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ABSTRACT 
A mathematical basis is developed for 

the prediction of thermal and radionuclide 
transport in narinc sediments. The theory 
is applied to the study of radioactive 
waste disposal by emplacement, in specially 
desi gned containers , wel1 bel ow the sedi
ment/water interface. Numerical results 
are obtained for a specified node 1 prob len 
through use of two computer proprama de
signed primarily for the anal/sis of waste 
disposal problem*. One propram (MAR 1AMI 
provides descriptions of the tenperaturc 
and velocity fields induced by the presence 
of a container of thermally .active nuclear 
waste. A second progran (lPV'lCO, which 
utilizes the result? of the tl,er-,,'.l analy
sis, is used to provide predictions for 
the migration of four representative radio
nuclides: 23? P U ( 13 cs, *- 9I. and 9 9Tc. 

INTRODUCTION' 
It has been suppestcd by Bishop and 

Hollister* that the mid-plate, rid-pyre 
regions of the major oceanic hasins be in
vestigated as possible repositories for 
high level radioactive nastc. It was pro
posed that solidified nuclear waste be en
capsulated in suitably desipned containers 
and implanted in the seabed below the sur
face of the sedimentary laver. This scheme 
would provide a scries of barriers to the 
release of radionuclides into the environ
ment. One potential barrier is the marine 
sediment itself which is corposed of very 
fine, porous, consolidated clay of low per
meability. 
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rather strinpenr simplifying assumptions, 
it is possible to obtain approximate ana
lytical solutions of the basic models, and 
this approach is outlined briefly. Solu
tions of the complete rnthe:aiic31 *.ys:em 
can, however, he obtained only through the 
use of numerical techniques. The na^or 
portion of the paper is then demoted to 
the description and application of two 
computer proprans i.hic!t have Veen dc\cl-
oped for the analysis of the radionuclide 
migration process. 

One progran (MAR I AH- •"*! is used to 
provide description? of the tcmpcrsti:; c 
and \Mocity fields. The ana]>>-i> i* con
ducted under the assumption ::i.i; c.ly i.e.:k 
concentrations of rad i omic 1 i ,!fb C M M ir. 
the pore water. Hence, thcrrr.I procc^c? 
are not influenced by the rzdicr.v.c'. i d.- mi
gration processes .in;! car. thu< bo ;ir..i: v :eJ 
separately. A second prop m m lIOS'l.'u-1! 
then utilizes the results of :hc thermal 
analysis to complete the de.-ci ipt i en of 
the mipration of radionuclides. 

PrelLninary results arc presented for 
a proposed emplacement pcor-.e: ry . for thr 
particular arrangement considered, it is 
shown that ther-ally induced fluid rot ion 
is relatively v.eak ani, consequently, ha? 
little influence on the transport cf ra
dionuclides. The r.ipr.ition cf representa
tive radionuclides is analyzed and tbe as
sociated breakthrough tines cor.-uted. 

Many aspects of the analyses which 
will subsequently he considered have been 
reported previously b ; McVey, Cartlin^, and Russo. 5 Ke have made extensive use of 
this earlier work in the preparation of 
the present paper. 

REFERENCE EMPLACEMENT CONFIGURATION 
In order to facilitate co-.parat ive 

studies, a reference emplacement configu
ration has been specified. The particular 
configuration was chosen to represent vhat 
is, at this tine, believed to be a practi
cally attainable schene for the emplace
ment of nuclear waste in the seabed, and 
is the basis for all subsequent calcula
tions. 
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A cylindrical container of solidified 
nuclear waste S n in length and 0.3 in in 
diameter is emplaceri vertically in undis
turbed sediment with the center of the con
tainer 30 m below the sediment/water inter
face. The sediment layer is 60 m thick and 
is bounded from below by a relatively im
permeable layer. Temperature and pressure 
at the sediment/water interface are assured 
constant at l.S°C and 6xl0~Pa (600 bar), 
respectively, corresponding to a water 
depth of approximately 6000 m. The initial 
temperature distribution in the sediment is 
established by the steady gcothernal heat 
flux (0.015 cal/m^-s) and the constant in-
terfacial temperature. A generic study 
site, with the described characteristics, 
has been selected in a region of the Central 
North Pacific. 

