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ABSTRACT 

This report summarizes the findings from three sets of experiments on iodine and NO, reme 
val performance using dual downdraft condensers in the dissolver off-gas line. The initial experi- 
ments were conducted in the laboratory using glassware in prmf-of-principle tests, Two additional 
sets of condenser experiments were conducted using equipment prototypical for a 0,5-t/d plant in 
the lntegrated Equipment Test (ET) facility at  the Qak Ridge National Laboratory. This report also 
describes the NO, renova! performance of a packed scrubber in the IET during the ~ ~ ~ s # l ~ t ~ ~ ~  of 

depleted uranium oxides. 
The averall iodine pass-through efficiency of the condensers in the IET was h 

ncies ranged from only 0.35 to 6.29%, indicating that the bulk sf t 

transferred on through the condensers to the iodox process for Xina! disposal rather 
than recycled to the dissolver, The optimum operating temperature for the first condenser was in 

the range of 50 to 70T, with the temperature of the second condenser held near 20°C. 
0, removal performance of the combined dual condensers and packed scrubber resufted 

in effluent off-gas stream 8, compositions of - 4 . 4  to l .O%, which are acceptable levels for the 
ox process. The NO, removal efficiency of the condensers ranged from -5 to 58%, but was 

generally around 20%. The renioval efficiency of the packed tower scrubber was observed to be in 
the range of 40 to 60%. The NO, removal performance of the condensers tended to ~ ~ ~ ~ l e ~ ~ ~ t  
the performance of the scrubber in that the condenser removal efficiency was high when th@ 
scrubber efficiency was low and vice versa. 





1. INTRODUCTION 

As part of the Consolidated Fuel Reprocessing Program, the Integrated Equipment Test (!ET) 
facility, which was conceived in 1976 for developing and demonstrating both process and remote 
maintenance features of a modern fuel reprocessing facility, was completed and became fully opera- 
tional in 1984. The IET facility has two major demonstration areas, the Integrated Process 
Demonstration (IPD) and Remote Operations and Maintenance Demonstration IROMD1. 

The overall objective of the IPD is to demonstrate the integrated operation of separately 
developed equipment and processes prototypical of those expected to be deployed in advanced 
reprocessing plants. The IPD engineering-scale process equipment simulates all the head-end 
operations through the first cycle of a modified Purex flowsheet. 

Within the scope of the IPD is the demonstration of an integrated dissolver off-gas (DOG) sys- 
tem to treat the gaseous products from a Q.5-tId continuous rotary dissolver. ?he off-gas equip- 
ment includes a novel dual overhead condenser system, a NO, removal system, and a full-scale 
iodine oxidation (lodox) and recovery system. 

The primary component of the dissolution system is the continuous rotary dissolver. The dis- 
solver will be operated a t  a temperature near the boiling point of the feed solutions (-95 to 
1WC) with both cell-gas inleakage and purge gas from the shear and hulls receiver. Therefore, at 
high gas throughput rates, the liquid loss from the dissotver and digesters due to evaporation and 
gas saturation may be large. Furthermore, as a result of the dissolution reactions and the presence 
of NO,, iodine is liberated in the dissolution system. It is desirable to transport the iodine to the 
lodox process via the DOG. It is also desirable to recycle the condensate from the DOG back to the 
dissolution system to maintain the heavy-metal composition in the digester tanks and to improve 
acid utilization. 

To accomplish these tasks, a dual overhead condenser system to return condensate to the 
dissolver was chosen. Equilibrium calculations indicated that the dual condenser design could be 
operated to minimize iodine recycle and the throughput of H20 and HN03. The effectiveness of this 
design has been tested in bench-scale experiments, but it has not been (prior to this work) verified 
on a pilot-plant scale using prototypical feed streams and equipment. 

Once the DOG has passed through the dual condensers, it is routed through a packed-bed 
NO, absorption tower designed to reduce the NO, level to -1%. The tower is provided with an 
iodine stripper that can be used to revolatilize the iodine from the acid scrub solution. The iodine- 
laden off-gas is then routed to the lodox system for iodine recovery and disposal. 

