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TECHNICAL MEMORANDUM 

THERMAL CONTROL OF HIGH ENERGY NUCLEAR 
WASTE. SPACE OPTION 

INTRODUCTION 

The space option for nuclear waste disposal presents some thermal 
problems which must bc solved and assessed before feasibility by space disposal 
can bc cstablishcd. P~~imnrily, the thermal problem is one of maintaining the 
waste tcmpcrature below the melt conditions. This is especially true for those 
waste compounds having vcry high cnergy densities ( 20.2 ~ / g ) .  Studies thus 
far hnvc resulted in dcvclopment of the spherical wsste configuration. Thus, 
thc thermal problcm is associntcd with the inner core of the waste package. 
'I'hc. corc tcnipcrnturc is1 

'rhc core tcmpcrature T is, therefore, greatly affected by the surface tem- 
j)craturc, T . On fflc grmnd where convection cooling can be made available, 

0 

tllc core temperature is c'laier to maintain at acceptable levels. However, in 
spncc, the surfacc tempcr:lture is determined by the radiation properties of the 
uastc surface. Thc surfacc temperature is established by its area and 
cmittancc. Increasing thc surfacc area decreases the surface temperature but 
increases thc second tcrm, 4 no2/4 k . The net result is always an increase in 

the corc tempcraturc with an incrcasc in R . 
0 

Thus, in space, vcry little control can be exercised over the corc 
temperature. For a homogcncous wastc distribution, the temperature is best 
limited by limiting thc cncrgy generating charactcristics and Lnass size. How- 
cvcr, this is s<*IFdcfcating since nuclear waste has an inherently low conductivity 
:tnd some of thc most desirable wastc to be disposed of has high energy content. 
Also, it is dcsirablc to usc the Shuttle payload capability for each launch. 

1. Krcith, Frank: Principlcs of Heat Transfer. Dun-Lonnelley, New York, 1976. 



The purpose of this study is to suggest a technique whereby the effec- 
tive conductil-itJ of the waste can be increased. This allows core temperature 
control with larger masses having larger energy contents. The concept is to 
bring the energy within the core to the surface by means of cylindrical rods 
having high conductivity. This does not reduce the surface temperature but 
does reduce the temperature difference occurring between the surface and core. 

The objective herein is to evaluate this concept and to establish the 
effectiveness of the cooling rods as greater waste masses having greater energy 
densities are considered. Also, the effects of the number of rods and their 
size will be assessed. 

The cooling rod concept is also important because of the way it lends 
itself to manufacture of the nuclear waste package. This advantage is very 
important and is the motivation for studying the rod concept in detail. This 
cooling rod packaging process consists of three basic steps (in order) : 

1) A steel hemispherical shell with rod holes located on its surface, 
which wi l l  later receive the rods, is packed with waste material by a suitable 
packing tlechanism. There are thin membranes over the rod holes to contain 
the material during the packing process. 

PACKING 
MACHINE 

' . -  - 

\ , I ' -  

MATERIAL 



2) After packing two hemispheres, they a re  brought together and 
welded. The cooling rods a re  then inserted through the rod holes. There may 
be as many as  300 to 500 rod holes. The cooling rod pierces the membrane as 
i t  is driven into the waste material. 

I- JL 

COOLING ROD 
/ I DRIVEN THROUGH 

HOLE INTO WASTE 

3) After each rod is driven flush, i t  is welded to the sphere's 
surface. The package is  now complete for deportation into space. 

There are sevcral advantages to this technique besides the symmetrical 
configuration which lessens the thermal maly sis  problem. F irat, there is l e s s  
chancc of waste spillage and tool contamination. This is an important advantage 
and motivates usc cf this concept. Second, the extra packing of the waste 
material as a result of driving the rods reduczs the contact resistance between 
the rod and waste matcrial. 