Th 
tainer 
radioac 
the nuc 
sumc th 
cessed 
from a 
The HU' 
cessing 
days af 
malized 
ted in 
decay c. 
use of 

e thermal power output of the con-
decays with time in response to the 
tive decay processes associated with 
lear waste. In this paper, we as-
e nuclear waste is typical rcpro-
high level waste (HLh") resulting 
uranium only reprocessing cycle, 
is emplaced 10 years after rcpro-
with reprocessing occurring 160 

ter removal from the core. A nor-
power history for the MM.' is depic-

Fig. 1. Isotope inventories for the 
alculations were determined through 
the computer program 0RICFN.6 

Fig. 1. Normalized Power History for HLK. 

Krumhansl and Hadley? have reported 
studies dealing with thermallv induced 
changes in the physical properties of sat
urated marine sediments, while Braithwaite 
and MoleckeS have studied the effects of 
saturated sediment on corrosion of candi
date container materials. Based on these 
studies, recommendations were made *o limit 
the maximum temperature of the con'.aincr to 
the range 200-2S0°C. Thermal ana'yses were 
then used to predict an associates maximum 
allowable thermal power output of \.5 kW 
per container. 

THERMALLY INDUCED CONVECTION 

Basic Theory 

In this section, we identify a mathe
matical model which is appropriate for the 
description of two-dimensional, free con
vection in a fluid-saturated porous medium 
and which forms the basis for the analyti
cal and numerical studies to be described 
subsequently. The porous matrix is assured 
to be rigid and the fluid incompressible, 
with density changes occurring only as a 
result of changes in the temperature ac
cording to 

P f t H - B(T 
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(«) 
where the subscript s refers to solid ma
trix properties and properties with a zero 
subscript or without a subscript are those 
of the fluid. It should be notec1 that we 
have used an extended form of the Boussinesq 
approximation in the development leading to 
Eqs. (2)-(4), in that we have not demanded 
that all thcrmophysical properties remain 
constant. 

The mathematical system described thus 
far can be further simplified by combining 
Eqs. (2) and [5) to yield the scalar equa
tion for pressure 

a 
^7 

-T'oti 8(T (7) 
J] 

It is usually conveniei.t when implementing 
this equation to add the hydrostatic tern 
P Q E Z to the pressure, and to define this 
sum as a new pressure. The numerical meth-
od to be considered subsequently utilises 
Eqs. (4) and (~) for the description of 
the pressure and temperature fields. 
Larcy's lai*, Fq . (51, is then used to ob
tain the velocity field from the pressure 
and temperature fields. 

In order to complete ..he mathematical 
description, appropriate initial and boun
dary conditions must be specified for the 
dependent variables. Initial conditions 
are obtained by simpl> specifying initial 
values of pressure and temperature through
out the domain of interest. Over that por
tion of the boundary which encloses *.hc 
hydrodynanic part of the problem, either 
the pressure or the velocity normal to the 
boundary must be specified. The specifi
cation of normal velocity is equivalent to 
the specification of the pressure gradient 
normal to the boundary. Over that portion 
of the boundary associa.ed with the heat 
transfer portion of the problem., terpera-
ture or heat flux normal to the boundary 
•ust be specified. The latter condition is 
equivalent to the specification of the tem
perature gradient normal tc the boundary. 
All boundary conditions can, in general, be 
functions of time as well as position. 

Analytical Solutions 

Here we wish to briefly review some 
previous attempts to describe, analytically, 
the thermal convection induced by a concen

trated source in a fluid-saturated porous 
medium. If all physical properties B T C 
assumed constant, Eqs. (l)-(4) can be ren
dered non-dincrtsional in such a way that 
the only parameter involved is the Rayleigh 
number 

Ra • — ^ - S (8) 

which is physically representative of the 
relative importance of buoyancy forces, 
viscous forces, momentum diffusion, and 
thermal diffusion. In Eq. (6), Q' is the 
energy released per unit time by the con
centrated source, and all other parameters 
have been defined pTcviouMv. Using the 
physical parameters for m.irine sediment 
summarized in Table I, the nr. ticira: eJ 
value for Ra is approximately 10*5. 

