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Screening Decision 

Thermal convection has been eliminated from performance assessment calculations on the basis 
of low consequence to performance of the disposal system. 

Screening Issue 

Temperature differentials in the repository could initiate thermal convection or affect fluid 
viscosities. The resulting changes in fluid flow could influence contaminant transport. 
Potentially,. thermal gradients in the disposal rooms could drive the movement of water vapor. 
For example, temperature increases around waste located at the edges of the rooms could cause 
evaporation of water entering from the DRZ. This water vapor could condense on cooler waste 
containers in the rooms and could contribute to brine formation, corrosion and gas generation. 

Basis for Screening Decision 

Nuclear criticality, exothermic reactions, and radioactive decay are possible sources of heat in the 
WIPP repository. It is assumed that nuclear criticality can be eliminated from performance 
assessment calculations on the basis of low probability. 

Concrete hydration will result in short-term (a few decades) temperature increases in the vicinity 
of the concrete seals after emplacement (see Summary Memo of Record SP-7). Loken (1994) 
and Loken 1md Chen (1995) showed that, one week after seal emplacement, concrete hydration 
could raise :the temperature of the concrete to approximately 53°C and the temperature of the 
surrounding salt to approximately 38°C. 

Wang (1996) assessed the potential for the development of elevated temperatures in the 
repository as a result of backfill hydration. Wang (1996) showed that temperature increases in 
the waste disposal region as a result of such an exothermic reaction will be less than 3 °C. The 
maximum magnitude of this thermal pulse will occur under disturbed conditions at a time in 
excess of 100 years (see Summary Memo of Record SP-7). 
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DOE (1980, p.9-149) estimated that radioactive decay of CH TRU waste will result in a 
maximum temperature rise at the center of the repository of 1.6°C at 80 years after waste 
emplacement (see Appendix I). Sanchez and Trellue (1996) have shown that the total thermal 
load of RH TRU waste will not significantly affect the average temperature increase in the 
repository (see Appendix 1). Temperature increases of about 3°C may occur at the locations of 
RH TRU containers of maximum thermal power (60 watts). 

The potential for heat from exothermic reactions and radioactive decay to result in significant 
thermal convection is discussed in Appendix 2. The short-term concrete seals will be designed to 
function as barriers to fluid flow for at least I 00 years after emplacement, and seal permeability 
will be minimized. The seal design program has investigated the durability of large-scale 
concrete seals, and has formulated Salado Mass Concrete (SMC) with the aim of achieving the 
seal design targets reported in Wakeley et al. (1995, p.6-8), which include objectives to minimize 
thermally-iaduced cracking. According to Wakeley et al. (1995, p.7), the SMC will be prepared 
and emplaced at low temperatures in order to minimize the difference between the maximum 
concrete temperature and the ambient temperature in the repository. Temperature increases 
resulting from cement hydration will be low enough to mitigate thermal stresses and eliminate 
the potential for significant cracking. Thus, Wakeley et al. (1995, p.43) concludes that 
"[t]hermally induced cracking is not considered likely because large concrete monoliths have 
been constucted in salt without cracking". Also, according to Wakeley et al. (1995, p.7), the 
concrete "is proportioned to minimize shrinkage, promote tight sealing between concrete and 
host rock, and thus help avoid formation of a preferred pathway for fluid flow at the seal-rock 
interface". Thus, because the seal permeability will be low, temperature increases associated 
with concre:te hydration will not result in significant buoyancy driven fluid flow through the 
concrete se;al system. Similarly, the buoyancy forces generated by temperature contrasts in the 
disturbed rock zone, resulting from backfill and concrete hydration and radioactive decay, will be 
short lived and negligible compared to other driving forces for fluid flow. Furthermore, the 
induced temperature gradients will be insufficient to generate water vapor and drive significant 
moisture migration. Repository-induced flow, pressure changes resulting from gas generation, or 
flow induct:d by borehole intersection of a waste panel, will dominate the development of the 
brine and gas flow fields for the duration of any thermal pulse. In summary, temperature changes 
in the disposal system will not cause significant thermal convection. Thus, thermal convection 
has been eliminated from performance assessment calculations on the basis of low consequence 
to the performance of the disposal system. 

