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e :AABSTRACT e e
a’fHeat transfer 1n the storage,of hfgh-leve] liquid wastes, ca1c1n1ng '

,tf }iof radioactive wastes, and storage of solidified wastes are discussed.
"35Processfng and storage experience at the Idaho Chemical Processing -

,.'QPlant are summarized fbr defense high—]evel wastes, heat transfer
. {s1n pouer reactor high-Ievel waste processing and storage is aISo
s 3discussed - : '
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This paper summarizes the maaor heat transfer considerations in »
‘the management. of both defense and power ‘reactor high~1eve1 wastes

~ Areas addressed 1nc1ude liquid waste storage, waste solidificaiion

using fluidized-bed ca]cination, and heat transfer in the engineered
storage of typical waste forms The ‘defense wastes discussed herein

" are ‘those generated in the processing of nuclear propulsion and

research reactor fuels at the Idaho " Chemical Proce551ng Plant (ICPP)

g Defense wastes generated at the ICPP are. temporarily stored as

i:an acid so]ution in cooled and uncooled stainless steel tanks
,w1th1n an. underground concrete vault Liqu1d wastes have been-

solidified using fluidized bed ca1c1nation 51nce 1963.3 The Haste

‘Ca1c1ning Fac111ty (HCF), originally built as a demonstrational
_‘ ,faczlity, has been used to ca1c1ne approximate]y '13,000 m3 of 1iquid
: wastes ' » o . .

Ca1c1ne generated from defense waste is stored in stainless v

stee] bins 1n underground concrete vaults.‘ The first set of

b1ns was fi]]ed during the period 1963-1964 and- contains 210 m

“:of alumina ca1c1ne.“ A second bin set was f111ed during the period

'1966 1972 and contains 900 m3 of both’ alumina and zirconia ca]cine,
L., ‘third bin set w1th a maximum capac1ty of 1100 m3, 1s currently
”fbeing filled dur1ng operation of the HCF Heat’ generation rates

for ca1c1ne generated from defense wastes are in the range of 0. 2

Aand/n3 to 0.4 kw/m3 o

- Long-term management of ca1cined defense wastes at Idaho is . |
based on options ranging from disposa1 as ca1c1ne to conversion of

:ca1c1ne to other waste forms.’ (pe]lets and g]ass) for disposal at -

a federal repository b Conver51on of. ca1c1ne to other waste forms

... -and transportation to an off-site federa] repository wou]d require
o that the naste be transported 1n canisters. ~The vo]umetric heat -



»generat1on rate (200-400 W/m3) of ICPP defense waste calcine is
sufficient1y 1ow to cause no major heat transfer concerns_after

e/canister1zation.

Power reactor hfgh-1eve1 11qu1d wastes, other than the 40 m3
of acid thorium wastes and 2300 m3 of neutralized 11qu1d wastes

-:astored at the Nuc1ear Fuel Services Plant in West Valley, New York,

have not ‘been generated in ‘the United States. However, the concept
"lfor management of power reactor high-level 1iquid wastes, interna-
t1ona1]y, is es‘entially the same as that practiced routinely at the
_'ICPP Ac1d 11qu1d wastes would be stored temporarily in stainless
stee] tanks inside an underground concrete vault; the 1iquid wastes
. wou1d then be ca1c1ned (flu1d1zed bed, spray, or rotary kiln) prior
Ato conversion to one of the - candidate waste forms.

‘ Ca1c1ne produced from power reactor wastes would have a volumetric
_heat generat1on rate in the range of 100-1000 times greater than
'ca1cfne produced from the acidic defense wastes at- the ICPP. Power
reactor waste calcine would have a heat generation rate of 240 kw/m3
_ and 50 kw/m3 at 1 year and 5 years waste decay time, respectively.
: _L1quid power reactor high- level wastes can be stored in sta1n1ess
'steel tanks simrlar in desrgn to those now used at the ICPP.
' However, the h1gh heat generat1on ‘rate of power reactor waste
calcine wou]d make ca1cine storage in large diameter bins impractical.
Can1ster storage or d1 posa] of ca1c1ne or other waste forms would
be requ1red to keep temperatures below the maxima specif1ed for
.canister walls or. the particular waste form (ca1c1ne, glass, sintered
vglass ceramic, or’ metal matrix) A-schematic diagram of the waste
managemen* svstems used at the ‘ICPP and a candidate system for
_'power reactor high 1eve1 waste management is shown in Figure 1.
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LIQUID WASTE STORAGE

. High-level liquid radioactive wastes, associated with nuclear
fueifreprocessing, are typically stored on an interim basis (usually
~ less than 5 years) to reduce heat generation rates due to radioactive
decay prior to solidification.' Present and anticipated ICPP wastes
are acidic solutions pr1mari1y resulting from reprocessing aluminum,

zirconium, and stainless steel clad fuel. High-level waste from
mixed-oxide commercial fuel reprocessing would also be acidic, but
would contain larger‘cohcentrations of fission products resulting
in much higher heat generation rates (1000 fold greater) chan ICPP
wastes. ' ‘

R typical liquid high-level waste storage system :ancists of
storage tanks contained within concrete vaults, a cooling system,
and an off-gas cleanup system. Decay heat is removed by heat
exchaﬁger coils submerged in the storage tanks. Cooling water which
is pumped through the coils is cooled by a secondary heat exchanger.
Vapors from the tank are refluxed by a condenser, diluted, and/or
vented. Samp]ers are provided for the vault sump and tank contents.
Liquid level is continuoﬁsly_monitored.

i

ICPP Defense Waste
High-leVe] wastes at ICPP result from éomplete dissolution rather
than leaching of fuel. The resulting wastes are stored in. seven
1135'm3‘stain1es$‘steel tanks, contained in concrete vaults, until
they c;n'be solidified in the WCF. The major chemicals present in
the wastes are'aluminUm,'zirconium, fluoride, and nitrate. The
wastes are maintained acidic (1 to 3 molar in hydrogen ion) to reduce
o ;precipitate formation in the tank and to eliminate high sodium con-
' ',»centrations from neutra]izing the waste with NaOH. High sodium content
wastes cannot be calcined without ‘further treatment.