TABLF r 
PHYSICAL PROPIRTirs (20°C) 

Property Pore Fluid 
3000 .0 

M i n e r a l 
W a s t e 

P ( k E / * 3 ) 
Pore Fluid 
3000 .0 2 S 4 0 . C :::s.o 

(R-day/kg. -C) 
o.os: 0 . 0 1 0 0 . 0 1 0 

«« {K/m-'C) 0 . 6 1 6 1 . 8 9 6 1 . 2 8 6 

V* ( k g / n - t i a y ) 9 3 . 5 9 0 ... 
S« ( l / ° C ) 3 . 3 6 0 x 1 0 - 4 ... 
D • • - ... o.s 
k n (n.2) ... S x l 0 ' ! 6 

k22 <V> ... 5 x 1 0 - 1 " 
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Numerical Solutions variant of Gaussian elimination. 

Computational Approach. Numerical so
lutions to *qs. (.5), (4), and (7) are ob
tained through use of the f-nite elenent 
computer program MAR I All which is based on 
the Galorkin form of the finite clement 
method. The program structure parallels 
those of previous finite element computer 
programs developed by Gartlingl - »1 5 a n<3 
thus shares many of the conventions and 
capabilities of these programs. The ap
plication of the Calerkin form of the fi
nite element method has received compre
hensive treatment in previous publica-
tionsH.lS and will not be considered in 
detail here. Rather, the discussion will 
be limited to a brief description of the 
basic numerical procedure and sore of the 
more important features of the computer 
program. Complete details concerning the 
construction and capabilities of the pro
gram arc available in Refs. 2 nr.i! 3. In 
general, M-\8IAH can be used to analyze a 
rather broad class of transient or steady-
state problems in arbitrarily shaded, two-
dimensional (planar or axisymnetric) porous 
regions. 

Application of the finite clement ap
proximation to Fqs. ("), (J), and (3), 
respectively, results in a system of dis
crete algebraic equations which cn:i be 
written in matrix form as 

KP - F(T) . (9) 

NT • D(y)T + LT - G , (10) 

y - Q T P * R T T . (11) 

Eqs. (91-(11) represent a system of coupled, 
non-linear equations for the unknown vectors 
P, T, and y which are the nodal values of 
of pressure, temperature, and velocitv. 
Within each element, the pressure and tem
perature are approximated usins quadratic 
basis functions. The velocity components 
are linear within the clement and discon
tinuous between elements. 

The solution algorithms used for Eqs. 
(9)-(ll) depend on the type of flow problem 
under consideration (i.e., isothermal, 
forced convection, free convection) and its 
dependence on time. For the solution of 
steady-state problems (T - 0 ) , one of sev
eral methods based on Picard iteration can 
be selected. Transient flow problems are 
solved with a modified Crank-Nicholson pro
cedure. In general, the solution methods 
employed in the computer progran closely 
parallel the methods described in Ref. 12 
for non-isothermal Navier-Stokes problems. 
In all cases, the actual solution of the 
matrix equations is accomplished by a fron
tal elimination procedure which is a special 

Results for Reference Emplacement 
Conf ig'u'fatio~n"T The computational dor.ain 
and boundary conditions for the numerical 
study of the natural convective flow in
duced by a thermally active container of 
nuclear waste are shown in Fig. 2. The 
container geometry, initial power, decay 
history, and burial configuration were 
described in a previous section. For com
putational purposes, we consider a.i nxi-
symmetric region 120 m in diameter and 60 
m thick, where the latter dimension corres 
ponds to the thickness of the sedimentary 
layer. The diameter of the rceion was 
chosen to be sufficiently large so that 
the thermal field associated with the con
tainer is unaffected by the presence of 
the lateral boundary. This is not an un
realistic situation since, in an actual 
reposi tory, waste containers would S-c re
placed sufficiently far apart to preclude 
thermal interaction. L'n the upper, hori • 
zontal, permeable boundary, pressure ar.d 
temperature are hch! constant. Pott; :l.c 
lower horizontal and vertical lateral 
boundaries are impermeable. The \crticM 
boundary is insulated and the stead-.- eec-
thernnl heat flux is appl i ed tc the l e e r 
bounda ry . \ddi t icna I boundary ccr J i t i >;i= , 
required for the radionuclide migration 
study, aTC- also included on Vig. 2. 