Temperature effects on fluid viscosity would be most significant in the disturbed rock zone 
surrounding the hydrating concrete seals (where temperatures of approximately 38°C are 
expected). The viscosity of pure water varies by about 18 per cent over a temperature range of 
between 27°C and 38°C (Batchelor, 1983, p.596). Although, at a temperature of27°C, the 
viscosity of Salado brine is about twice that of pure water (Rechard, 1990, p.A-19), the 
magnitude of the variation in brine viscosity between 27°C and 38°C will be similar to the 
magnitude of the variation in viscosity of pure water. The viscosity of air over this temperature 
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-ange varies by Jess than 7 per cent (Batchelor, 1983, p.594) and the viscosity of gas in the waste 
1isposal region over this temperature range is also likely to vary by Jess than 7 per cent. The 
Darcy fluid flow velocity for a porous medium is inversely proportional to the fluid viscosity. 
Thus, increases in brine and gas flow rates may occur as a result of viscosity variations in the 
vicinity of the concrete seals. However, these viscosity variations will only persist for a short 
period in which temperatures are elevated, and, thus, the expected variations in brine and gas 
viscosity in the waste disposal region will not affect the long-term performance of the disposal 
system significantly. 
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.PPENDIX 1 

· icat From Radioactive Decay 

· adioactive decay of the contact handled CHand remote handled RH TRU waste emplaced in 
::1e repository will generate heat. The importance of heat from radioactive decay depends on the 
,effects that the induced temperature changes would have on mechanics, fluid flow, and 
geochemical processes. For example, temperature increases could result in thermally induced 
fracturing, regional uplift, or thermally driven flow of gas and brine in the vicinity of the 
repository. 

According to the Waste Acceptance Criteria (WAC), the design basis for the WIPP requires that 
the thermal loading does not exceed I 0 kilowatts per acre. TheW AC also require that the 
thermal power generated by waste in an RH TRU container shall not exceed 300 watts, but the 
WAC do not limit the thermal power of CH TRU waste containers. 

A numerical study to calculate induced temperature distributions and regional uplift is reported in 
DOE (1980, pp.9-149-9-150). This study involved estimation of the thermal power ofCH TRU 
waste containers. The DOE (1980) analysis assumed: 

All CH TRU waste drums and boxes contain the maximum permissible quantity of 
plutonium. According to the WAC, the fissionable radionuclide content for CH TRU 
wasie containers shall be no greater than 200 grams per 0.21 cubic meter drum and 350 
grams per 1.8 cubic meter standard waste box (in Pu-239 fissile gram equivalents). 

• The plutonium in CH TRU waste containers is weapons grade material producing heat at 
0.0024 watts per gram. Thus, the thermal power of a drum is approximately 0.5 watts 
and that of a box is approximately 0.8 watts. 

• Approximately 3. 7 x 1 05 cubic meters of CH TRU waste are distributed within a repository 
enclosing an area of 7.3 x 105 square meters. This is a conservative assumption in terms of 
quantity and density of waste within the repository, because the maximum capacity of the 
WIPP is 1. 7 56 x 105 cubic meters for all waste (as specified by the Land Withdrawal Act 
[L W A]) to be placed in an enclosed area of approximately 5.1 x 1 05 square meters. 

• Half of the CH TRU waste volume is placed in drums and half in boxes so that the 
repository will contain approximately 9 x 1 05 drums and 105 boxes. Thus, a calculated 
thermal power of2.8 kilowatts per acre (0.7 watts per square meter) of heat is generated 
by tae CH TRU waste. 

• Insufficient RH TRU waste is emplaced in the repository to influence the total thermal 
load:. 
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Thome and Rudeen (1980) estimated the long-term temperature response of the disposal system 

to waste emplacement. Calculations assumed a uniform initial power density of 2.8 kilowatts per 
acre (0. 7 watts per square meter) which decreases over time. Thome and Rudeen (1980) 
attributed tllis thermal load to RH TRU waste, but DOE (1980), more appropriately, attributed 
tills thermaJ load to CH TRU waste based on the assumptions listed above. Thome and Rudeen 

(1980) estimated the maximum rise in temperature at the center of a repository to be 1.6oC at 80 

years after waste emplacement. 