GENERAL THERMAL CHARACTER I ST1 CS 

The temperature distribution within a spherical waste package having 
a homogeneous mass distribution can be found in Footnote 1, 

The temperature, T, occurs a .  Radius R, with R being the radius of the 
0 

spherical package. At the core, R h o  equals zero and equation (2) reduces ?o 

equation (1). At the surface, R/Ro is unity, and the temperature in question 

if equal to the surface temperature is determined by the radiation characteristics 
at the surface: 

Equation (3) states that in the steady state the total energy rate generated must 
be radiated at the surface. The required surface temperature is T . 

0 

Equations (2) and (3) a r e  very simple to apply but are not in te rms of 
the variables which the nuclear material is usually specified. In general a waste 
mass, M, is given which has a given energy density, E, and a mass density, p. 
Noting that: 



Equation ( 2 )  can be manipulated t o  give a m o r e  useful form in  tcrms of s ta ted 
cliaractcristics. These  substitutions in equation (2)  give 

,\ t).j)ical tc.mpcrature distribution resulting f rom this equation is given in  
I I In this pa r t i c~ l la r  exaxnplc tlic cncrgy density of 0.002 \t7/g is  
st~fficiently low thet  cooling conduction rods  a r c  not rcquircd. 

hlost of the timc, only thc core  tcnipcrnturc i s  of in teres t  s ince  
t l icri~jn l i c s  the higkcst  tcmpcraturc.  .Additional character is t ics  f o r  just thc 
corc t c m p c ~ ~ a t u r e  a r e  givcn in Fikwrc 2. \\'astc! m a s s  is the independent vari-  
;11)lc ~vi th  cnc-rgy density :is an argument. A density of 2.88 g/cm3 and con- 
cluctivity of I :; \\"ni-'li a r c  tnlicn ns typical \v:istc clinractcristics. It i s  noted 
t11;it cic~nsily -1nt1 conductivity arc illirsive paranietcrs. The conductivity is 
~ ) : ~ r t i c u l a r l y  difficult to charactcrizc.  

Figurc  2 il!ustratcs thc difficulty o f  liccping the c o r e  tempcraturc  
I ~ . l o \ v  lS0O0J: l o r  cncrgy tlcnsitics abovc 0.004 \\'/g. Yct, s o m e  nuclcar wastc 
]):IS dcnsitics :~bovc 0.2 W/g.  Cooling rods  a r c  necessary  for  these  cncrgy 
lc~vcls. 

Figurc  3 h a s  1 , ~ ~ ~ : :  iiici~ldcd to illustrate thc iniportance of conductivity. 
Th i s  figti?.c camphnsizcs thc importance of achicving 311 cffcctivc conductivity of 
: ~ t  1cl:lst 4 o r  5 W /m-" F;. Froni cquation (-1) , i t  is rc:llized that a s  the conduc- 
~ i v i t y  l)ccomc!s g rcn tc r ,  tlic core  tcmpcraturo nl,j)ronchcs the surf:lcc tempera- 
turc. Thc objcctivc hcl.ciii i s  to dcmonstralc ho\.v thc cooling rod increases thc 
cffcctivc conductivity of thc xns tc  mfitcrial. 

Tllc clffcctlvc- ccl?~ductance can bc fr~und bv solving cquation (4)  fo r  k 
:ilirl tal.rinji tlic vnluc of 'l' :I:: thc corc  t c n i p c ~ : ~ t u r c  ~ h i c h  resu l t s  from applicatio~l 
01'  t i ~ v  cooling rods: 





DENSITY 2.88 g~an3 

CONDUCTlVlTY 1.8 wlm - OK 

Figure 2. Core tcmpcraturc a s  computcd Irom equation (4) .  

Equation (5) will be utilized later to computc the cffcctivc uas tc  conductivity 
resulting from cooling rods. 



Figure 3. Core temperature sensitivity to *aciear 
waste conductivity. 

