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Behavior of radionuclides such as ®Co, ®*Mn and **Cs in the incineration process was studied
by trial burns of simulated wastes with radio-isotope tracers. Behavior of nonvolatiles, ®Co and
%Mn, was similar to that of particulate matters in the process. Decontamination factors(DFs) for
“Co and *Mn were 4.7 X 10° and 6.2 X 10°, respectively. Behavior of semivolatile radio-isotope,
Y¥Cs, was temperature dependent. DFs for '¥Cs at two different incineration temperature of
850°C and 700°C were 2.8 X 10° and 2.6 X 10, respectively. Trial burns of dry active waste(DAW)
transported from nuclear power station{NPS) Kori 3, 4 were also performed. DF for gross f/r rad-
ioactivity in DAW was 1.1 X 10°. This was a little higher than the estimated value, which was calcul-
ated from the tracer test results and nuclides distribution in the DAW. Average emission concen-
tration was 0.019 Bq/Nm?, which could meet the maximal permissible concentration(MPC) in stack

emission.
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1. Introduction

Incineration is an effective means for the volume
reduction and stabilization of burnable radioactive
wastes before final disposal. However, airborne efflu-
ent release of radioactive materials is one of the con-
cerning issues. Nevertheless, currently operating rad-
waste incineration systems adequately meet safe reg-
ulatory limit for radionuclides emission[1]. This is be-
cause radionuclides exited with a condensed phase
in the off-gas are readily removed through an appro-
priate off-gas treatment system and those that are
volatile or semivolatile in waste are presented in suf-
ficiently small concentrations.

Also, a high volume reduction can be obtained by
the retention of a major part of nonvolatile radion-
uclides in the fumace bottom ashes. A minor of
them are entrained in the off-gas with particulate mat-
ters(PMs) such as fly ash and unburned carbon. The
entrained nonwolatile nuclides can be easily trapped
by conventional filtration technology. Volatile radion-
uclides such as radioiodine, radiocarbon and tritium
are referred to as “permanent gas”[2]. They may be
present in gas phase through the whole dry off-gas
treatment system which should be kept above dew
point. The retention in an incinerator furnace as well
as the decontamination through the off-gas system
for those wolatiles can not be expected. Semivolatiles
such as Cs and Ru vaporize to a certain extent under
nommal incineration conditions. Vapor phase semivol-
atile nuclides can be condense out of the gas stream
during off-gas cooling. Condensed phase semivolatile
nuclides can be removed through ensuing filtration.

The reliability on radwaste incineration is mainly

dependent upon the removal efficiency of those
entrained nonwolatile and semivolatile radionuclides.
Trial burns of simulated wastes with radioactive trac-
ers were carried out to evaluate the behavior of typi-
cal nonwolatile and semivolatile nuclides in demon-
stration-scale incineration plant(DSIP). The entrain-
ment of nonwolatile and semivolatile radionuclides in
the off-gas during incineration and the removal of
through the
off gas treatment system were discussed. The re-

entrained radioactive matters(RMs)

moval efficiencies for RMs through the off-gas system
were compared to those for PMs. In addition, the res-
ults of the demonstration test using DAW from NPS
Kori 3, 4 were reviewed by observing /7 activity dis-
tribution in the process and the final emission in stack.

2. Process and Experiment

The schematic diagram of demonstration-scale in-
cineration process is shown in Fig. 1. The process
consists of two combustion chambers and an off-gas
cooling and treatment system. The dry off-gas system
without utilizing wet scrubber consisted of a heat
exchanger, an air mixing cooler, a baghouse filter,
and a HEPA filter in series.

Table 1 lists the summary of a series of test-burns
using tracer nuclides. Operation conditions for the
trial-burns were based on the results of test runs con-
ducted in 1992~1993[3, 4]. After preheating of the
incinerator up to 400°C, inactive simulated wastes
were continuously fed to get a desired temperature.
The active simulated wastes containing Rl tracers were

fed to maintain desired incineration temperatures.
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Fig. 1. The Schematic Diagram of Demonstration-scale Incineration Process
Table 1. Summary on the Program of Tracer Test Series
tracer
test No. nuclide activity (kBq) chemical simulated target temperature
form waste of incinerator (°C)
1 Co-60 23,950 CoClz cloth 850
2 Mn-54 22,940 MnClz paper 850
3 Cs-137 18,870 CsCl paper 700
4 Cs-137 18,870 CsCl paper 850
5 dry active waste (11,800 kBq)" 850
Y distribution : Co-58(3.7%), Co-60(55.0%), Mn-54(15.4%), Cs-134(5.1%)
Cs-137(15.3%), others(5.5%)
During all the trial-bumns, immediately after feeding 6 R S g
the first active simulated waste package, off-gas sam- i
1.0ff-gas flow