Sanchez and Trellue (1996) estimated the maximum thermal power of an RH TRU waste 

container. The Sanchez and Trellue (I 996) analysis involved inverse shielding calculations to 
evaluate the thermal power of an RH TRU container corresponding to the maximum permissible 

surface dose; according to theW AC the maximum allowable surface dose equivalent for RH 
TRU containers is 1000 rem/hr. The following calculational steps were taken in the Sanchez and 

Trellue (1996) analysis: 

• Calculate the absorbed dose rate for gamma-ray radiation corresponding to the maximum 
surface dose equivalent rate of 1000 rem/hr. Beta and alpha radiation are not included in 
tills calculation because such particles will not penetrate the waste matrix or the container 
in significant quantities. Neutrons are not included in the analysis because, according to 
the WAC, the maximum dose rate from neutrons is 270 rnrem!hr, and the corresponding 

neutron heating rate will be insignificant. 

• Calculate the exposure rate for gamma radiation corresponding to the absorbed dose rate 
for gamma radiation. 

• CaJculate the gamma flux density at the surface of a RH TRU container corresponding to 
the exposure rate for gamma radiation. Assuming the gamma energy is I .0 MeV the 
maximum allowable gamma flux density at the surface of a RH TRU container is about 
5. 8x 1 08 gamma rays per square centimeter per second. 

• Detemline the distributed gamma source strength, or gamma activity, in an RH container 
from the surface gamma flux density. The source is assumed to be shielded such that the 
gamma flux is attenuated by the container and by absorbing material in the container. 
The level of shielding depends on the matrix density. Scattering of the gamma flux, with 
Joss of energy, is also accounted for in tills calculation through inclusion of a gamma 
buildup factor. The distributed gamma source strength is detemlined assunling a uniform 
source in a right cylindrical container. The maximum total gamma source (garmna 
curies) is then calculated for a RH TRU container containing 0.89 cubic meters of waste. 
For the waste of greatest expected density (about 6,000 kilogrammes per cubic meter) the 
gamma source is about 2xl 04 curies per cubic meter. 
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Caleulate the total curie load of a RH TRU container (including alpha and beta radiation) 
from the gamma load. The ratio of the total curie load to the gamma curie load was 
estimated through examination of the radionuclide inventory presented in the WIPP 
Baseline Inventory Report (BIR) (DOE, 1 995). The gamma curie load and the total curie 
load for each radionuclide listed in the WIPP BIR were summed. Based on these 

summed loads the ratio of total curie load to gamma curie load of RH TRU waste was 
caleulated to be 1.01. 

• Cakulate the thermal load of a RH TRU container from the total curie load. The ratio of 
thermal load to curie load was estimated through examination of the radionuclide 
inventory presented in the WIPP BIR {DOE, 1995). The thermal load and the total curie 
load for each radionuclide listed in the WIPP BIR were summed. Based on these 

swnmed loads the ratio of thermal load to curie load ofRH TRU waste was calculated to 
be about 0.0037 watts/curie. For a gamma source of 2x104 curies per cubic meter the 
maximum permissible thermal load of a RH TRU container is about 70 watts per cubic 

meter. Thus, the maximum thermal load of a RH TRU container is about 60 watts, and 
the WAC upper limit of300 watts will not be achieved. 

Note that Sanchez and Trellue (1996) calculated the average thermal load for a RH TRU 
container to be less than 1 watt. Also, the total RH TRU heat load is less than 10% of the total 

heat load in the WIPP. Thus, the total thermal load of the RH TRU waste will not significantly 
affect the average rise in temperature in the repository resulting from decay of CH TRU waste. 

Temperature increases will be greater at locations where the thermal power of a RH TRU 

container is 60 watts, if any such containers are emplaced. Sanchez and Trellue (1996) estimated 

the tempt:rature increase at the surface of a 60 watt RH TRU waste container. Their analysis 
involved solution of a steady-state thermal conduction problem with a constant heat source term 

of 70 wa11s per cubic meter. These conditions represent conservative assumptions because the 
thermal load will decrease with time as the radioactive waste decays. The temperature increase 

at the smface of the container was calculated to be about 3°C. 