* F - f T U r . T - t JC. C n - 0 

SIDIMENT 

I INWUUtD 

CONTAINER 

K P T * - MOIL'S -tO-

I M N W B I U CtOr-;SVll ftL'f 

Fig. 2. Reference Emplacement Configuration 

In Table I, the material properties 
used in the thermal analysis are tabulated 
for a temperature of 20 CC. Those proper
ties indicated with an asterisk were actu
ally allowed to vary uith temperature m 
the analysis, in accordance with the rela
tions given in Ref. 5. 

Typical results of the numerical study 
are given in Figs. 3-5. In Fig. 3, Delect
ed isotherms are plotted for one and ten 
years after emplacement. As indicated in 
a previous section, a Rayleigh number of 
approximately 10"^ is appropriate for this 
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situation. We thus expect the thermal field 
to be relatively unaffected by convection, 
as confirmed by Fig. 3. The symmetry of the 
isotherms indicates that the temperature 
distribution is established by tht-rr.al con
duction. A typical computed axisyr.rr.etric 
streamline pattern is illustrated in Fig. 
4 for an elapsed tine of 10 years after 
emplacement. Finally, in Fig. 5, we pre
sent plots of temperature and vertical 
velocity versus time as calculated for a 
point adjacent to the container on the hor
izontal mid-plane. It is observed from 
this last figure that essentially all 
thermal activity has ceased as a result of 
thermal decay during the first 100 years 
of emplacement. 

»*. n« \ , l t 

M - t . 1 l : ) 
I M - ift kJ- / 
» • • - / 

/ 
Fig- 3. Isotherm Tattem* Near 

Container for Two Tires. 

MOIUS <al 
Fig. A. Streamline Pattern at 10 

Years After Emplacement. 

Fig. S. Velocity and Tcrpcrat u ir
on Container at a I'epth o 
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Basic Theory 
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where Kj] is the equilibrium distribution 
coefficient which is, in general, a func
tion of species concentration and tenpera-
ture. For the numerical results to be des
cribed subsequently, we have neglected the 
temperature dependence and assumed 

CIO 

where the a's are constants. The quantity 
D n is the diffusion-dispersion coefficient 

i IJ • j• (15) 

where a^j are dispersion coefficients, U 0 is the molecular diffusion coefficient, and 
the velocity v^ is the Darcy velocity as 
defined by Eq. (3). In our analysis, we 
have assumed of, = a1)-* *.6.1 n and a ni * 
ajj - 0.61 m. Finally, >.nk is the radio
active decay rate fror. species n to species 
k and S n is a source term. All other para
meters in Eq. (12) have been defined pre
viously. The fluid velocity \*j is obtained 
directly from the thermal analysis. 

Analytical Solutions 
Numerous prior publications have dealt 

with the solution of various special for™> 
of Eq. (12) foT the transport of radionu
clides in a one-dirensional systcr,. We 
shall not arterpt to review this r.ither 
large body of work, but will instead focus 
attention on a single analytical solution 
which has a more direct bearing en the 
problcn at hand. \uttall, Rsy, and Davis -̂  
developed an analytical solution for the 
isothernal migration of a single radier.u-
clidc from a point source embedded in a 
semi - infinite region below a boundary on 
which the concentration was maintained at a 
constant value of :cro. The processes of 
diffusion, sorption, and radioactive decay 
were included in the analysis. Tonvcctivc 
transport was a*suned negligible. In view 
of the rather weak convection predicted for 
the reference emplacement confignration, 
this last assumption appears rca>onablc. 
Concentration profiles and breakthrough 
times were predicted for the cases of in
stantaneous dissolution of the container 
and constant leakage rate fron the contain
er. The analysis is viewed as a reasonable 
first approximation to the far-field be
havior of the migration process. 

Numerical Solutions 
Computational Approach• Numerical so-

lutions to Cq~! fl2) were obtained with the 
computer program IONMIC. In 10NMIC, Eq. 
(12) is solved in finite difference form 
through use of an explicit, prcdictor-
corrector technique originated by 
MacCormack.*' Stable integration of the 