The amount of heat generated hy the wastes varies with the type
of fuel, decay time before processing, and fuel burnup. The
activity level in the ICPP high-level wastes varies from 1.0 to 40.0
Ci/L; 137Cs, 134Cs, 1%4Ce, and 99Sr are the principal nuclides.
Cooling coils are provided for decay heat removal from high-level
wastes to minimize tank corrosion and to prevent release of '
voléti]e fission products. Since fluoride-containing waste is very
corrosive, its temperature during interim-storage is maintained
below 356C; other wastes are maintained below 55°C.

Each storage tank has 30 cooling coils on the shell and/or floor
of the tank; each coil has an individual inlet valve and a pressure
relief valve. The outlet flow is recorded and the cooling water
temperature and coil return header activity are monitored. The
water is cooled indirectly in a heat exchanger, collected in a surge
tank, and pumped back through the cooling coils, forming a closed
system. Individual coils are valved in or cut as necessary to main-
tain the tank contents below 55°C (35°C for fluoride waste). A
schematic diagram of a typica] ICPP cooled waste tank system is
given 1in Figure 2.

The waste tanks are connected to reflux condensers which
condense vapors. The stainless steel shell-and-tube condensers
are equipped with sumps and jets for transferring condensate to a
waste tank or to the plant waste evaporator. The condenser cooling
watér is normally shut off and the valve must be manually opened if
the condensers are needad.

A1l high-level waste tanks are contained in individual concrete
vaults, approximately 0.61 m (2 ft) thick. Vault rcofs are located
3.1 m (10 ft) below grade and are covered with earth for radiation
protection. Each vauit has a sump to collect liquid entering the
vault. The sumps have level indicators to detect tank or groundwater
leakage into the vault.
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As a condition for fuel processing, at least one empty 1135 m3
cooled tank is raserved at ICPP to hold the contents of any storage
tank should a tank failure occur. An operating spare is also required.

The volumetric heat generation rates of the wastes at ICPP
are calculated from specific averdge enérgy releases, generally in
Mev/dis, and measured activity in dis/s-mL. Design heat transfer
considerations are summarized in Table I.

General operating experience has been:
1. No tank has ever leaked. ‘
Measured corrosion rates on tanks <1.0 mil per year.

2.

3. No cooling coil leaks have ever been detected.

4. Heat removal capacity of tanks has been conservative
by at least a factor of 10. ,

5. Projected service life of tanks is 50 to 100 years.

6.. No tank vapors are known to have been released to the
stack through relief valves.

Power Reactor High-Level Wastes

Pertinent domestic high-level waste storage facilities currently
are linited to those constructed but not in operation at the BNFP
Separations Facility as described in their Safety Analysis Report.
High-level waste at BENFP would be stored in 1135 m3 stainless
steel tanks. Heat generation rates correspond to concentrations
of 300 gallons of waste per metric ton of reprocessed fuel having
a design burnup of 35,000 MWd/MTU fuel at a specific power of
40 MW/MTU and cooling time of 160 days. Longer cooled waste can bé

“more concentrated. Design basis heat removal is 11.0x105 W per
tank. Max imum interim storage time period before selidification
is 5 years. The high-level tank systems include: 1) a decay heat
rem6v§1 system, 2) dilution air for tank atmosphere, 3) a ballast



TABLE I

WASTE TANK DESIGN HEAT
TRANSFER CONSIDERATIONS

- Waste Activity: 1.0 to 40 Ci/L

Principal Nuclides: 137Cs, 134Cs, 14"Ce and °°Sr
Maximum Heat Generation Rate: 1.22 kW/m?3
Recirculating Water Velocity = 1.6 m/sec

Inside Film Coefficient = 6,101 W/m?-°C
| (1075 Btu/hr {12 °F)

Outside Film Coefficient = 624 W/m2-°C
C ' (110 Btu/hr fi2 °F)

Resistance

Inside Fouling 0.9004 m2-°C/W
Dutside Fouling 0.0012 m3-°C/W
Metal 0.0002 m2-°C/W
LMTD -~ 32.0 °C '
Uo 273 W/m2-°C ..
o o -(48.1 Btu/hr ft2 °F)
Requnred Heat Transfer Area — 157 m?
No. Coils Required — 17 coils

Average_Coil Length — 60 m

ACC-S.1848



tank system to minimize settling of solids, and 4) instruments for
1iquid level, specific gravity, tank pressure, and thermocouples.
Corrosion allowance for the tanks is 1/8 inch. Expected corrosion
rate is less than 0.1 mil/year.

The decay heat removal system consists of 48 two-inch schedule
80 stainless steel coiis. The coils average 740 feet in length.
The coils are arranged in six banks wound helically through the
tank. Any one header can be valved out. The tank is contained
in a stainless steel lined vault.

WASTE CALCINATION

Process Heat

Since 1963 the Waste Calciner Facility (WCF) located at the
ICPP has converted over 13,000 m3 of high-level radioactive 1iquid
waste to 1900 m3 of calcined solids at a net feed rate of over
360 L/hr. Initially the heat required for calcination of these
wastes was previded by a circulating liquid-NaK system which
transferred heat from an oii-fired furnace to a fluidized-bed of
solids contained in the calciner vessel.