In summary, analysis has shown that the average temperature increase in the WIPP repository, 
due to radioactive decay of the emplaced CHand RH TRU waste, will be less than 2°C. 
Temperature increases of about 3 oc may occur in the vicinity of RH TRU containers with the 

highest allowable thermal load of about 60 watts (based on the maximum allowable surface dose 

equivalent for RH TRU containers). 
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APPENDIX2 

Thermal Convection 

The Darcy velocity, V; (m/s), of fluid component i in an unsaturated porous medium is given by 

Darcy's law: 

(1) 

where the parameters in equation (1) are as listed below. 

Parameter 

Pt Fluid pressure (Pa) 

k; Intrinsic penneability (m') 

)l; Fluid viscosity (Pas) 

P; Fluid density (kg/m3
) 

g Acceleration of gravity (9.79 rn!s2) 

z Unit vector in the upward z direction 

Fluid density variations may be evaluated by setting: 

P, = P., + Ap, 
(2) 

where P;o (kg/m3
) is a reference density. Substituting equation (2) into equation ( 1) gives 

(3) 

where P, = p, + p.,gz is the nonhydrostatic pressure. The dependence of density on temperature, 

T(0 C), can be linearized according to the Boussinesq approximation (Tritton, 1984, p.lSS; Green 

eta!., 1995, p.2-8): 
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where Qj (°C'11 is the coefficient of expansion of the ith component 
becomes 

The Darcy velocity then 

Thus, a characteristic velocity for convective fluid flow of the ith component is 

v, - -5.( a,p,,gt.T ) 
~. 

(5) 

(6) 

This velocity may be evaluated for the brine and gas phases expected in the waste disposal region 
using the parameter values listed below, which are appropriate for a temperature of 
approximately 30°C. 

Parameter Brine Gas (hydrogen) 

Q' (oC) 3 X 10"' * 3xi0·3u 

p(kglm') L2 X 103 1.0 .... 

kDRZ (m') 1 x w-!s *"'* 1 x to-•s *** 

ks.:.a (m') 2.7 X 10'19 2.7 X 10"19 

11 (Pa s) L6 X 10'3 9 X ]0~ 

• value for pure water used 

,.,. value for air used 

*** upper range of expected value in the disturbed rock zone 

Data sources: Rechard eta!. (1990, A-19), Batchelor (1983, pp.594-596), Sandia WJPP 

Project (1992, Table 3.2-1) 

For a temperature increase of 1 0°C, the characteristic velocity for brine in the DRZ is 
approximatdy 2 x 10'11 m/s (7 x 10_. m/y), and the characteristic velocity for gas in the DRZ is 
approximatdy 3 x 10'11 m/s (l x 10·3 m/y). For a temperature increase of25°C, the characteristic 
velocity for brine in the concrete seals is approximately 1 x 10'14 m/s (5 x 10·' m/y), and the 
characteristic velocity for gas in the concrete seals is approximately 2 x 10'14 m/s (7 x 10·' m/y). 
These values of Darcy velocity are much smaller than the expected values associated with brine 
inflow to th1~ disposal rooms or fluid flow resulting from gas generation. 

As discussed by de Marsily (1986, p.283) the potential significance of thermal convection can 
also be determined by evaluating the dimensionless porous medium Rayleigh number: 
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(7) 

where L (m) is a typical vertical thickness over which the temperature difference acts, c (J/kg0 C) 
is the specific heat of the fluid and). (W/m0 C) is the equivalent thermal conductivity of the 
porous medium. Setting ll.T = 10°C, L =10m (estimated from Argiiello and Torres, 1988, p.lS), 
). = 5 W/m''C (Sanchez and Trellue, 1996), and c = 4 x 103 Jlkg°C (Batchelor, 1983, p.596) for 
the brine phase in the DRZ, the Rayleigh number is Ra = 2 x 1 O"'. For the gas phase in the DRZ, 
with c = 0.7 x 103 J/kg°C (Batchelor, 1983, p.594), the Rayleigh number is Ra = 5 x Jo-•. 
Thermal convection will not occur for Rayleigh numbers less than unity. 