finite difference form of the equation can, 
in general, require a different tine step 
for each species. This is accomplished by 
selecting a global tine step based on decay 
rate and output data considerations and a:: 
integration time step for each species 
which is an integer subdivision of the glo
bal time step and satisfies an appropriate 
stability criterion. 
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For comparative purposes, we have con
sidered the migration of four representa
tive nuclides: the cationic species^--'" Pu 
and 137cs, and the anionic species J-^l and 
9 9 T c . Plutonium is considered representa-
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tive of transuranic elements with long half 
life and large equilibrium distribution co
efficients Kj. Cesium is typical of fis
sion products with short half life and mod
erate K'd- Beth iodine and technetium have 
long half life and low Kj. Based on lim
ited laboratory results obtained by 
EricJcson,*8 we have assumed values for mo
lecular diffusion and equilibrium distribu
tion coefficients. These values can be ob
tained from the information contained in 
Table H I * In order to study the migration 
Of the four representative rRdionuclidcs, 
it was necessary to simultaneously consider 
the associated parent and daughter nuclides. 
Decay chains for each of the representative 
elements are listed in Table 11 alon^ with 
the mass of each element present in the 
initial inventory for the waste container. 
The initial inventory is the same as that 
used for the thcrral source calculations. 

TABLE II 
INITIAL INVFNTORIES OF RADIONUCLIDES 

USED IX THE CALCULATIONS 

Radionuelide 

NP 

Mass in Container (Ke.1 

0.121 

1.0 E-7 

6.92 E-5 

3.58 E-2 

1.0 E-5 

0.305 

1.178 C-

1.13 

4.32 E-S 

1.33 

2.01 E-7 

Calculations for ^ 3'Cs were carried 
out to 3300 years to verify that little 
motion took place Dljior to decay. Since 
the half life of l j 7 C s is only 30 years, 
in a few hundred vears virtually all the 
* i 7 C s decays to 13 Ba, in place, and none 
reaches the surface. The sase behavior is 
expected of other short-lived species with 
moderate values of Kj such as 9 r i 3 r . 

For long-lived isotopes having a high 
Kj, such as r.any forms of 2 3 9 p u > t£j e situ
ation is similar except over much longer 
time scales* Fig- 6 shows the concentra
tion of Z J 9 P U over a vertical plane con
taining the buried canister after 10** years. 

TABLE III 
DIFFUSION* COEFFICIENTS AND PARAMFTLRS 

FOR EQUILIBRIUM DISTRIBUTION COEFFICIENTS 
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For anionic nuclide? ha\;r;^ n IOIJI; 
half .; i f e and a very ?r,all >. j , such as 
129] a n ( j 99*r C i t r ; e behavior is quite dif 
ferent. Without the retnrdinc. ac'.-on of 
sorption, these substances diffuse thro;:;r: 
the sediment in a relatively short tir.c 
(5000 years or less). Fig. 7 show? the 
release rate of radioactivity, at the sed
iment/water interface, associated with the 
decay of l-^i a S a f u n ctior. of ti^e. The 
release rate reaches a peak of 0.S2 uCi/yr 
at about S,0nn years and then declines to 
approximately 1/3 of that value in,10^ 
years. The specific activity of ---* is 
low, decaying to l-^^Xe bv beta decav with 
a half life of 15.9 million years- Fig. S 
hows a similar release rate profile for 
9 T c . The peak value of 180 uCi/yr is rr.uch 

higher than that for 1291 because both the 
initial container inventory and the speci
fic activity of " T c , which beta decays to 

§ 



99ftu with a half life nf 213,000 years, are 
higher. 

Fig. 7. 

TW[ (TUJIS110't 

Release Rate of I from the 
Sediment Surface Covering a Single 
Container. 

Fig. 8. 
TIME IYEARSI IO ' } 

Release Rate of Tc from the Sed
iment Surface Covering a Single 
Container. 

As a final observation, wc note From 
Fig. 5 that after approximately 30 years, 
the maximum fluid velocity induced by ther
mal convection has decayed to a value typi
cal of that due to diffusion (5-10 nm/>r). 
Consequently, we anticipate that convection 
has little effect on the migration of radio
nuclides in marine sediment; a conclusion 
which has been verified computationally. 

DISCUSSION 
Ke have developed a mathematical basis 

for the prediction of thermal and radionu
clide transport in narine sediments. The 
theory was applied to the study of problems 
associated with the disposal of radioactive 
waste by emplacement in oceanic sedimentary 
layers well below the sediment/water inter
face. A reference emplacement configura
tion was defined and used for all analyses 

reported. Aside from some analytical ap
proaches which were only briefly described, 
the studies reported in this paper were 
performed, numerically, using two cor.putur 
programs which were designed especially for 
the analysis of the problem at hand. 