To improve the WCF reliability and provide for increased waste
feed capacity, an in-bed combustion system was installed in 1970 as
a replacement for the NaK heating system. (In-bed combustion is
the injection of a combustiblie liquid directly into a fluidized-bed
to furnish the heat requirements of the fluidized-bed process.)
Adaptation of the WCF to in-bed combustion heating required minimum
modifications and capital expenditure relative to alternative ‘
systems, and the system has many inherent advantages.®

The in-bed combustion system for the WCF provides sufficiert heat
to calcine up to 400 L/hr of high-level radioactive liquid waste



in. a fluidized-bed maiatained at a constant bed temperature of 5000C.
A schematic diagram of the calciner vessel showing in-bed combustion
is given in Figure 3. During operation, kerosene is sprayed through
three externallatomizing-nozzles into the hot fluidized-bed where

the fuel burns, releasing heat and preducing carbon dioxide and

water vapor plus a small amount of carbon monoxide. Oxygen required
for the. fuel combustion is provided by: 1) preheated fluidizing air,
2) pure oxygen used as the fuel-nozzle atomizing gas, and 3) nitrates
in the liquid waste. Heat requirements of. this calcining process

are set by the rate and type of 1iquid waste being fed to the calciner.

Pr1mary advantages of 1n—bed combustion relative to indirzc
heating are: 1) maximum heat transfer efficiency and utilization,
2) very suitable fow high-temperature operation, and 3) a relatively
simp]e'installation. Improved heat transfer and utilization allows
greater waste throughput with the same sized calciner at minimum
metal wall temperatures. Operation at 500°C bed temperatures rather
than 400°C as with indirect heating resulted in reduction of ruthenium
volatility by more than 1000 fold. A significant secondary advantage
of in-bed combustion is more nitrates are decomposed to N, and 0
rather than N0, and NO.

Disadvantages of'in-bed combustion relative to indirect heating
. are: 1) the high ve]oc1ty flame from the fuel nozzle iends to cause
a high partic]e attr1t1on, resulting in difficulty in maintaining
bed level 2) combustlon eff1c1enc1es greater than 92% cannot be
regu‘arly ach1eved by 1n-bed combustion. hence Tight hydrocarbon

©.are proauced whlch can cause p]ugg1ng in off-gas fi]ters. 3) larger

_ off-gas systems are. requ1red w1th 1n-bed combustion to hand]e the
additional combustlon gas, and 4) h1gh f1ame temperature causes

 me1ting of bed particIes in" some f10wsheets (partlcularly high

- sodium contenﬂ tsted1n the pllot p]ant. :

- 10°




TO OFF-GAS

CALCINER OFF~GAS ~—o SCRUBBING SYSTEM

TRANSPORT AIR
RETURN FROM
SOLIDS STORAGE

JET AIR . .
. o ]
W e

' e cYCLONE

COLLECTED
FINES

CLEANOUT PLUNGER
(S PLACES)

APPROXIMATE BED LEVE! P PLANT AiIR FOR

ATOMIZING
AIR

|4+ PRODUCT REMOVAL
CONTROL AIR

PRODUCT TAKE-OFF LINE

——e , COMBINED PRODUCT

PLENUM CHAMBER DRA!
SER DA LN 70 SOLIDS STORAGE

ACC-a-p40d

| Figure 3. HCF Calciner Vésse'l with In-Bed Combustion

1




Hydrotarbon fuel burns readily in a fluidized-bed at tempera-

- tures greater .7an 335°C in the presence of a nitrate-oxygen
atmosphere."Therefofe, normal operations at 5000C present no par-
ticular hazard. Automatic fuel and oxygen shutoff valves, tempera-
ture alarms, and other instruments are provided as part of the safety
interlock system. Eight years of successful operation with in-bed

~ combustion have demonstrated the safety and efficiency of the process.
The use of in-bed combustion is directly applicable to calcining
wastes from reprocessed power reactor fuel.

Collapsed Bed

A consideration that must be addressed in the fluidized-bed
calcination of the high-heat-generation reprocessing wastes is the
overheating of a collapsed bed with a portion of the bed sintering
or melting following an accidental loss of filuidizing air.® The most
1ikely cause of a loss of fluidization in the calciner is loss of
fluidizing air due to a biower failure or loss of electric power.
A fluidized bed remains fluidized so long as adequate fluidizing air
is supp]ied;'a.bed collapse occurs if fluidizing air is lost.
Protection against loss of fluidization in the WCF is provided by
spare. blowers and a'pack-up power supply. The loss of fiuidizing air
is a relatively rare event. The existing WCF has averaged about one
bed co]Tapse.every two years as a result of a commercial power
outage. Fluidization was normally restored in less than a minute
by activation of the emergency power system. One (the longest)
bed collapse of an hour's duration occurred when the emergency-power
system failed to respond following a power outage.



An uncorrected 105540f-f1uidizatinn of the calciner bed when _
processing power reactor wastes would result in a-seriQUs operating ‘
problem rather than a serious hazard to the public. The solids
in the calciner would heat siowly, if no corrective action were
taken, with sintering and possibly melting occuring in the center of
the bed after several hours. The calciner wall, if uninsulated, would
not me]tithrough. Upon reaching steady-state -- i.e., maximum
temperatures -- the collzpsed bed would contain possibly a molten
core surrounded by sintered calcine surrounded in turn by unsintered
ca]éine, all contained within an intact vessel. Fission products,
volatilized from the calcira would be released only through the
calciner off-gas system which would hold the quantity released to

allowable values.