On the basis of this analysis, thermal convection has been eliminated from performance 
assessment calculations on the basis of low consequence to the performance of the disposal 
system. 
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Thermal Convection and Effects of Thermal Gradients 

Qualitative Screening Arguments for Side Efforts S-10 and GG-4 

·T.W. Hicks J.kJ.M 
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23 May 1996 

Scre,ening Decision 

Thermal convec:tion ha.s been eliminated from pcrfonnance ~sment calculations on the basis 
of low consequence to performance of the disposal sys=. 

Screening Issue 

Tempemtur.; differentials in the repository could initiate thermal convection. The resulting fluid 

flow could influence contaminant transport. Potentially, lhcrmal gradients in !he disposnl 
rooms could drive !he movement of water vapor. For example, temperature increases around 
wast" located at the edge' of the = could came evaporation of water entering from !he 

DRZ. This water va.por could condense on cooler wasre containe" in the roo= and could 
conttibute to brine formation, corrosion and gas generation. 

Basis for S<'reening Decision 

Nncl..ar <:riricalily, ~xorhermic: reac:rinns, and radinacr.ive rtec:ay are possrhle source.~ nf hear in 

the WIPP repository. It is assumed that nuclear critiCality can be eliminated from performance 
~sse~;smP.nl c:alc:nlarinn.s nn r.he hasrs of lnw pmhahility. 

Concrete hydration will result ln shon-renn (a few decades) temperature increases in the 
Vicinity of the concrete shaft seals after emplacement (see Summary Memo of Record SP-7). 
These shurL·L~rm shafL seals will be <.Iesi)1;1lcd Lu fum:liun ill! bar1icrs Lu Oui<.I Ouw fot at lca;,t 

!00 years after emplacement, and seal permeability will be minimized (Wakeley cL a!., 1995). 
Thus, Lcu,~atUlc im:u::ases associated with concrete hydration will not result in significant 
buoyancy driven fluid flow through !he shaft seal system. 

Wan.g (1996) assessed the potential for the development of elevated temperatures in the 

repository as a result of backfill hydration. Wang (1996) showed !hat temperature increases in 
the waste disposal region I1S a result of such on exothermic rcD.Ction will be less th:m 3'C. The 
mnximum magnitude of this lhermal pulse will occur under disturbed conditions at a time in 
excess of 100 ye= (see Summary Memo of Record SP-7). 

DOE (1980) estim:lted that radioactive declo/ of CH TRU waste will re<t>lt in • m•Yimnrn 
t~.mpt'.ratnre rise~~ the r:entP.r of th" repository of lJi'<: ai XO years after wa~te emplacement 
(see Appendix 1). Sanchez and Trellue (1996) have shown that the totallhennalload ofRH 
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TRU waste will not significantly :affect the average tem.per:uure increase in tbP. reym~itmy (•ee 
Appendix 1). Temperature increases ofabout 3'C may occur at the ln<'.ation~ ofRHTRU 
containers of maximum thermal power (60 watts). 

The viscosity of pure water varies by about 5 per r.r:nr over a temperature ranee of between 
27'C and 30'C (Batchelor 19~3. 59n). Although. at a temperature of27'C, the visco~ity of 
Salad'o brine is about twice that of pu11'1 water {Kechard 1990. A·19). the magpltUdc of the 
variation in brine viSt:o~iry hetwecn 27'C and 30'C will be simllar to the magnitude of tile 
variation in viscosity r.>f pnre water. The viscositY of aii over thls tcmperarurc ranl:t' vari"" l>y 
less th•n 7. per eent (Batchelor 1983. 594) and the viscosity of gas in Lhe waste disposal region 
over this temperature range is also likely to vary by lelis than 2 per cent. The Darcy fluid flow 
velocity for a porous medium is Inversely proponiuniil to ilic fluid viscosity, and, thus, the 
expe<:ted variations in brine and gas vist:usiLy in d:te waste disposal region will not nffect fluid 
flow rates significantly. 

The buoyancy forces gencr<~l.e\l by t~J.lljlCraturc contraSts of the order 3' C will be negligible 
compared to other driving furt:cs fur fluld flow (sec Appendix 2). Si.mi.lor1y, the induced 
temperdLUic ')(nul.ie.ul:S will be insufficient to generate wlltcr v11por :md drive significant moisture 
migration. Rc:positOly-.luduccd flow, pressure ch11ngcs resulting from gas generation, or flow 
iuuw;(;() by borehole intersection of a waste pllllel, will dotninate the development of the brine 
and 3a.s flow fields for the dur11tion of any thermal pulse. 