Numerical results indicated that, for 
the proposed disposal scheme, the Raylcigh 
number associated with the thermally in
duced convective notion is expected to be 
quite small (-10-3). Hence, the convectivc 
velocity is snail and has only a negligible 
effect on the tenperature distribution. 
Thermal conduction theory can thus be used 
effectively for the prediction of the ten-
peraturc distribution. For the referer.ee 
container, it was shown that all thcr.-::>l 
effects decay to a negligible level in ap
proximately 100 years. 

The migration of the four renrc-c:ta-
tive nuclides 239 P u, * J'Cs. 1-9I,"anJ ''rTc 
was computed. Por the reference prô '.-rr, 
it was predicted that no plutonii:- or ce
sium would breach the sedir.ent/fc Jtcr inter
face. It was, however, predicted that 
iodine and technitiun would migrate to the 
interface and the associated release rates 
were computed. 

The significance of the computed re
lease rates in terns of hunan or ecological 
hazards can be detcrnineJ only by a co-:re-
hensive analysis of the water colur.n trans
port mechanics and marine bio-sys tcr. con
centration mechanisms. Sore perspective or, 
the predicted release rates can he obtained, 
however, by a comparison with other orc.ir.i: 
radioactive sources. For the axisy-rc:ric 
case for which the calculations uere raic, 
the area per container i> based or a spa
cing of 120 m. This results in an average^ 
release per container of J.5xlO"5 yCi/vr-r.-
for 129i and 1.6x10"- uLi/yr-m- for 9^Tc. 
These fluxes compare to natural radium and 
radon fluxes of 3. 5-8 .SxlC "•* yCi/vr-r" 
22&Ra and 0.26-O.SS yCi/yr-n2 for ---Based on this comparison, it may he h 
thesized that the imediate exposure ef
fects of the released 1-̂ 1 and --Tc on 
thic organisms would be negligible sir.ct 
they evolved in a much more intense ficli. 
Confirmation of this hypothesis awaits 
completion of ongoing research and experi
mentation on biological concentration, 
water colur.n transport mechanisms, and de
velopment of pathways-to-man models. 

At this point, a few final conr.cnts 
are offered concerning possible sources of 
error in our analyses. At the present, 
only rudimentary information is available 
for the thermophysical properties required 
in the thermal analysis. Lack of property 
information aside, the assumptions most 
likely to introduce errors into the thermal 
analysis are those associated with the 
Boussinesq approximation and the assumed 
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rigidity of the porous matrix. The rapid 
heating of a liquid confined in a rigid 
porous matrix of low permeability can ac
tually produce a rather high transient pore 
pressure. As a result of the assumptions 
invoked, this behavior is not evidenced by 
our solutions. If the porous matrix is 
composed of clay particles, as is the case 
for marine sediments, then it is likely 
that some local deformation of the matrix 
will occur in regions of high heating rates-
Questions regarding the defornational be
havior of marine sediments cannot be an
swered conclusively until rheological pro
perties have been accurately determined. 

Accurate predictions of migration pro
cesses are also severely hampered by lack 
of experimental confirmation of various as
sumed properties. For example, insufficient 
information exists concerning equilibrium 
distribution coefficients. Recent labor
atory studies*** suggest that the mathemat
ical form we assumed for the equilibrium 
distribution coefficient may be inadequate 
to describe the sorption of certain.radio
nuclides, particularly iodine. Future pre
dictive capability will depend crucially 
on the outcome of planned experimental 
research. 

ACKNOWLEDGMENT 
This work was s u p p o r t e d by t h e U .S . 

Department of Energy under c o n t r a c t 
DE-AC04-76DF0D7B9. 

REFERENCES 
1. Bishop, U\ P. and Hollister, C. D., 

"Seabed Disposal--Where to Look," 
i-Tuclear Technology, Vol. 24, 1974, 
pp. 425-443. 

2. Gartling, D. K. and Hickox, C. E., 
"MARIAH--A Finite Elencnt Computer 
Program for Incompressible Porous Flow 
Problems, Part I--Thcoretical Back
ground," 5ASD79-1G22, Sandia Labora
tories, Albuquerque, KM, to be 
published. 