ples of the incinerator, the baghouse filter and HEPA
filter were simultaneously taken by three identical par-
ticulate sampling trains. The schematic diagram of
sampling train installed at the outlet of the inciner-
ator is shown in Fig. 2. Sampling trains are arranged
in a series of a sampling probe, a sample transport

tube, a filtering unit, rotameter, a moisture removal

system and a flow control system. A sample transport

tube and a filtering unit are optionally cooled or heat-
ed according to the off-gas temperature. Flat HEPA

12

2.sampling probe
3.heat exchanger

4 fiiter holder
3_slectric heating
¢_rotamster

7, circulating water bath
8. condenser

9. condensate
10.molsture adsorber
11.dry gasmeter
12.prime mover
13.mass flow controlier

sampling filters made of fine glass fiber matrix with a Fig. 2. The Schematic Diagram of the Particulate Sam-
diameter of 110mm and pore size of 0.45um was pling Train Installed at the Outlet of the Inciner-

used. ator
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Sample flowrates were set before the sampling op-
eration according to the isokinetic rates determined
by off-gas linear velocities measured by a hot-wire
anemometer. There had been no significant pressure
drop across sampling filter during all the sampling
operations. Main off-gas flowrates in the sampling
positions also have not changed significantly. There-
fore sample flowrates were maintained within the 5%
deviation of isokinetic conditions.

Specific activities of the off-gas streams and result-
ant emission concentrations were calculated from the
measured radioactivities of beta particles on the sam-
ple filters, sample gas volumes and off-gas volumetric
flowrates in the sampling positions. The specific
beta-radioactivities of sample filters were measured by
a low-level manual sample changer (LB 110, man-
ufactured by Berthold). The weight changes of sam-
ple filter also were measured to evaluate particle col-
lection efficiency.
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3. Results and Discussion

3.1. Decontamination Factor and Removal
Efficiency

The system decontamination factor(DF) is the ratio
of the radioactivity in the feed waste to the radioac-
tivity released subsequent to incineration and off-gas
treatment. Removal efficiency{RE) or effectiveness of
a system is defined as follows;

DF(—)= _Input radioactivity in wastes
Output radiocactivity at stack

_ Input activity-Output activity
RE(%) Input activity

%x100% =(1—1/DF) x 100%

The values of related parameters to calculate DF,
the distributions of radioactivity at sampling positions
and determined DFs are listed in Table 2.

Table 2. Related Values of the Parameters in Measurement Position for the Evaluation of DFs and Calcul-

ated DF
measurement parameter testNo.1 testNo.2 testNo.3 testNo.4 testNo. 5
position
tracer Aus (activity in feed, Bg) 23950,000 22,940,000 18,870,000 18,870,000 11,800,000
Ag (activity of sample filter, Bq) 29362 1,004.8 12190 91780 96445
incinerator Gi {sample gas wlume, Nm®) 1950 1814 1156 1769 3251
off-gas Vi (off-gas flowrate, Nm®/h} 3104 3100 3101 3097 3104
A (activity of sample filter, Bq) 1516 0521 34230 164080 32950
Bagfilter Gb (sample gas volume, Nm®) 2670 2205 2.305 2135 2.355
oft-gas Vs (off-gas flowrate, Nm®/h) 8403 8401 8402 8400 8404
Agh (activity of sample filter, Bq) 0.066 0054 1682 12,003 1.154
HEPA filter G (sample gas volume, Nm?) 6.600 7500 11750 9250 60.010
offgas VH (off-gas flowrate, Nm®/h) 1,1402 1,1400 1,1401 1,1398 1,140
DF for process unit parameter relation calculated value
DF: incinerator AiflAg X EsX VI/G) 11x100  30x10' 13x10' 26x100 26X
DFz2xDF3 afterburner (AuxV/G)/(Aavx Ve/Gy  98x107  87x10P 26x10' 25x10' 78x10'
baghouse filter
DFs HEPAfiter  {AgpXW/Go)/{AgxW/Ge)  42x10'  24x10'  76x10* 44x100  54x10°
DF overall DF DF1 X DF2 X DF3 X DFs 47x10°  62x10° 26x10" 28x10° 11xI10°

1) effective operation time
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3.2. Entrainment and Vaporization in the Furnace

After being fed into the incinerator, CoClz and
MnClz may be converted into nonwolatile CoO and
MnO through the following reaction[5].