In s~<mmary, tcmpcrntu:re cb:mges in the dispo'al system will not cause signiticant thermal 
convection. Thus, thermal convection has been eliminated from ~ormance ass~$~ment· 
calculations on the basis of low consequence to the performance of the dispo.<al ~y•tem. 
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APPENDIX 1 

Heat From Radioactive Decay 

Radic.active decay of the contact hanc11ect CHand remote handled RH TRU Wlllitc cmpla~ed in 
the repo!>itory will ef\nerate heat The importance or heat from radio~ti vc: decay depends on 
the effe<:ts that the induced tP.mperature changes would have on meclumics, fluid flow, and 
geochemical proc~-~,;e~. Por example, temperarure increases could .n:~ult iu thCrmally induced 
fracntring, regional uplift, nr thermally driven flow of gas and brine in ilic: v iciniry of the 
repository. 

Accorrtine to the Waste Acceptance Criteria (WAC), ilie design basis for the WIPP requires thM 
the thermal loading does not exceed 10 !Jlowatts per acre. The WAC fllso require that the 
themlll! power generated by waste in an RH TRU coutaincr shall not exceed 300 wons·, but the 
WAC do not limit the thei"!Illcl iXJWer of CH TRU waste containers. 

A numerical srudy to c;alculare i.uduccd ~raturc disa:ibutions aod regional uplift is reported 
in DOE (1980). This study involved estimation of the thermal power of CH TRU waste 
containers. The DOE (1 980) analysis assumed: 

• All CII TRU wa.ste drums .:md boxes contain the maximum perrm.<~ihle quantity of 
plutonium. According to the WAC, the fissionable radionucl.ide content for C.'H TRU 
waste containers sh<ill be no greater than 200 grams pe-.r 0.21 cubic meter drw:n and 350 
gram! per 1.8 cubic meter standard ""aste box (in Pu-239 ti~~; le gram equivalents). 

• The plutonium inCH TRU waste conra1ne~ i; weapons i!'!de matetiiil prududug heat 
at 0.0021 watts per gram. Thus, the thermal power of a drum is approximately 0.5 
watts and that of a box .is approximately 0.8 wans. 

• Approximately 3.7xl05 cnhic meters of CH TRU waste are clislriuut~ within a 
repository e-.ndo.;ine an area of 7.3Xl OS square meters. TILis is a conservative 
assumption in tmN nf quantity and density or waste within ll1<:: repository, because the 
max.imnm capacity of the \VJPP is l.7:i6X!OS cuvic meters for all Wll3te (as specified 
by thP. I .and Withdrawal Act [I.. WAl) to be placed iu iUl endoscd o.rca of approximately 
5.1XJ05 square rnerers. 

• Half of the CH TRU waslc: vulll.!De is placed in drums llnd hnlf in boxes so that the 
reposlto!)' will ~:uutain approximately 9xl0> drums aod 10~ boxes. Thus. a c.alcul~TP.rt 
thermal power of 2.8!Jlowatts per acre (0.7 watts per square meter) of heat is 
generated by ilic CH TRU waste. 

• Insufficient RH TRU Wll3tc is emplaced in the repository to influenr.e. r.he total thermal 
load. 

Thc,mc 11nd Rudeen (1980) estimated the lone-term temperature response of the disposal 
system to waste emplacement. C~lculations assumed a unifonn initial ~ower density of2.8 
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kilowallli !J<'r 3.\:1'<' (0.7 watu per square mcu:r) ..,·bich decreases over time. Thorne and Rudeen 
(1980) Attributed this thcrma.llocd to RH TRU w:oste, but DOE (1980), mare appropr:iat~Jy, 
attribu1cd this thermal load to CH TRU waste based on the assumptions listed above. Thorn" 

and Rtldcen (1980) estimated the moximum rise in temperature at the center of a repository to 
be 1.6"C at 80 yean cftcr wnste emplacement. 