Equation (4) has been computerized for quick assessment of core 
temperature. Also, if the effective conductivity is known, the core temperature 
can be quickly computed without resorting to the SINFA system numerical 
difference analyzer program. A typical output from this program is given in 
Table 1. The program iterates waste mass up to 10 000 kg and energy densities 
up to 0,008 N/g. The values of these selected ranges can be easily changed as 
is discussed in Appendix A. In some material, the temperature which can be 
tolerated is not known. For this reason, a tool for quick evalustion of any pro- 
posed nuclear waste package can be made available to those whose expertise are 
with nuclear material. 
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As already mentioned, the core temperature cooling mechanism 
consists of conductive rods which peneirate the waste radically within a few 
inches of the spherical center. The rod radius, ro, ~ N t s  in interfez-ence 

between rods as they agproach the center (Fig. 4). The radius of the resulting 
sphere at the center can be found by equating the ama of the inner sphere with 
the sum of the cross-sectional areas of the rods plus 10.7 percent: 

For  362 rods, the inner core dimleter will be 2.5 in. for 0.25-in. radius rods. 
This core will probably be made of steel to provide structural integrity to the 
waste package. In any event, the allor&le rod lewth  must be accounted for by 
this method. The first  step to be taken is to define a relationship for the number 
of rods, At first, i t  may appear that my arbitrary number could be used, 
However, this is rot the case if the rods are to be equally distributed through- 
out the sphere. 

It is necessary to establish the relationship b e b e e n  the number of 
rods and the distance between rod tips as they entor the spherical surface, 
Finally, the distance between d l  adjacent rod tips would be equal. The basis 
for establishing these rclationships is a surface constructed of 20 equilateral 
tri.mglcs. The solid figure formed by a single triangle is known as an 
icosahedron. Representation of a spherical surface by 20 icosahedrons is 
shown in Figure 5. 

Each equilateral triangle can bt- subdivided into small triangles a s  
i' .ustrated in Figures 6 and 7 .  Each intersection lies on the surface of the 
sphere. A s  the number of triangles increases each icosahedron surface 
approaches an equilaterd spherical surface. In Figure G the basic icosahedron 
leg is  divided equally into two elements. This results in formation of four 
tri,mp;les. The number of equal subdivisions in each icosahedron sides is known 
as the gcodetic frequency. Figure 7 has a geodetic frequency of six. 



STEEL CONTAINMEW 

I 

rigurc 4. Coolin:: rod abnccbpt which conduc:~ heat energy from the 
core to r;idi:tting s ~ i r f : ~ ~  of the ~ tz s t c .  

For purposes of the thernul control n~cch:mi?;rn, :I rtrd u-ould bc 
loc,ttc*d at tach intcr:iction, The rc. laltonsl i i~~ bct\rcen tllc xeodetic frcqucncy 
:;nd the surklcc chsrnctcristics arc: 

F o r  cxaniplc, ;I gcu)dctic. frc:q~~i.i~cp o f  ti rc.sults 1 1 1  31;: rods ;lr:tl 720 triangles 
f:~rmcd by c : ~ c h  rod end. Sinre the frcqucncy  nils st 5c :In intcgcr-, the‘ possible 
1111mbcr of reds gro\\.s ns 12, 42, 92, I(;?, 2 5 2 ,  :i!,2, 492, tatc, All intermediate 
nun11x.r~ of rods arc. not jx)ss:hlo \i ith this  c . o n f i g ~ ~ r ' : ~ ~ ~ o n .  





INPUT no. or SIDE stonnts m t m o  

w t c g n t  OF swtliufcni SUMME Mtn n.mn 
WRCENT W WIYRIChL WLUlllE 87.34s 

Figure 6, A spherical surface generated by a geodetic frequency of 2, 





For  a frequency of one, the geometry reduces b the basic 20 equi- 
lateral triangles. Sides which form the surface of the icosahedron are equal. 
However, geodetic frequencies above one do not produce all equilateral 
triangles. The subdivided triangles do not result in equilateral triangles, 
although some sides are repeated. Consider the iesahedron surface of Figure 
8 where the sides have been subdivided with a frequen:~ of four. Letters indi- 
cate members of the same length. The length of each mcmber can be found by 
multiplying the enconlpassing sphere radius by a carrection factor, CF. Some 
of these correction factors are  given in T a l e  2. For  an example, thclength 
of the "c" mcmber for a frequency of 4 is the radius times 0.294530. It  is 
unfortunate that this situation exists; however, for purposes of the thermal 
nlodel and rod placcmcnt, the problem becomes greatly simplified by generaliz- 
ing on a single relation between the sphere radius and clement length. For  
purposes of the thermal model, the following generalization has becn made: 

Equation (6)  is  based upon the length trends occurring within the icosahedron. 
It is  noted that this equation cannot be used for actual design construction but 
docs allow thermal andysis of a single rod to represent all rods. 