A quantitative appraisal of potential consequences of an
uncorrected loss of fluidization depends in part on the waste age
and burnup and on the reprocessing flowsheet. The subsequent
analyses are based on full burnup fuel (33,000 MWD/MTU). |

The calcine temperature increase following a loss of fluidization
would be sufficiently slow to allow ample time for corrective .
action. Figure 4 shows maximum temperatures for calcines of different
ages in an uncooled bed (the slopes are a ratio of decay-heat
generation to heat capacity). Depending on waste age, there would
be 0.7 to 4 hours available before any of the solids reached the
lowest temperature -- 10259K -- at which Fission products begin
to migrate (initially from hot to cooler zones) and at least 1.4
to 8 hours before any sintering would occur (the sintering temperathre
is somewhere between 12750K and 1475%K). The automatic protection
systems and the operators could Certainly respond in these time
intervals. ’

13
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Figure 4 Temperature Increase 1n a Col]apsed Calciner Bed

The basic assumptions 1n Figure 4 nre-'f o

" (1) The decay-heat generation per kg. uranium 1s takzn from ORNL-4422.
= Fig. 4.5 for 33,000 HHD/HTU burn-up.;.s. , L

_ s(z) The high-Tevel waste ratio is 85 kg so]ids/HTu._‘:i
" '(3) The calciner operates at 773, ‘
- (4) The heat capacity of the solids 1s 1000 Jou]elkg-K




- In the event of an uncorrected loss of fluidization, the over«’t-f o
,*'heated (ard possib]y with a molten core) solids wou]d e retained '
?f;within the. ca]ciner vessel provided the vessel is instaT]ed with

Can uninsuiated outer wall .to ai]ow di551pation of the decay heat. .

'";;A bare vessel wall can dissipate, by convection and thermal radia-- .
;h,tion, the decay-heat from a col]apsed bed without reaching
: temperatures that wou]d damage the - wa]l Figure 5 shows' calcu]ated

Ep temperature isotherms for postuiated c011apsed beds of ca1c1ne with-

L postu]ated "maximum" decay-heat The calciner dissipates the deray—

- heat by radiation ard convection through the walls -and by radiation '

, from the grid plate and upper surface to the lower and upper plenums,
respectively -Table 11 summarizes' the maximum ca]culated wall and

‘grid-plate temperatures The maximum wall temperature - 850°K

S within the operating limits of stain]ess steels. The calculated
'-:grid-plate temperatures vary from the wall. temperature -= 8500K -- -
at the edge to 15259K at the center.  With older wastes, the tempera-
 tures ‘would be lower. A grid-plate fabricated of, or reinforced
.:»With, a high-temperature metal -- e.g.,: tanta]um -~ would remain
. j1ntact in event of the postu]ated Ioss-of-fiuidization o

o : Table 11 -
S Ca1c1ner Vessel Conditions for. a Co]]apsed Bed
' ~’gCa1cine age. (out . of reactor), yr o _1 0 . 1.8
~ Solids yield, mMrU - _.'0;038 - o0.062
’i:'Decay heat,. ki-l/m3 o . 225 103
S Maximm wall temperature. K- .~ .80 d- S 710 |
© Maximum grid piate temperature, K o185 '1250

» " The use of an uninsu]ated ca]ciner vesse] 1s recommended (un]ess .
.‘,:,on1y old waste is soiidified) to_assure that the vessel cannot
L maly through in case of an uncorrected 10ss of ca]ciner f]uidization.':
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’ : Hith the overheated ca]ciner bed confined w1thin the ca‘ciner
vesse], the primary 1mpact of an uncorrected 1055-0f-f1u1d1zat1on
" would be operat1ona1.. The sintered or’ moIten core of tie ca]ciner

- would be di‘ficu]t to remove._ Restoration of the calciner to opera-
tion follouong the- postulated incident would require either. 1) removal
and disposaI of the entire calciner vessel’ w1th its s1ntered bed,
~ or 2) dissolution of the hot bed. 'Both would be difficult.

The*protective systems,proposed to assure that a Ioss-of-'
fluidization does not resuit in a sintered bed.are 1) a set of
automatic, redundant, fluidizing-air systems, and 2) a set of operator-
contr011ed' reuundant bed-removal Systems. The fluidizing air systems
would ‘be the ‘primary protect1ve systems; the fluidizing air will
remove the decay heat and keep the calciner bed in a fluidized
state which would aIIow the operator at his discretion to either
resume operat1on or remove the bed. As shown in Figure 4, a rapid
response to a loss of fluidization is not necessary; however a
reliable response is needed .to avoid the poss1b111ty of .an 1noperab1e
: calciner. The bed remova1 systems would be shut-down systems.

‘The sever1ty of a collapsed f1u1d1zed bed process1ng ICPP
defense_wastes would generaI]y‘be_much less than for a bed of
commercial fuel because heat gemeration rates are much less. A
mo]ten’inner core wou1d not occur when processing ICPP wastes.

HEAT TRAHSFER FROM SOLIDIFIED HASTE FORM

ICPP CaIcine Storag_ '

‘ Early defense wastes ca1c1ned in. the WCF cons1sted essent1a11y
of a m1xture of' a]um1num n1trate and’ f15510n products The first
“set of bins was des1gned to ma1ntain the temperature of the ca1c1ned

” f}qo]ids below the 400°c caIcinatIon temperature (using an 1n-bed

3‘neat exchanger) to prevent the possib]e evo]ut1on of volat11e f1ss1on ,'




- products.! A plan view of the first bin set is shown in Figure 6.

An 1sometric drawing of the first bin set is shown in Figure 7.

, Calcined sOlidS’were transferred pneumatically from the calciner

’ vessel to a cyclone located over the top of the bins; calcine fell

by gravity to each of the concentric bins. The bins are located

- inside an underground concrete vault. Total capacity of the f1rst
" bin set, which was filled in 1964, is approx1mately 200 m3.