Sancb;:z lllld Trellue ( 1996) estimated the ma."<imum thermal power of ~n K H Tl< lJ wa•te 
container. The Sanchez and Trellue (1996) analysis involvl".rl inverse ~hielding calculations to 

cvalu£lte the thef!Tl41 power of an RH TRU container ecrres:pondine ro the maximum 
permissible surface do'e; according to theW AC th~ maxtmum allowable surface dose 
equiv:uent for RH TRU cont•in"n i~ 1000 rem/hr. The following calculational steps were 
t:lken in the Sanchez and TreHue (1996) analysis: 

• Calculate the absorbed dosP- rate for gamma-ray radiation corresponding Lo ilie 
maximum snrface dose equivalent rate or 1000 rem/hr. Bela ".ml alpha radiation m-e not 
included in !hiS calculation because such partic:l<:.> will uot penetrate the wasrc matrix or 

the t:onrainer in significant quantlties. Neutrons = rM i11cludcd in the analysis 
hecailse. according tO the WAC, the llllW.tuuw dose rate from neutrons is 270 mremlhr, 
anct the corresponding neutron heating rate will be it,;iguificant. 

• Calculate the cT.voswc: rate for gamma radiation corresponding to the absoibed dose rate 
for gamma radiation. 

• Calculate ilic gauuna flux density at the surl'llCe of 11 RH TRU container corresponding 
lo lhc exposure rate for gamma rodiation. Assuming the gamma energy is 1.0 MeV the 
maximum allowable g=n flux density at the surface of a RH TRU container is about 

5.8xl08 gamma rays per square centimeter per second. 

Determine the distributed g= source strength, or gamma activity, in an KH 
container frOm the surface gamma flux density. The ~onm~ 1s a.<;.~umed to be shielded 
such that the gamma flux is attenuated by the container and by absorbing material in ilic 

contliner. The level of shielding depends on the matrix density. Scattering of the 
gamma flux, with loss of energy. is a l~o accounted for in this calculation tluv.,gh 
inclusion of a gamma buildup factor. TbP. ct1strihuted gamma source strengili is 
determined assuming a unifonn source in a right cylindrical coniJijuer. The maximum 
total gamma source .<&amma curies) is then calculated for a RH TRU container 
containing 0.&9 cubic mete" of waste. For the waste of gn:alcsl expected density 
(about 6,f.li.Xl lcilograrnmes per cubic meter) the garrnua source is about 2xlQ4 curies per 
cubic meter. 

• Calculate the total <.:uric: load of a Rli TRU container (including a.lpha and beta radiation) 

from the gamma load. The 1 arlo of the total curie locd to the gamma curie load was 
estimated !hrou~:h exanlination of the rodionuclide inventory presented in the WI.I'P 
Baseline InvcnlO!Y Report (DIR) (DOE, 1')')5). The g:muna curie load and the total 
.:urie load for each ra.dionuclide listed in the WIPP BIR we.re. snmmP.ct. Ha~ed on these 
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surruned loads the ratio of total curie load to gamma curie load of RH TRU waste was 
calculated to be 1.0 I. 

• Calculate the thermal load of a RH TRU container from the total curie load. The ratio of 
thermal load to curie load was estimated through examination of the radionuclide 
inventory presented in the WIPP BIR (DOE, 1995). The thermal load and the total 
curie load for each radionuclide listed in the WIPP BIR were summed. Based on these 
summed loads the ratio of thermal load to curie load of RH TRU waste was calculated 
to be about 0.0037 watts/curie. For a gamma source of 2x! ()4 curies per cubic meter 
the maximum permissible thermal load of a RH TRU container is about 70 watts per 
cubic meter. Thus, the maximum thermal load of a RH TRU container is about 60 
watts, and theW AC upper limit of 300 watts will not be achieved. 

Note that Sanchez and Trellue ( 1996) calculated the average thermal load for a RH TRU 
container to be less than I watt. Also, the total RH TRU heat load is less than 10% of the total 
heat load in the WIPP. Thus. the total thermal load of the RH TRU waste will not significantly 
affect the average rise in temperature in the repository resulting from decay of CH TRU waste. 

