 07 0.18 0.35 99.47 
900 2.27 E + 07 0.10 0.37 99.53 

1000 2.02 E + 07 0.05 0.41 99.54 
2000 8.95 E + 06 0.01 0.91 99.08 
3000 6.37 E + 06 0.01 1.28 98.71 
4000 5.55 E + 06 0.01 1.46 98.53 
5000 5.11 E + 06 0.01 1.59 98.40 

10000 3.76 E + 06 0.01 2.13 97.86 
15000 2.90 E + 06 0.02 2.72 97.26 
25000 1.99 E + 06 0.02 3.86 96.12 
50000 1.41 E + 06 0.03 5.06 94.91 

100000 1.50 E + 06 0.03 4.13 95.84 
250000 2.06 E + 06 0.02 2.01 97.97 
500000 2.08 E + 06 0.02 1.10 98.88 

1000000 1.73 E + 06 0.01 0.59 99.40 
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Table LV contains a comparison of the hazard index for these 

typical LWR wastes when committed to non-melting geologic storage 

and to in-situ melting. This same comparison is explored in Table 

LVI for typical LWR wastes which have all the americium removed, and 

in Table LVII for typical LWR wastes which have all the curium, 

americium and neptunium removed. Finally, the contribution of 

selected actinide nuclides to the total hazard index of typical LWR 

wastes is depicted in Table LVIII. The dominant role of americium 

is noted. 



Table LV. Comparative Hazard Index Values for Typical LWR Wastes 
(2.9 TJ/kg) 

Waste Decay Comparative Hazard Index 

Time (y) ^3 ^ater/m^ of Wastes or Ore) 

In-Situ Melting Storage 
Non-Mel ting 

Geologic (5m Melt (15.5m Melt 
Storage Radius) Radius) 

100 2.397 E + 11 2.397 E + 09 8.125 E + 07 

200 2.097 E + 10 2.097 E + 08 7.109 E + 06 

300 2.301 E + 09 2.301 E + 07 7.798 E + 05 

400 6.238 E + 08 6.238 E + 06 2.115 E + 05 

500 4.216 E + 08 4.216 E + 06 1.429 E + 05 

600 3.552 E + 08 3.552 E + 06 1.204 E + 05 

700 3.103 E + 08 3.103 E + 06 1.052 E + 05 

800 2.729 E + 08 2.729 E + 06 9.249 E + 04 

900 2.429 E + 08 2.429 E + 06 8.234 E + 04 

1000 2.161 E + 08 2.161 E + 06 7.327 E + 04 

2000 9.577 E + 07 9.577 E + 05 3.246 E + 04 

3000 6.816 E + 07 6.816 E + 05 2.311 E + 04 

4000 5.939 E + 07 5.939 E + 05 2.013 E + 04 

5000 5.468 E + 07 5.468 E + 05 1.853 E + 04 

10000 4.023 E + 07 4.023 E + 05 1.364 E + 04 



Table LVI. Comparative Hazard Index Values for Typical LWR Wastes 
with Am Removed 

Waste Decay Comparative Hazard Index 
Tlme ^ (m3 of Water/m3 of Wastes or Ore) 

In-Situ Melting Storage 
Non-Melting 

Geologic (5m Melt (15.5m Melt 
Storage Radi us) Radius) 

100 2.390 E + 11 2.390 E + 09 8.102 E + 07 

200 2.040 E .+ 10 2.040 E + 08 6.914 E + 06 

300 1.804 E + 09 1.804 E + 07 6.115 E + 05 

400 1.958 E + 08 1.958 E + 06 6.638 E + 04 

500 5.136 E + 07 5.136 E + 05 1.741 E + 04 

600 3.317 E + 07 3.317 E + 05 1.124 E + 04 

700 2.996 E + 07 2.996 E + 05 1.016 E + 04 

800 2.782 E + 07 2.782 E + 05 9.431 E + 03 

900 2.782 E + 07 2.782 E + 05 9.431 E + 03 

1000 2.675 E + 07 2.675 E + 05 9.068 E + 03 

2000 2.536 E + 07 2.536 E + 05 8.596 E + 03 

3000 2.450 E + 07 2.450 E + 05 8.306 E + 03 

4000 2.365 E + 07 2.365 E + 05 8.016 E + 03 

5000 2.290 E + 07 2.290 E + 05 7.762 E + 03 

10000 2.022 E + 07 2.022 E + 05 6.855 E + 03 



Table LVII. Comparative Hazard Index Values for LWR Wastes with 
Cm, Am and Np Removed 

Waste Decay Comparative Hazard Index 
Time (y) ^m3 ya-(.er/m3 0f vjastes or Ore) 

In-Situ Melting Storage 
Non-Melting 

Geologic (5m Melt (15.5m Melt 
Storage Radius) Radius) 

100 2.389 E + 11 2.389 E + 09' 8.099 E + 07 

200 2.039 E + 10 2.039 E + 08 6.911 E + 06 

300 1.799 E + 09 1.799 E + 07 6.097 E + 05 

400 1.909 E + 08 1.909 E + 06 6.472 E + 04 

500 4.673 E + 07 4.673 E + 05 1.584 E + 04 

600 2.870 E + 07 2.870 E + 05 9.728 E + 03 

700 2.561 E + 07 2.561 E + 05 8.680 E + 03 

800 2.354 E + 07 2.354 E + 05 7.980 E + 03 

900 2.359 E + 07 2.359 E + 05 7.999 E + 03 

1000 2.256 E + 07 2.256 E + 05 7.649 E + 03 

2000 2.143 E + 07 2.143 E + 05 7.265 E + 03 

3000 2.079 E + 07 2.079 E + 05 7.046 E + 03 

4000 2.013 E + 07 2.013 E + 05 6.825 E + 03 

5000 1.957 E + 07 1.957 E + 05 6.633 E + 03 

10000 1.759 E + 07 1.759 E + 05 5.964 E + 03 



Table LVIII. Influence of Selected Actinides on the Hazard Index 
for Typical LWR Wastes 