MeClz(s) + H20 — MeO(s) + 2HCl(g) (1

The converted oxides are very stable and do not
vaporize at the normal incineration temperatures.
The possible process causing these nonvolatile mon-
oxides to vaporize is the reduction reaction.

MeO(s) — Me(g) + 1/2 Oz(g) (2)

The above reaction can locally occur only in an
extremely oxygen-deficient atmosphere due to the
rapid combustion of high oxygen-demanding hydroc-
arbons. However, the vapor pressure of reduced ox-
ide, which acts as a driving force for vaporization, is
extremely low in the incineration temperature ranges.
For these reasons, nonvolatile nuclides in the waste
behave like ash particle in the fumace. The bulk of
cobalt and manganese remained in the bottom ash
as shown in Table 2. Less than 10% of RM was
entrained in the incinerator off-gas. It can be, there-
fore, positively said that entrained RM of nonvolatile
nuclides in the combustion process are mostly com-
bining with carry-over PM.

Semivolatile CsCl may not be converted into oxide
with temperature increase in the combustion con-
dition and chemically stable CsCl in the combustion
condition has enough vapor pressure to generate
gas-phase itself through following vaporization pro-
cess[5].

CsCl(s) — CsCl{l) — CsCl{g) (3)

The equilibrium vapor pressure of cesium chloride
is 7.83x107* atm at 700°C and 2.13x 102 atm at
850°C[6]. Because of low vapor pressure, DF1 in test

3 was nearly the same as that in test 1. Due to its rel-

atively high vapor pressure, DF: in test 4 was about
1/50 of that in test 3. The difference between entrain-
ment of CsCl in test 3 and in test 4 is basically at-

tributable to the difference in mass transfer rate of
gas phase CsCl in the incinerator.

The gas-phase mass transfer rate in an incinerator
can be estimated using the model proposed by Bis-
was and Lin[7]. Original Lin’s model is as follows:

M.:=(0.037 Re’® Sc’* Di W Ca ) =Mmax i~ (4)

where, M.. (g/s) is the total mass of metal com-
pound i transferred to the gas phase per time, Re: is
the Reynolds number(=LV./v), Sc is the Schmidt
number( =v/D), L{cm) is the length of the inciner-
ator, v(cm?/s) is the kinematic viscosity of gas, D
(cm?/s) is diffusion coefficient in air, W{cm) is the di-
ameter of the incinerator, Cw ilg/cm®) is the satu-
ration concentration of metal compound and f; is a
factor that accounts for the binding of metal i to the
waste matrix. The factor f; has to be determined
empirically, but “f” for simulated waste in this exper-
iment was not meaningful. In Fig. 3 the maximum
vaporization rates of three kinds of tested radionuclid-

es are compared using following Eq.(5).

Avimax=0.037 Re® Sci®® D, W Caas 2 (5)
15— | ®ica
H.Co
- O . Mn

Log (Max. Vaporization Rate, Bqg/h)
L3

o

1000 1100 1200 1300

Incinerator Temperature (K)

Fig. 3. Maximun Vaporization Rates in the Furnace Ac-
cording to the Combustion Temperatures



772

J. Korean Nuclear Society, Vol. 27, No. 5, October 1995

Table 3. Activity Balance and Entrainment of PM in the Furnace

Incineration radioactivity balance(Bq)

tracer Temp. (°C) input retention(%) entrainment(%)
0Co 820—880 23,950 21,849  (91.2%) 2,101 (8.8%)
Mn 815—875 22940 22167 (96.6%) 773 (3.4%)
wes 685—730 18,870 17399  (922%) 1,471 (7.8%)
835—885 18,870 11,632  (61.6%) 7,238 (38.4%)
DAW actual 820880 11,800 7,202 (61.0%) 4,598 (39.0%)
predicted" 820—880 11,800 9912 (84%) 1,988 (16%)

1 Retention(%) = 60% % 0.2(fraction of Cs) + 90% x 0.8(other nonvolatiles)

where a, (Bq/g) is the specific activity of tracer rad-
ionuclide. D; was calculated by empirical correlations
developed by Fuller, Schetter, and Giddings[8, 9].
Maximum gas phase transfer rates(Auima)- for tested
tracers in the furnace were calculated based on the
vaporization equation (2) and (3). The vapor phase
entrainment of Co and Mn is exitremely low in the
combustion temperature ranges even in the possible
maximum vaporization assuming f; to be unity. How-
ever, chemically stable cesium chloride exists in liquid
phase at normal incineration temperatures. It has rel-
atively high gas-phase entrainment rate. As the com-
bustion temperature increases, the resultant entrain-
ment rate increases exponentially as shown in Fig. 3.