The development of the lo&x system was carried out at ORNL through engineering-scale 
tests using a 4-in.4iam Pyrex column containing eight bubble-cap trays. Following successful test- 
ing of this unit, the design was scaled up to the current 10-h-diam column in the IET facility. The 
total number of stages was seduced to six, which still allows the complete demonstration of lodox 
with only a slight reduction in the total iodine decontamination factor. 
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While the capital cost of the lodox system woul probably preclude its use in small repracess- 
ing facilities (<0.2 t/d), its use appears to be advantageous in larger facilities where it would be 
used to remove the gross iodine loads from the DOG. This type of application would not require a 
large number of stages because a chemisorption process using a silver mordenite csuld be used as 
a final iodine rernawal step. 

Experiments were conducted in the IPD facility with the objxtives of (1) evaluating the perfor- 
mance of the double overhead condenser design for the recycle of condensate and passage of 
iodine in the DOG, (2) d&termining the saturation levels and concentration of condensables in the 
off-gas from the rotary dissolver under a variety of conditions including the dissolution of both W 8 2  

and U308, (3) using the data obtained from the NO, system to verify column design, and (4) per- 
farming total-system iodine and acid material balances. This report describes the results from these 
tests. 



2. THE DUAL CONDENSER DESIGN 

The use of two condensers in series in the DOG system originated during the preconceptual 
design phase for the Breeder Reprocessing Engineering Test (BRET) facility, which was to have 
been built to process spent breeder reactor fuel from the Fast Flux Test Facility (FFTF) and the pro- 
posed Clinch River Breeder Reactor (CRBR). With the demise of the CRBR, the BRET project has 
been pl~sced on indefinite hold, The BRET facility was to have been built in Richland, Washington, 
and was sized to handle a maximum of 0.1 t/d of heavy metal. The plans included a low-flow ven- 
tilation system and complete treatment of the DOG. The DOG was to be limited to -15 scdm with 
the shear inlaakage and digester agitation spaages ~ o ~ ~ ~ ~ ~ u t i ~ g  -80% of the total DOG volume. 
Calculations based on the limited throughput of fuel into the rotary dissolver and relatively uniform 
off-gas evolution indicated that the DOG would contain a maximum of 1 to 2% NO,. In general, the 
expected effluent from a relatively w ~ ~ ~ - ~ e s ~ g n e ~  0, scrubber is on the order of I%, and minimal 
deietericsus effects on the lodox process are expected if the NO, level is held below -2%. There- 
fore, little benefit was expected from the use of an NO, scru other than to cool the DOG prior 
to introducing it into laidox. Coolin of the DCTG is needed to ce the water content via eonden- 
sation so as not to dilute the hyperazeotropic H N 0 3  used in the lodox system and seriously 
degrade the iodine decontamination factor (DF) on the lower stages. 

If the DOG is cooied to -20% in a stepwise manner, -99% of the water and acid vapor 
can be return& as condensate to the dissolver without recycling large quantities of iodine. Use of 
the condensers to recycle water and acid vapor and cod the gas can result in considerable cost 
savings by eliminating the NO, scrubber and all of its associated equipment. Thus, this design and 
development effort was undertaken. 

3 





3. IODINE DISTRIBUTION COEFFICIENTS 

Iodine liquid/gas distribution coefficients were determined from Fig. 1, taken from ref. 1. 
Equation (1) is a fit to this data below 6 M HN03 in the condensed phase. The iodine distribution 
coefficients a t  various temperatures and acid concentrations can be determined by: 

1 (1) 
T 

In cy = L4793.4 - 150.9 (M)] - -I- 0.547 (MI - 7 1.886 

A 
35oc 

0 2 4 6 8 10 12 14 16 
AQUEOIIS HNQ3 CONCENTRATION ( M I  

Fig. t. Effect of acid concentration and temperature on the distribution of I? between air and 
nitric acid. 
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where 

(mole !2/l-.11iq 

(mole I & ~ ~ ~  ' 
a = distribution coefficient for l 2  , 

T = temperature (OK) , 

M = acid concentration in liquid phase (moles HblB$L) 

Calculations based on the use of the iodine distribution coefficients showed that two con- 
densers in series operated a t  -60 and 20°C could achieve excellent separation betweera the 
waterlacid condensate and iodine. With the first condenser operated at 6 E ,  the bulk of the 
water is recycled (-93% of the condensables discharged from the dissolver and digester tanks), 
while -965% of the iodine is passed on through to the second condenser, which removes an 
additional 6% of the total water as it cools the DOG to 20%. At this lower temperature, the iodine 
DF is increased by a factor of 6; however, with the limited amount of condensate, the iodine recy- 
cle from the second condenser is -1.5% of the total feed to the system. Thus, >99% of the 
water/acid vapor is recycled, while only -5% of the iodine is recycled. 