The second and third calcined solids storage facilities cons1st
of seven 3.7 m diameter cylindrical bins, also enclosed in a reinforced
concrete vault. The second and third set of calcined solids storage
facilities differ primarily in the height of the bins. Capacity
of the second solids storage facility is approximately 900 m® and
was filled in 1972; the third set of bins now being filled has a
capacity of 1140 m3 and currently contains 640 m3. An isometric
drawing of the second and third bin sets is also shown in Figure 7.
The fourth bin set is similar to the second and third bin se's,
although the capacity is only 500 m3

Beginning with the fifth bin set, future bins will be built
on the basis of an annular configuration because of the projected
increase in volumetric heat generation rate and decreased calcine

sintering temperature.

Calc1ne Cooling |

The first bin set was designed for cool1ng by forced air convection;

" however, decay heat was removed by using only natural convection by
. circulation of cooling air in the annular spaces between the bins.

Aduitional heat: was removed by thermal radiative transfer between
the bin walls and the concrete vault. The first bin set was designed

"on the basis of a calcine volumetric heat generation rate of 1200 /m3.
Calcine placed in Bin Set 1 had an average heat generation rate of
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300 W/m3. The highest measured calcine centerline temperature in
-Bin Set 1 was 185°C.

Bin Set 2 contains both alumina and zirconia calcine with an
average heat generation rate of 250 W/m3. Cooling air was shut off
for a 12-moiith period beginning in 1969. Heat removal was then
prim&?i%y by convection to the vault air and a combination of natural
convectgve-and radiative transfer, respectively, from the vault air
and bin\wa]]s to the vault wall. Heat was eventually dissipated
to the surrounding soil. The maximum calcine temperature measured
during the test in 1969 was 695°C.

The Third Bin Set contains calcine with an average heat genera-
tion rate of 50 W/m3; maximum calcine temperature measured to date
has been 3000C. The Fourth Bin Set is not scheduled for accepting
calcine until 1982; the expected heat generation rate is 100 W/m3.
The fifth and future bin sets will be required to accept calcine
with a heat generatioh rate in the range 400-500 W/m3. Maximum
calcine tesiuperature in the fourth and subsequent bin sets will be
limited to 600-650°C to prevent sintering of calcine containing
a mixture of sodium and zirconium. Basic heat transfer design
"~ equations and properties significant to heat transfer in defense
waste calcine storage are shown in Table III. Design basis calcine
heat generation rates and operating experience to date are summarized
in Figure 8 ahd Table IV, respectively.

Storage of Solidified Power Reactor Waste Forms

- High-Tevel Tiquid wastes from the processing of Light.water
Reactor (LWR) fuels would require solidification based on safety,

~regulatory, and economic considerations. Whiie the 1iquid to

- calcine volume-redUCtion factor for ICPP defense waste ranges from 7-8

;f‘*itheiliquid-to calcine volume reduction factor for LHRphigh;level'wastes
'I_«ﬁbq1d range from 10-20.. Conversion to other waste: forms would result




TAB!.E ur

HEAT TRANSFER CONSIDERATIONS
- IN CALCINED SOLIDS STORAGE

| BaSIc Heat Transfer De5|gn Equatlon For Cyllndncal Bins:

32T 1 %71 az'r om____l__[
o *r o ToF " Ke  a o

'For Storage Bins @ ICPP:

93T 1 T T oo
ar2 " ¢ o 372 K,

=0

i
;

Calcine Properties Significant to Bin Storage:

- Thermal conductivity, W/m-°C 0.19-0.35
.. Storage bulk density, g/cc . 2r 1.55-1.7
Sintering temperatures - °C
Zr-Fluoride calcine N | 700
Alumina calcine . "~ 1200

Zr-Sodiura calcine 650

ACC-S-1849
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FIGURE 8

 CALCINED SOLIDS
STORAGE AT THE ICPP
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TABLE IV

CALCINED SOLIDS STORAGE
EXPERIENCE AT THE ICPP

Calcined Solids Bin Set

) 1 2 3
Calcine heat genera'tion rate, 300 250 50
w/m?3 N -
Measured maximum calcine . 185 695 300
temp., °C o :
Maximum measured bin —— 85 55

wall temp., °C . " _

N Special Tests

(1) Core samples from 2 bins of Bin Set No. 2in 1978
revealed no calcine sintering.

{2) Cooling air in Bin Set No. 2 was shut off for 12
months beginning in 1969; maximum calcined
solids and bin wall temperatures reached
695 and 85 °C, respectively.

ACC-5-1847




in volume reduction factors ranging from 6-10 and 10-15 for glass
and sintered glass ceramic, respectively. Since a metal matrix
waste form is essentially based on filling the voids within calcine
with a metal, the volume reduction factor for a metal matrix is
essentially the same as that for calcine.

Engineered storage or transportation to a federal repository of
any waste form will require that heat dissipation be consistent
with the specified maximum pfoduct temperature for a given waste
form or the maximum specified canister wall temperature. The only
waste forms considered herein are calcine, glass, sintered glass
ceramic (SGC), and metal matrix; these waste forms are representative
of properties significant to heat transfer during canister storage.
The reference high-level waste is that produced from a 1500 MTU/y-

LWR fuel reprocessing plant.

The volumetric heat generation rate of power reactor high-level
wastes is significantly nigher than defense high-level wastes, since
the wastes are largely a mixture of fission product oxides.
Approximately 90% of the decrease in the rate of decay heat occurs
during the first 5 years out of the reactor. Volumetric heat
generation rates for a typical calcine generated from LWR high-level

wastes are shown. in Figure 9.