3. Gartling, D. K. and Hickox, C. E., 
"MARIAH--A Finite Element Computer 
Program for Incompressible Porous Flow 
Problems, Part II--UseT's Manual," 
SAND79-1623, Sandia Laboratories, 
Albuquerque, KM, to be published. 

4. Russo, A. J., "Prediction of the Migra
tion of Several Radionuclides in Ocean 
Sediment with the Computer Code 10XMIG, 
A Preliminary Report," SAS'D~9-1666, 
Sandia Laboratories, Albuquerque, N7-1, 
Hay 1980. 

5. HcVey, D, F-, Gartling, D. X., and 
Russo, A. J., "Thermal/Fluid Modeling 
of the Response of Saturated Marine 

Red Clays to Emplacement of Kuclear 
Waste," in: Proc. Workshop on the 
Use of Argillaceous Materials for the 
Isolation of Radioactive Waste, 
Nuclear Energy Agency, Paris, 197$, 
pp. 179-201, 

6. Bell, M. J-, "ORICES--The ORNL Isotope 
Generation and depletion Code," 
ORN'L-4628, Oak Ridge National labora
tory, May 1973. 

7. Krumhansl, J. L. and Hadley, C. R. , 
"Thermal and Chemical Properties of 
Saturated Marine Clays in a Near Field 
Environment," in; Proc. Workshop on 
the Use of Argillaceous Materials for 
the Isolation of Radioactive Waste, 
Nuclear Energy Agency, Paris, 19"P. 

8. Bra i t hvai t e, J. W. a n J Mo1e c k e, M. i. , 
"High-Level haste Canister Corrosion 
Studies Pertinent to Ceologic Isola
tion," Nuclear Waste Management anl 
Tcchnolo-y, Vol- 1, No- 1, Perga-.cn 
Press, 19/9. 

9. Hickos, C. F.. and Watts, H. A.. 
"Steady Thernal Convection fror. 3 
Concentrated Source m a Porous 
Mediur, " .!. Heat Transfer, Vol . 10 - , 
No. 2, May 19SD, pp. 2-'3-2S3. 

10. Bejan, A. , "Xatur.il Convection i :i 2r. 
Infinite Forous MeJiyn \. ;th 3 Conce:.-
trated Heat Source." J. S-'luid '-'cch - , 
Vol. S9, Part 1, 19"5, pp. 9"-10". 

11. Hickox, C. E. , "Thcrral Convect i or. at 
Low Raylcigh Number fro^ fonccri: ra: L .! 
Sources in Porous Vcdi3," to ue pre
sented at ASML V.inter Annual Meeting, 
Chicago, JL, November 1950. 

12. Gartling, D. K., "NACH0S--4 Finite 
Element Computer Pro~ra~ for Ir.cor.-
pressible Flow Problers, Part I--
Theoretical Background, " SAM>~"-1 3 2.", 
Sandia Laboratories, Albuquerque, '.''., 
197S. 

13. Gartling, D. K., "COYOTE--A Finite 
Element Computer Program for Nonlinear 
Heat Conduction Problcr.s ," SAND" ' -: 2 3; , 
Sandia Laboratories, Albuquerque, SM, 
June 1978. 

24. Gartling, P. K., "Convcctive Hca; 
Transfer Analysis by thy Finite flc-
ment Method," Comp. Meths. Appl- '-iech. 
Eng., Vol. 12, No. 3, 1977, pp. 2&5-
382. 

15. Zienkiewic*, 0. C. , The Finite T1c~?r.t 
Method in Encineerinc Science, McCra* " 
Hill, London, 1971, 

http://Xatur.il


16. Nuttall, H. E., Ray, A. K.t and Davis, E. J., "Ion Migration in Ocean Sedi
ments: Subscafloor Radioactive Waste 
Disposal." Proc. Mat. Res. Soc. Annual 
Mtg., Boston, MA, November 1979. 

17. MacCormack, R. W., "The Effect of Vis
cosity in Hypervelocity Impact Crater-
ing," AIM Paper No. 69-354, 1969, 
also "Numerical Solution of the Inter
action of a Shock Wave with a Laminar 
Boundary Layer," Proc. of the Second 
Intl. Conf. on Numerical MethoJs in 
Fluid Dynamics, University of Calif, 
at Berkeley, September 15-19, 1970. 

18. Erickson, K. L., Personal Communication, 
Sandia Laboratories, Albuquerque, NM. 