Figurc 9(a) i s  a plain view projection of a portion of an equilateral 
sphcricd triangle. All of the element lengths arc cqurrl a s  per  equation (6). 
Each intcrscction is the location of a rod. Around each rod is a prescriber 
circic of diameter, t , the clement length. Each of these circles represent a 
cr!nt, each h:lving identical thermal distribution. 

An elcment conc i s  shown in Figure 9(b). This cone i s  deiined by 
dimensions f and Ro as related by equation ( 6 ) .  Thc number of c o w s  is 

equd to the number of vertices which is,  10 1r2 + 2. Thus, the mass element to 
be thermally modclcd is dcfincd. The complex thermal and mechanical config- 
uration has becn reduced to a sin~plc cone with a single rod located on its radius 
centerline. Thc thermal distribution in this cone chnrncterizes the thermal 
char:lctcristics of the cntire nuc1e;tr w a s h  package. It is noted that n small 
area cxists outside of thc prescribed circlcs of Figure 9(a). 

Thc cncrgy reprcscntcd by this area is distributed proportionally 
within each conc. Thus, the txmperaturc at the outcr surface of the cone i s  
considered to bc rcpresi~ntativc of the temperntrtrc bet\vccn intcrsccting cones. 
This deviation from the actual configuration is a)nsidcred to k mil-r and the 
simplicity it  brings tct thc  modcl is  warrnntcd. 





Figure 9. Dcfirb~tion of a characteristics mass element for 
a spherical nuclear waste package. 



THERMAL MODEL NODE LOCATl ONS 

Now that the mass element to be thermally rnodeled has been defined, 
the node location and their respective capacitance and conductance a r e  to be 
determined. Sincq each node repres; nting the nuclear waste is an energy 
generating node, it became an intuitive guideline to give each node equal mass. 
In this way, the energy generated would be distributed equally within the model 
network. This approach reinforces the fidelity of the model since a finite 
number of nodes represents an infinite number of energy generating points. 
To accomplish this guideline the sphere was divided into four concentric shells 
each hnving the same mass. This  subdi~is ion  of the element cone is i l l ~ ~ s t r a t e d  
in Figure 10. Each shell i s  numbered 1 to 4 and they cut through the cone as 
shown. F o r  proper location of the shells, each section of the cone will have the 
same mass. If n is taken as  thc shell number, the necessary relationshjq 
between the f i r s t  shell, n = 1, radius, R , and the radius R , at n is 

1 n 

The spherical radius, Ro, will be t&en as the independent variable with n = 4. 
Therefore, R becomes 

1 

where 



Figure 10. Sphericd shells having equal mass. 

F o r  an example, if the waste radius is 2.4 It, Rl becomes 1.5119 ft. From this  

value equation (7) can be used to find R at other shell locations. A scaled 
n 

sketch of the wastc pacliagc divided into shells as  above is given in Figure 11. 

To complete the thermal model, the mass within the top three shells 
is divided into doughnuts a s  shown in Figure 12. The generalized radius of the 
outside doughnut is r . The inside doughnut radius i s  r For equal mass  

n 2 nl '  
within each doughnut, the following relationship exists: 

For  s ~ m i l a r  triangles, 



Figure 11. Scale drawing of four shells  with radii 

determined by R = n 1/3 
n *I 

Figure 12. Nodd structure of characteristic mass element, 

20 



Thus 

which determines r of equation (9) .  Equations (7) through '0) completely 
nl 

describe the geometry of the mass element. A summary of these dime~sions 
are given in Figure 13. 