Representative waste forms for high-level wastes are calcine,
glasses or sintered glass ceramics, and metal matrices. Calcines
are produced at proceﬁsing temperatures from 350-6009C; glasses and
SGC's are made in the.temperature range of 950-1150°C; metal
matrices eonsidered herein would be based on fi]]ing the interparticie

void fractions with a molten metal.

Calcine shou]d be stored at a maximum témperature of 7000C to
prevent significant volatility of ruthenium and cesium. Borosilicate
glass will flow under its own weight at 550°C, and this is assumed

o8 . .




Volumetric Heat Generation Rats, kW/m®

FIGURE 9.

HEAT GENt RA"I ION RATE FOR POHER REACTOR HIGH-LEVEL HASTE CALCINE

o -~ﬁ‘"_.VOLUMETRIC HEAT GENERATION

SO T | 3 R ] ] 1

RATE VS TIME

: Bam 33000 mwn/muvv o
| mzonu/mu

.20 4 6 . g .10 R L

Waste Necay Time_years - T ACCsm




(i

to be the max imum storage temperature for giass; Sintered gTass
ceramics remain stable in a solid form ‘up to 800°C. - Metal matrices
are stable at temperatures below 7000C (calcine maximum temperature)

'-'but are 1imited to temperatures be]ow the melting point of the metal

used.

Calculational Bases for Heat Transfer

Canisters for engineered'storage or transportation to a federal
repository must be of a practical size for handling. Concepts
for canister configuration have been based on cy]ihdrica] canisters
with a maximum outer diameter of 61 cm and a maximum length of 4.6
meters. Two basic configurations are considered in this paper,
unfinned solid cy11nders and annular cylinders. _hominal canister

f-dlmensions and waste volumes are shown in Table V;2 properties of

typical waste forms having significant impact on heat transfer

~ are shown in Table VI. Calcine was assumed diluted with inert -

material ‘to reduce the volumetric heat generation rate in those
cases where the calcine temperature or canister wall temperature

-wou]d exceed the specified maximum at the time the canister is

filled. For g]ass and 51ntered g]ass ceramics, the waste content
was adJusted to ensure satisfying the product and canister wall
temperature” constraints at the time of canister f1111ng A maximum
canister wall temperature of 300°C was assumed based on stress
corrosion of stainless steel at e]evated temperatures for long
periods of time.

Resistance to heat transfer through the cylinder walls was
assumed neg]igibIe, and the ‘thermal conductiwity was assumed indepen-
dent of temperature. Since the change in decay. heat generation
rate at a specified time is much smaller than the change in
temperature as a function of the decreasing heat generation rate,



TABLEV

CANlSTER CONFIGURATIONS
~AND WASTE VOLUMES

* Canister o | '
Configuration - Llength.cm  1D.em ~ 0.D.cm Vol., m®

Solid Cylinder = 305 —_—— 20 - 0.1
o -— T -2 016
Y S o - 30 022
S - 355 0.30

Annular Cylinder . 305 25 x 46 - 034 .
. S ‘30 ' .- 0.28

30 . 059
05 x 6l 048
4 . .. 039
51 SRR ¥

o ACC-$-1851




| . TMLEVD i:‘ o |
- TYP'CAL PROPERT'ES OF POWER |
REACTOR HIGH- LEVEL WASTE FORMS
SIGNIFICANT TO HEAT TRANSFER

| | | | —  Metal
Property | Calcine Glass seclll - Matrix
Waste in waste form, | 100 25.35 5067 | 5575
wi% . '
Density, wee | 2023 | 3044 | 2430 2550

Thermal conductivity, | 017029 | 08612 | 0508 | 50350
w/m-°C _ : _

Waste Iurm volume, 0.038-0.046 0.086-0.12 _0.-05-0.076, 0.04-0.05

m3/MTU |
Maxi'mum permissible 700 | 550 800 | Pb-300[2)
| waste form temp., °C | | Al-600

-

m Smtered Glass Ceramic
4] Maxnmum waste inrm temperature limited by meltmg pnim of metal

- : - ‘ R o o - ACC-S-1850




i calculations were based on a "pseudo steady state". For calculational
: 'purposés;'infinitely long cylinders were also assumed.

Calculated Temperatures énd Permissible Heat Generation Rates

If wastes ars p1aced in canisters at short decay times, product
~ and vall temperatufe decrease significantly in the first two years.
In genera1,’product and canister wall temperatures for canisters
Toaded at lbhg decay times remain near the original loading tempera-
ture for many years. The maximum permissible product (Tm) or

' canister wall temperature (Ty) limits the volumetric heat generation
rate of the waste at time of loading.

Air Cooling
The heat generation rate for low thermal conductivity calcines
is dictated by the maximum product temperature. Wastes stored
in an annular canister are limited by the canister wall temperature.
Since fluid-bed calcine has a low volume per MTU processed, dilution
with an inert material does not necessarily result in waste volumes
greater than other waste forms. An annular canister is a practical
means of.storing‘caléines using air cqbling, because the canister
can contain practical volumes of waste without exceeding the maximum
Calcing.témperature. Glass, sintered, or metal matrix waste forms
f<:p1a¢ed in solid cylinders are limited in heat generation rate because
~-of the maximum canister wall temperature.  However, lead metal
‘matrices may be Timited by the melting point of lead. Product
' temperﬁture, canister wall temperatures, and heat generation rates
" for various waste forms placed in air-cooled cylinders are summarized
" in Tables VII and VIII.