Radioactivity balances for incinerator in test series
are shown in Table 3. Over 90% of the input nonvol-
atile radionuclides remained in the bottom ash. The
small difference of retention between Co and Mn
was not because of wolatility but because of the
entrainment rate of fly ash. Difference in the amount
of fly ash entrainment is due to the characteristics of
simulated material and its combustion condition. In
the case of semivolatile Cs, more than 90% of input
remained in bottom ash in test 3. But only about
60% did in test 4. These results show that the strong

effect of the combustion temperatures on the vaporiz-

ation of semivolatile nuclide. The balance of radion-
uclides in the DAW was estimated on the basis of

the results of radioisotope tracer tests. It was compar-

ed to the actual test results. The fraction of entrain-

ment was much higher than that of estimated value.
It was nearly the same as that of Cs in test 3.

3.3. RM and PM Removal

3.3.1. Afterburner and Baghouse filter

RM and PM removal efficiencies through the
off-gas treatment system are shown in Fig. 4. PM re-
moval efficiencies through the combination of cyc-
lone afterburner and baghouse filter were in the ran-
ge between 99.6 and 99.8%. They showed stable
high values in all the test series. Removal efficiencies
of nonvolatile Co and Mn were not less than 99.8%.
They were somewhat higher than that of PM. In case
of Cs, RM removal efficiencies through this combi-
nation were 96.2% in test 3 and 96.0% in test 4. Re-
moval efficiency for entrained mixed radionuclides in
test 5 was 98.7%. All these comparisons indicate that
removal efficiency for entrained nonwolatile nuclides
is somewhat higher than those for fly ash particles
and removal efficiency for entrained semivolatiles is
just the opposite.

3.3.2. HEPA Filter

RM removal efficiency through the HEPA filter
could change from 99.8 to 959% under tested con-
ditions. And PM removal efficiency changed from
4 to 99.5%. RM removal efficiencies for nonvolatile
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Fig. 5. Change of Activity Concentration in off-gas
Stream and Emission Concentration vs. MPC
(Estimation : Summation of fractional efficeincy
based on tracer test results with assumption of
the fraction as Co 60%, Cs 20% and Mn 20%)

Co and Mn were much lower than that for semivol-
atile Cs. In case of DAW, RM removal efficiency as
well as PM removal efficiency was higher than any

other tracer test. There is no relationship between

RM and PM removal efficiency through the HEPA fil-

ter.

3.3.3. MPC versus Emission

Changes of radioactivity concentration in off-gas
stream through off-gas system units are shown in Fig.
5. By tracer tests, it was shown that about 5 to 40%
of RM input was entrained in incinerator off-gas ac-
cording to volatility. Fig. 5 shows how these entrain-
ed RM was captured by off-gas system units. For il-
lustration of reliability on DSIP’s off-gas system, maxi-
mal permissible concentrations (MPCs)[10] for ¥'Cs,
*Mn, ®“Co and mixed nuclides in DAW were marked
as grid lines. The resultant emission concentration for
mixed nuclide was much lower than the estimated
value based on the DFs for tested radionuclides and
about one twentieth of MPC.

4. Conclusions

The trial burns of simulated wastes including three
kinds of major radionuclides in DAW were perfor-
med. The results were compared to those of DAW

and the following conclusions were derived.

1. Over 90% of nonwolatile radionuclides was remain-
ed in the incinerator ash. The entrained nonvol-
atile radionuclides in the incinerator off-gas were
effectively removed through off-gas treatment sys-
tem. Overall DF for nonvolatile radionuclide was
an order of 10°.

2. Retention of semivolatile cesium in the incinerator
was largely dependent upon the fumace tempera-
ture. Over 90% of Cs remained in the incinerator
bottom ash in 700°C run and only about 60% in
850°C run. However, entrained cesium could be
effectively removed by low-temperature filtration
process via cooling process. Overall DFs for ces-
ium were 2.6x10" and 2.8 x10° for 700°C and
850°C run, respectively.

3. Overall decontamination factor for the treatment
of real DAW generated from NPS was an order of
10°. It was somewhat higher than the estimated

value based on the previous tracer test results and
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nuclides distribution in the DAW. The emission
concentration was one twentieth of the maximum
permissible concentration in air.
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