U A S S  ELEMENT 

I 

I 
Figurc 13. C;cneral dinlensions of thc mass clcmcx~t. 



The nodal system consists of six doughnuts, each having different 
dimensions as given in Figure 13. Also, there is  node 10 which represents a 
cone shape. The mass in the cone is twice the mass in any single doughnut. 
The cooling rod common to each set of doughnuts and cone has nodes 50, 40, 
30, and 20, respectively. The R-C network representing the model is illustrated 
in Figure 12. The nodal system consists of 13 nodes with 99 being a space node 
and node 17 the plate which contains the waste material. 

I t  is noted that the model as described here has not been presented to 
the depth where as equations are available for computing the capacitance and 
conductance between nodes. The intention is to describe the model in sufficient 
deh i l  that the modeling approach can be understood. Since it was anticipated 
that the model would have to be integrated many times, the model was completely 
compubrized and the output was made compatible with the S I m A  data block 
forms. A typical output from this program is  given in Figure 14. This pro- 
gran is discussed in Xpprndix B. 

DATA RESULTS 

Bcfore the computerized thermal model was complete, it was diffi- 
cult to speculate upon the effectiveness of the cooling rods. The entire purpose 
was to assess the capabilitv of the rods in controlling the core temperature. 
Results from one of the first  sample cases arc shown in Figure 15. While the 
specific temperatures obtained from this sample problem are of an academic 
interest nnly, it indieatei illrat the cooling rod concept can be very effective in 
reducing core temperature. For  this sample case, a mass of 10 480 lb was 
chosen with 362 half inch rods. The energy dea i ty  was 0.2071 W/g. Without 
thc cooling rods the core temperature was over 80 000°F. With the cooling rods 
the core temperature dropped to 8500°F. This is a faztor of 10, a result worth 
noting. The surface temperature is about 11900°F. The surface temperature is 
the same with and without the rods since, in the steady state, the same energy 
must be radiated at the surface. The cooling rods used in this example were 
molybdenum which has a conductivity of 72 ~tu/hr-ft-OF at 3000 OF. 

To establish the limit of capability of the cooling rods, the passive 
molybdenum rods were replaced with heat pipes. These results a r e  indicated 
in Figure 16. nlost of these temperatures cari be tolerated. Thus, in  the limit, 
the rou cooling concept can maintain core ter.ipcrzture for large masses and 
high cnergy densities. I t  is of intcrest to notc that the reduction in core tem- 
perature with the number of rods is  not si~nificant. That is, the reduction in 



m DEWIN LI/Cn: 
RADfus OF COWOUCtfrn ROD: FT 
GEomrc aEamuv 

Figurc 14. Typical compute-r outp~it which gcncratcs 
nodal dnt:i for SiFDX, 



Figure 15. Effcctivemss of cooling rods upon tw temperature distribution 
for hi* density nuclear waste material. 

Figure lii. Corc t c ~ n ~ p ~ r a t u r c ~  results iron: hc-at pipe cooling i-04s. 



core temperature by using 810 rods is not significant from that of 492 rods, 
This is especially true for waste masses b l o w  10 480 Ib, Thus, geodetic 
frequencies greater than ': (492 rods) is not warranted ia view of the additional 
complexity of building the waste package. The effective .wnductivity of the 
cntire package was calculated for the 10 430-lb package t; -& equation (5). 
The effective conductivity was computed a t  122 ~ / m - a  K. 

I t  became of particular interest to =sess the performance of the 
cooling rods by reducing the waste mass while keepitg the same high energy 
density, These results are shown in Figure 1'7, Three cases are shown for  
different diameters of rods, Since most waste temperatures must be less than 
350O0F, the waste mass must be limited to :?00 to 3000 lb, This implies that 
waste material which has high energy *nsity must consist of mitiple packages 
of relatively low mass, 

Figure 15 corresponds to Figure 2 except that much higher energy 
densities are amsidered as the argument. To approach a single waste package 
of 10 000 Ib, thc c:lergT dcnsits must be below 0.1 W i g  to keep the core tem- 
pcrature below 33500°F, 