TABLE VIT

CALCULATED TEMPERATURES AND HEAT GENERATION RATES
) USING AIR-COOLED' SOLID CYLINDERS

Product E 'k ~ Diam. T, - Tﬁ - Q s
W/m-°C . cm : °C °c , kW/m
0173 20 285 695 3]
25 2100 . 695 21
. A 30 195 695 15
CALCINES o 3.5 180 695 n
. 0.242 20 265 70 4
. - 25 240 760 27
30 230 700 20
35,5 210 700 15
SGC 0.692 20 300 475 48
25 300 525 37
30 300 565 3
35.5 300 595 26
GLASS 1.038 20 300 420 50
' : 25 300 450 35
30 300 475 30
35.5 300 495 26

METAL o , '
MATRIX - 8.65 25 300 320 37
Pb 30 300 - 320 33
' : 35.5 297 320 25
40.5 293 . 320 21
61 281 320 13
Al 35.0 25 300 305 37
30 300 305 31
35.5 300 305 26
40.5 300 310 23

61 300 310-- 15




TABLE VIII

CALCULATED TEMPERATURES ANDY HEAT GENERATION RATES
USING AIR-COOLED ANNULUS CYLINDERS

Product .k LD 0.D. Tiw Tou T | 03
- w/m-°C cm cm °C °C °C  kW/m
.0.173 51 61 300 . 294 452 83
46 6 . 300 291 527 55
r » - 30 46 300 286 521 54
CALCINES 25 46 0 a7 578 39
0.242 51 61 300 294 403 83
. 46 61 300 © 201 461 55
* ! 61 300 286 510 4
- ©35.5 61 300 277 548 31
. 30 46 300 286 455 54
25 46 300 278 496 39
se6c . p.692 .51 - 6 300 296 336 83
S L T 61 300 293 3% 55
130 46 300 289 350 54
25 46 300 280 360 39
© .GLASS 1.038 51 61 300 296 323 83
R , 46 61 300 294 335 55
. 30 46 300 290 . 33 54
25 46 300 291 347 a2

METAL o )
. MATRIX 8.64 51 61 300 299 304 85
Pb . 46 61 300 299 307 57
. 30 46 300 299 306 57
o o 25 46 300 298 306 43
Al 35.0 51 61 . 300 | 300 301- 85
o \ . 86 61 300 300 301 57
- 30 46 300 300 301 56

25 - 46 300 300 301 43

-
.




TABLE VIIl

CALCULATED TEMPERAIURES AND- HEAT GENERATION RATES
USING AIR-COOLED ANNULUS CYLINDERS

' w/m°C cm ém °¢ °C °C  kiW/m

.0.173 - 51 61 300 . 294 452 83

a6 61 300 291 527 55

: 30 46 300 286 521 54

CALCINES 25 46 300 277 578 39

0.242 51 61 300 294 408 83

. 46 61 300 © 291 461 55

. . a 61 300 286 510 4

. - 35,5 61 300 277 548 31

] 30 46 300 286 455 54

25 46 300 278 496 39

SGC . 0.692 . 51 61 300 296 336 83

.. . . 46 61 300 293 354 55

230 46 300 289 350 54

28§ - 46 300 280 360 39

.GLASS 1.038 51 61 300 296 323 83

- _ 46 61 300 294 335 55

30 46 300 290 331 54

25 a6 300 291 347 a2

METAL L - -

. MATRIX 8.64 51 61 300 299 304 85

- Pb T 61 500 299 307 57

_ . 30 a6 300 299 306 57

| | 25 46 300 208 206 a3

Al 35.0 51 61 300 300 301- 85

. _ N 1 61 300 300 301 57
S e °30 46 300 300 301 56 .
o 25 - 46 300 300 301 a3 ¥




TﬂBLE VIII

CALCULATED TEMPERATURES AND HEAT GENERATION RATES
USING AIR-COOLED ANNULUS CYLINDERS

' ' w/m-°C cm cm °C °C °C ki/m

:0.173 51 61 300 . 294 452 a3

| 4 61 . 300 29] 527 - 55

_ 30 4 300 286 521 54

CALCINES 25 46 00 277 578 39

' 0.242 51 6l 300 294 408 83

. 36 61 300 © 291 461 55

& 61 300 286 510 41

. - '35.5 61 300 277 548 3

30 46 300 286 455 54

25 46 300 278 496 39

SGC . 0.692 .51 - 6 300 296 336 83

L - . 46 61 300 293 35 55

130 46 300 289 350 54

25 ] 46 300 280 360 39

.GLASS 1.038 51 61 300 296 323 a3

, . 46 61 300 294 335 55

. 30 46 300 290 . 331 54

25 46 300 291 347 42

METAL S \ '

.. MATRIX 8.64 51 61 300 295 304 85

Pb T 61 230 299 307 57

. 30 - 46 300 299 306 57

_ 25 46 300 208 206 43

Al 35.0 51 61 . 300 300 301- 85

- _ . 46 61 300 300 301 . 57
- 30 46 300 300 301 56 .

25 - 46 - 300 300 301 43




Water Cooling

Wastes at shorter decay times can be stored using water cooling.
Undiluted calcines can be stored in 25-cm diameter cylinders after
six years decay, or earlier if diiuted. Glass at 35 wt% waste
concentration can be stored at approximately one year; high waste
concentration metal matrices can be stored at two years decay time
or less. Waste products can be stored in water-cooled annular cylinders
at a decay time as low as one year. The heat generation rate
premitted in water-cooled cylinders is usually limited by the maximum
pfoduct temperature. However, the high thermal conductivity of
the metal matrix results in little temperature drop between the
canister centerline and the wall, and canister wall temperature
(60°C) becomes 1imiting. Product and wall temperatures using water
cooling and corresponding heat generation rates are summarized in

Tables IX and X.