4. DESCRIPTION OF EXPERIMENTS 

The experimental program, to date, has completed three phases. The first phase was the 
demonstration of the dual condenser operation on a simulated off-gas stream in the laboratory. 
This was followed by a demonstration of full-scale condenser operation using the PD facility. The 
third phase incorporated combined operation of the dissolver, condensers, and N 
while feeding either sheare 0 2  fuel assemblies or U30, powder and simulated fuel hulls and wires 
to the dissolver. The first and second phases examined the behavior of iodine primarily, while the 
third phase focused on 0, removal characteristics. 

The first phase of this work was ~orwlucted in a chemical fume hood using a glass boiling 
sirnuke the dissolver. VWCS glass downdraft condensers were 

various temperatures by controlling the co 
as Ki. The dissolver temperature was maintain water flow, iodine was in 

at 95% by an electrical heating mantle. A I-E/min air stream was introduced into the gas space 
abowe the liquid in the dissolver. A series of temperature Combinations for the two condensers 
were examined to verify the iodine transport characteristics on such a system. The first condenser 
was operated a t  either 68 or 7WC, while the secund was operated at either 20 or 48°C. 

A higher total iodine retention in the condensate was observed when the first condenser was 
operated at 60°C. This is directly attributable to the higher condensation rate in the second con- 
denser coupled with the higher i2 DF at the low temperature. In addition, the data showed, as was 
expected, that the lower the second condenser temperature, the higher the i2 retention in the con- 
densate. 

Results from the scoping tests in the first phase indicated that the concept of using a dual 
condenser system was, in fact, viable. The bench-top experiments qualitatively verified that the bulk 
iodine transport would be through the condensers and on to the NO, scrubber and/or the lodox 
process. 

4.2 PHASE TWO 

The second phase of this work was done to confirm the performance of the double overhead 
condensers (DOC) for iodine transport using the pilot-plant-scale (0.5-t/d) equipment in the 1PD. The 
equipment used in this experiment consisted of the continuous rotary dissolver; two seal pots to 
isolate the DOG from the rest of the process; two downdraft condensers; a packed-tower caustic 
scrubber to trap the iodine from the off-gas; five sampling stations: and the associated piping, 
tankage, and pumps to operate the system. The continuous dissolver was fed with both 3 M HN03 
and a KI-NaN02 solution. The KI-NaNO, feed-stock solution was kept slightly basic to maintain the 
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iodine in solution before being fed to the dissolver. The system was operated in the absence of 
UQ dissolution to provide baseline data on the performance of the dissolver-condenser system. 
The sodium nitrite added to the Kl feed stream provided additional oxidant to ensure that the iodine 
was liberated from the dissolver solution. The dissolver contained -33.6 kg of simulated, sheared 
stainless steel hulls and shroud material and was operated at 95 to 106"e. The sheared stainless 
steel remained in the dissolver throughout the experiments to provide a prototypical amount of 
wetted surface area for gas-liquid contact. 

The experiments required several equipment modifications to the IPD dissoPution system. Two 
single-pass, stainless steel, shell-and-tube condensers were installed in series in the DOG line as 
shown in Fig. 2. The condensers were installed vertically for a downdraft mode of operation as 

FIRST STAGE 
DOG CONDENSER 

FEED 
CHUTE 
PURGE 

SECOND STAGE 
DOG CONDENSER 

ccw 
Y 

P-I KI -NaN02  FEED I 

DISSOLVEH -8 ~. 