Temperature increases will be greater at locations where the thermal power of a RH TRU 
container is 60 watts, if any such containers are emplaced. Sa.'1chez and Trel!ue (1996) 
estimated the temperature increase at the surface of a 60 watt RH TR U waste container. Their 
analysis involved solution of a steady-state thermal conduction problem with a constant heat 
source term of 70 watts per cubic meter. These conditions represent conservative assumptions 
because the thermal load will decrease with time as the radioactive waste decays. The 
temperature increase at the surface of the container was calculated to be about 3 'C. 

In summary, analysis has shown that the average temperature increase in the WIPP repository, 
due to radioactive decay of the emplaced CHand RH TRU waste, will be less than 2'C. 
Temperature increases of about 3°C may occur in the vicinity of RH TRU containers with the 
highest allowable thermal load of about 60 watts (based on the maximum allowable surface 
dose equivalent for RH TRU containers). 
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APPENDIX 2 

Thermal Convection 

The Darcy velocity, V; (rnls), of fluid component i in an unsaturated porus medium is given by 
Darcy's law: 

k 
v, = --' (v p, + p,gz) 

J.L, 

where the parameters in equation (I) are as listed below. 

I Parameter 

I p, I Fluid pressure (Pa) 

k; I Intrinsic permeability (m:!) 

!li Auid Yiscosity (Pas) 

p; Fluid density (kg/ml) 

g Acceleration of gravity (9.79 mis!) 

z Unit vector in the upward z 

direction 

Fluid density variations may be evaluated by setting: 

P, = P" + Ll.p, 

where p;0 (l:g/ml) is a reference density. Substituting equation (2) into equation (I) gives 

where P; = p; + P;ogz is the nonhydrostatic pressure. The dependence of density on 
temperature, T ('C), can be linearized according to the Boussinesq approximation (Tritton 
1984, !55; Green eta!. !995, 2-8): 

where a; CC-Il is the coefficient of expansion of the ith component. 
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The Darcy velocity then becomes 

v, = _!':.:._(v P, + a,p,
0
gl1Tz) 

!l, 

Thus, a characteristic velocity for convective fluid flow of the ith component is 

This velocity may be evaluated for the brine and gas phases expected in the waste disposal 
region using the parameter values listed below, which are appropriate for a temperature of 
approximately 30'C. 

I Parameter I Brine j Gas (hydrogen) 

I a CC) \3x!Q-4• l3x!O-l•• 
I 

p (kg/m3) jL2xl03 I LO .. 
I 

jr x JO·ls *** ' k (m2) 11 X lQ-15 **'" 

' 
! 9 x !0-6 11 (Pas) I 16 X !O-J 

"' value for pure water used 

**value for air used 
***upper range of expected value ln the disturbed rock zone 
Data sources: Rechard et al. (1990, A-19), Batchelor (1983, 594-596) 

(5) 

(6) 

The characteristic velocity for brine is approximately 7 x IG-12 rn!s (2 x 10-4 m/y), and for gas 
the characteJistic velocity is approximately I x 10-11 m/s (4 x I0-4 m/y). These values of Darcy 
velocity are :nuch smaller than the expected values associated with brine inflow to the disposal 
rooms or fluid flow resulting from gas generation. 

As discussed by de Marsily (1986, 283) the potential significance of thermal convection can 
also be determined by evaluating the dimensionless porous medium Rayleigh number: 

2 

Rai = 
k,a,p ,0 gcLITL 

/,f.l, 

where L (m) is a typical vertical thickness over which the temperature difference acts, c 

(7) 

(J/kg'C) is the specific heat of the fluid and J.. \'Nfm'C) is the equivalent thermal conductivity of 
the porous medium. Setting L =10m (ArgUello and Torres 1988, 15), A= 5 W/m'C (Sanchez 
and Trellue 1996), and c = 4 x 103 J/kg'C (Batchelor 1983, 596) for the bJine phase, the 
Rayleigh number is Ra = 6 x 10-5. For the gas phase, with c = 0.7 x 103 J/kg'C (Batchelor 
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1983, 594), the Rayleigh number is Ra = 1 x 10-8_ Thermal convection will not occur for 
Rayleigh numbers less than unity. 

On the basis of this analysis, thermal convection has been eliminated from performance 
assessment calculations on the basis of low consequence to the performance of the disposal 
system. 
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