Annual Canister Requirements

Since high-level waste may be costed on an individual canister
basis, the number of canisters filled annually may significantly
influence storage costs. Annual waste volume and the number of
canisters should be minimized to reduce costs and mximize safety
with respect to the number of canisters requiring shipment,to a
federal repository. The annual number of solid cylinders for various
waste forms stored in air or water as a function of waste decay time
is shown in Figure 10; the number of annular canisters for candidate
waste forms is shown in Figure 11.. '

Air_Cooling
~ Caicines and metal matrices have the least product volume per
MTU and require the fewest canisters. Glasses and SGC's have

»
s

Y
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TABLE IX

CALCULATED TEHPERAT.URES AND HEAT GENERATION RATES
FOR WASTES IN WATER-COOLED SOLID CYLINDERS

_ Product K | plam. T, T Q \
W/m-°C o ¢ o¢ kw/m
0.173 20 33 700 45
4 25 .30.5 700 .28
o . 30 © 29,5 700 20
CALCINES . 3.5 29 . 700 15
. 0.242 20 3% 700 62
.25 34 700 39
| 30 3 700 28
. | 35.5 31 700 21
. SGC 0.692 : 25 53 800 . 126
30 49 800 30
35.5 47 800 66
: a0.5 45 . 800 50
© GLASS © 1.038 25 53 550 126
: i 30 a9 550 90
35.5 45 550 66
| 40.5 45 - 550 59
METAL | -
MATRIX : P
Pb 8.65 30 60 . 149 133
- 40.5 60 176 08
51 60 203 77
61 . 60 229 63
Al 35.0 30 60 . g2 133
| 40.5 60 89 98
51 60 -9 77

) 60 : 02. 63



TABLE X

CALCULATED TEMPERATURES AND HEAT GENERATION RATES
USING WATER-COOLED ANNULAR CYLINDERS

B k  1.D. 0.D. Tow O Tou T G 3
Product W/m-°C cm cm °C °C ki/m -
. 073 40.5 61 44 700 87
: 30 61 39 700 39
25 46 44 700 87
CALCINES :
0.242 40.5 61 51 700 122
. 30 61 44 700 54
: 25 46 52 700 122
s6c 0.692 40.5 61 - 60 382 173
: A 30 61 60 509 107
.25 © 86 60 363 163
GLASS 1.038 40.5 61 60 274 173
: - : 30 61 60 362 108
25 46 60 262 164
METAL R _— '
MATRIX . - : § .
Pb 8.65 _  40.5 61 60 85 177
: - 30 61 60 94 93
25 46 60 . © 83 110
AT 35.0 40.5 61 60 . 59 182
- 30 61 60 - 68 14

25 46 - 60 o . 66 177
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| lower concentrations and require more canisters. An annular
canister may be required if calcine is to be loaded at short decay
times. High thermal conductivity metal matrices can be used to
reduée'the number of Cylindrica1 canisters required annually.

- Water Cooling

Water cooling is mich more practical and fewer:tanisters are
required for storage oi' short decay time waste. High waste con-
centration waste forms such as calcines, SGC's, or metal matrices
require the fewest storage canisters. For three-year or older
wastes, calcines and metal matrices can be placed in fewer annular
_ canisters than glass or sintered glass ceramics. Metal matrices,
because of high thermal conductivity and waste concentration, result
in the fewest canisters at short decay times.

CONCLUSIONS

High-level defense wastes at the Idaho Chemical'Processing Plant
have been managed successfully for nearly a quarter of a century.
Liquid wastes that generate sufficient decay heat to'requiref
cooling are stored in acid solution in stainless steel tanks inside
an underground concrete vault. Wastes have been calcined and stored
in stainless steel bins in underground concrete vaults since 1963.
Cooling bf;the ca]cined solids by a combination of natural convec-
tion and. thermal radiation to the vault walls has been demonstrated
" as.a practical method for heat removal. ‘Process heat input in
‘f]Uidizedfbed7ca1cihation using in-bed combustion of kerosene has
“been practical since 1970. Heat transfer in other candidate defense
~ waste forms (within canisters) such as glass, sintered glass ceramics,
and‘pe11ets 40Vnof_presént'unique heat transfer concerns, since A

. the volumetric heat generation rates are <200 #/m3; a canister would



thus contaln a quantlty of waste equ1va1ent 1n power generation
_to a 20-100 watt- llght bu]b : :

Power reactor h1gh-]eve1 wastes could be managed in a manner
similar to the defense wastes at the ICPP; liquid wastes wou]d be
stored in stainless steel tanks s1mi]ar in design to those at the
Barnwell Plant. F1u1d1zed bed, spray, or rotary kiln calcination
are cand1date processes for solidification. In-bed combustion
of kerosene using a f1u1d1zed bed cou]d be used for providing

process heat.

Solidified power reactor wastes have a significant]y‘higher
volumetric heat generation rate than defense waste calcine. Though
the heat generation rate decreases rap1d1y dur1ng the first five
years, the rate is still 100- 1000 times greater than defense wastes
after five years decay time. Solid cylinders and annu]ar cy11nders
are practical for storage of the various waste forms in air or
water. The decay time at which a given waste form can be p]aced 1n
‘the canister is governed by the heat generat1on rate and the resultant
maximum product or canister wail temperature. The annular carister
permitseall waste forms to be loaded at shorter decay times with
fewer canister per year; because of the fncreased heat transfer
surface area. A1l waste forms can be stored at shorter decay times
in water-cooled canisters. Product centerline temperatures decrease
rapidly for wastes lToaded at less than five years decay time. A -
practical strategy would be to place high concentration waste in
water-cooled canisters at 2-3 years deeay time; CaniSterS'could'
then be transferred to a1r-coo]ed storage after two years to. m1n1m1ze

the tota] number of canisters.
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