Figure 17, Core temperature using molybdenum rods. 
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APPENDIX A 

TEMPERATURE D l  STRI BUTION FOR A SPHERICAL 
HOMOGENEOUS MASS 

The computer program presented in this appendix represents the 
solution to Equation (4). There are three inputs: waste density, waste con- 
ductivity, and surface emittance. These parameters are noted a s  RHO, XK, 
and EMISS, respectively per statement 17 of the main program. Density has 
units in g / ~ m S  and conductivity in w/m-~K, An cmittance value of 0.80 has 
been selected for all calculations herein, The range of mass is controlled by 
state 19 of subroutine PRNT. As shown the mass is iterated in increments of 
2000 kg, beginning with 1000 kg up to 10 000 kg. 

For  each mass the energy density is initiated from 0.001 to 0.005 
W i g  as controlled by statements 44 through 4 5  of the same subroutine. The 
mass and cnerTy values can be alternated to achieve any combination of mass 
and cncrgy density dcsircd. It is noted that SIG, tke Stefan Boltzmann constant, 
has units of w/~ ' -"R.  

Vol - Volume - m3 

RADI - Radius - m 

QDOT - Energy Ratc - w/m3 

QT - Total Encrgy Rate - W/kg 









APPENDIX B 

PRESINDA, SINDA, DATA BLOCK DEVELOPMENT 

This appendix presents the PRESINDA program. This program 
computes the conductance, compacitance, and energy rate of energy generating 
nodes. There arc 10 inputs as noted in statement 24 of the main program. 
Units are given in SUBROUTINE PRNT statements 136 through 245. 
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URITE COHDUCTOA DATh TO 
& F I L E  fiMD OW TO SCREEN 

URXTE ca.ir8) - 
PRINT 1 ' 5  TO SEPARATE D@T* 
C9SES URITTEN ON F I L E  
URITE (O.146) 

ChLL WDCOPV 
ChLL NEUPAC 
CALL ?SEND 

F O R M T  (18%,35H bCISTE DENSITY L B t F T 3 1  
FOElfWt ( lOX.35H RAD l ;K  OF CONDUCTIhC ROD: F T  
F W l P T  (leX,35c( GEODLTfC FREOUENCI' 
F o R n n t  ( i e x , ~ ~ ~  UMTE RADIUS: FT 
FORnPT ( 1@%.3SW HER7 CaPnCITb', LlASTE: B T U l L B  
FOPflnT (1@%.35H M A T  CAPACITY. ROD1 BTU/LB F 
FORR.7T ( laX.35H C 0 N D ' ~ C t I V I T V .  UaSTE: I )TU/M-F 
FORnA i  (lex.Kcc CONDLCTXVITV, ROD1 BTU/MR-FT 
r'0RmC)T (19%.3SH ROD DENSITVt L B f F 7 3  
FOCIRht ( i@X,3Sb I  ENERGY DENSI tY r  @TU/HR LB 
c o R n n t  c 1 e x . 3 5 ~  nunem OF UERTICES 
F o R n n t  r ~ e x . 3 ~ ~  TOTAL n n s s t  LOR 
FORPAT (leX.3SW RADIUS OF F IRST  SHELL' F T  
FOSnAT ( l@X,35M RRT lO  OF GEODETIC ELE,iEMTS 
F O R M I  (6X.IBH BCD 3THElNAL SPCSl 
FORMY (6X. lZH BCD OWEUAANI 
F O R M T  ( 6X.  4H  END 1 

F O W T  ( 6 ~ ; 1 7 H  BCD 3SOURCE D*T&) 
F O R M 7  (6X,Z@H BCD 3CONDbCTOR DATA) 
FDMLIT t6X.2.)) lrCD 3CONSTM4TS DATA) 

f&mt (9x;ia~ OUT%T-C;J~ 
F W M ~  (CX. r6n DCD S R n v  D a t a )  
FORllAT (6X,1SW BCD 3EXECUTION) 
FOmWt ( I Z W F  DIREWSXW X ( M  1 )  
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