Waste Decay 
Time (y) 

Cm 

Percent of Total Hazard 

Am 

Index 

Np 

100 0.03 0.28 0 

200 0.02 2.75 0.02 

300 0.09 21.58 0.14 

400 0.27 68.61 0.51 

500 0.35 87.82 0.75 

600 0.36 90.64 0.89 

700 0.38 90.35 1.02 

800 0.41 89.80 1.16 

900 0.44 88.55 1.30 

1000 0.48 87.62 1.46 

2000 0.95 73.52 3.15 

3000 1.22 64.05 4.24 

4000 1.27 60.18 4.65 

5000 1.26 58.12 4.83 

10000 1.09 49.73 5.45 



APPENDIX K 

MAJOR ACCOMPLISHMENTS 

The increased worldwide interest in the ultimate disposal of 

high-level radioactive wastes encouraged the early publication of 

many of this study's calculated nuclide and afterheat values. These 

values have been well received by numerous technical audiences not 

only in the United States but also overseas. A brief chronological 

listing of these contributions is provided here. 

"Nuclear By-Product Long Term Heat Generation Rates" (Angelo, 

Post, Haskin, and Lewis 1972) was presented at the American Nuclear 

Society (ANS) Winter Meeting, Washington D. C. in November 1972. 

134 This paper identified the thermal significance of Cs in high-

level wastes and also presented normalized afterheats for LWR and 

LMFBR wastes. 

"A Study of Long-Term Heat Generation in Nuclear By-Products 

From LWR and LMFBR Systems" (Angelo, Post, Haskin, and Lewis 1973) 

was presented at the International Atomic Energy Agency (IAEA) 

Symposium on Applications of Nuclear Data in Science and Technology, 

Paris, France in March 1973. This paper provided highly-structured 

afterheat data, detailed the time varying contribution of fission 

product and actinide nuclides in high level waste afterheats, and 

discussed the thermal significance of specific nuclides in LWR and 

LMFBR wastes. 
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A presentation made at the Workshop on the Underground 

Disposal of Radioactive Wastes in Molten Rock (Angelo and Post 1973) 

in Albuquerque, New Mexico in October 1973 highlighted the afterheat 

data calculated during this study, and introduced the postulation 

of treating molten region convective heat transport by using an 

enhanced value of thermal conductivity. 

"Nuclear By-Product Heat Generation Rates for an Advanced-

Design High-Temperature Gas-Cooled Reactor" (Angelo, Post and 

Haskin 1973a) was presented at the ANS Winter Meeting, San Francisco, 

California in November, 1973. This paper presented typical HTGR 

waste afterheat data, and compared the same with LWR waste afterheats. 

"T, Kr, I and Xe Production in an Advanced Design High Tempera 

ture Gas-Cooled Reactor" (Angelo, Post and Haskin 1973b) was presented 

at the IAEA Physical Behaviour of Radioactive Contaminants in the Atmo 

sphere Symposium, Vienna, Austria in November, 1973. This paper pre

sented gaseous radionuclide inventories for HTGR spent fuel, compared 

normalized HTGR spent fuel activity with LWR activity and estimated 

global HTGR gaseous radionuclide production rates. 

"Nuclear Fuel Cycle and the Isotopic Compositions" (Angelo 

and Post 1974a) appeared in Volume 24 of Nuclear Technology in 

December, 1974. Extensive PWR and HTGR spent fuels and processing 

waste afterheat data were presented, as well as the thermal signif

icance of various nuclides as a function of decay time. 
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"Thermal Spectrum Reactors -- A Spent Fuel Afterheat 

Comparison" (Angelo and Post 1974b) was presented at the ANS Winter 

Meeting, Washington, D. C. in October, 1974. This paper discussed 

the thermal significance of various isotopes in spent HTGR and PWR 

fuels. 

"Environmental Impact of Nuclear Waste Management" (Angelo, 

Cooper, Post and Woodbridge 1975) was presented at the Fifth Annual 

Environmental Engineering and Science Conference, Louisville, Kentucky 

in March, 1975. Cesium isotope inventories in thermal spectrum 

137 reactor wastes were provided, and the use of Cg in the radiation 

treatment of municipal sewage wastes was suggested. 

"Solidified Waste In-Situ Melting Disposal" (Angelo, Post 

and Woodbridge 1975) was presented at the Conference on Nuclear Power 

and Applications in Latin America, Mexico City, Mexico in September, 

1975. The presentation described this study's thermal assessment of 

in-situ melting as an ultimate disposal technique. 

Finally, "An Overall Assessment of Advanced-Design Power 

Reactor Spent Fuel and Waste Nuclide Compositions" (Angelo, Brehm, 

Post and Woodbridge 1975) was included in the program at NUCLEX 75, 

the Fourth International Fair and Technical Meeting of Nuclear 

Industries, Basel, Switzerland, October 7-11, 1975. This paper 

identified the waste nuclides most seriously impacting ultimate 

waste disposal planning. The effect of advanced isotope separation. 



technologies, such as laser separation, on ultimate waste disposal 

was discussed, and potentially recoverable mineral resources in 

reactor wastes identified. 
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