u PURGE 

HULLS 
1 RECEIVER 

r 1 &q * TO CENTRIFUGE .JdT To 

Y 
DIGESTER DIGESTER 

ORNL-DWG 86--11803 

+. TO 
lQOOX 

CCW CHILLED COOLING WATER 
CCWR CHILLED COOLING WATER RETLJRN 

CW COOLING WATER 
CWR COOLING WATER RETURN 

F FLOW 
S SAMPLE 
r TEMPERATURE 
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shown in Fig. 3. Each condenser was -6 in. in diameter and contained 31-3/4 in.-diam, 4-ft-long 
tubes. Two seal pots (Fig. 4) were installed in the DOG piping to ensure that the off-gas fed to the 
condensers originated in the dissolver. A known flow of air was metered to either the solids 
discharge or solids feed end of the dissolver to study the effect of gas rate and point of origin on 
the saturation level of the off-gas and the performance of the condensers. The NO, scrubber, 
which normally receives the DOG, was converted to a caustic scrubber to contain and isolate the 
iodine from the rest of the off-gas system. Gas samples were taken at the dissolver, from the feed 
to the first condenser, from the outlet from the first condenser, from the outlet from the second 
condenser, and downstream of the caustic scrubber. The gas samples for iodine analysis were 
taken by passing a known flow rate of off-gas for a measured length of time through a bubble 
tower containing 200 mL of 0.1 M KQH. The gas-sampling station with a bubble tower in place is 
shown in Fig. 5. A vacuum pump preceded by an ice bath was used to pull the gas sample 
through the bubble tower. Stainless steel tubing was used to connect the gas-sampling stations 
with the operating equipment located several feet away as shown in Fig. 3. The sample lines were 
wrapped with heat tape to maintain the off-gas above its dew point. The bubbler sdution contain- 
ing the iodine gas sample was treated with urea to destroy any NO, trapped in the KOH and then 
titrated with sodium thiosulfate to determine the total iodine content. 

All liquid samples were analyzed for total HN03 and iodine. The HNOs analysis was done by 
simple titration, and the iodtne analysis proGedure was the same as for the gas samples. Conden- 
sate f!ow rates from the condensers were determined tssm level measurements using the sight 
glasses in the liquid seals at the base of the condensers shown in Figs. 2 and 3 by measuring the 
t h e  intewai far the level to rise a given distance in each sight glass. Liquid samples were taken 
from the dissolves product, KI feed solution, and condensate from each condenser. A complete 
sample and data collection list for the phase-two experiments is given in Table 1. 

4.3 PHASE THREE 

The third phase of this work was linked to an integrated run of the IET faciliiy. During the ini- 
tial portion of the run, the rotary dissolver was operated with simulated feed from the dissolver 
feed station to prepare three digester batches. An overhead view of the dissolver, shear, and feed 
station is shown in Fig. 6. The solids feed during this period consisted of U308 powder and simu- 
lated fuel segment hulls. The feed constituents were added in proportionate amounts at timed inter- 
vals that simulated the feed rate from the shear. Solids feed to the dissolver was interrupted during 
each simulated shear-reload period. 

After the initial U308 start-up period, actual shearing of bundles of dummy fuel pins containing 
sintered U 0 2  pellets in Zircaioy tubing, prepared as simuRations of CWBR blanket assemblies, began. 
Each of the fuel bundles consisted of 58 fuel pins and contained 62.5 kg of uranium (depleted in 
235U). Each bundle was sheared into 1-in. segments during a 180-min operating cycle. A period of 
about 72 min of this cycle was allocated for reloading the shear with the next fuel bundle. 

After a predetermined number of bundles were sheared, the dissolver was switched back to 
simulated feed from the feed station. Each digester batch contained 125 kg of uranium from two 
sheared fuel-pin bundles. Nitric acid and water feed to the dissolver were based on the complete 
dissolution of this quantity of uranium (as either UO2 or U&), resulting in a solution containing 
-2.6 M free nitric acid. The acid and water were fed continuously during the solid-feed period and 
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extended about 30 min into the shear-reloading period. Aqueous Row rates to the dissolver were 
reduced to minimal values during the balance of the shear-reload period. The rate at which uranium 
was fed to the dissolver corresponded to a 5OO-kg/d capability. In this phase, no KI solution was 
introduced, and only NO, was tracked through the off-gas system. All the sample and measure 
ment points for the phase-three tests are shown in Fig. 7. 

Gas samples were taken from three locations in the phase-three NO, scrubbing experiments. 
The same gas-sampling stations used in the phase-two experiments were used in the phase-three 
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Table 1. Data collection end sample summary for the 
phase-two iodine recycle experiments 

Location 

Dissolver acid feed 

~. .. . . . . .. .. ... . . . . . . . . . . . 

Discharge chute purge 
Feed chute purge 
Digester 1 sol~~tion 
Digester 2 solution 
DOG 

1st--stage condenser 

2d-stage condenser 

1st-stage condensate 

2d-stage condensate 

1st-stage condenser 
coding water feed 

1 st-stage condenser 
cooling water exit 

Zd-stage condenser 
cooling water feed 

2d-stage condenser 
coding water exit 

DOG to NO, scrubber 
Dissolver product 
KI feed 

off-gas feed 

off-gas feed 

return 

return 

~.~ ~~ ..................... 

Time Volume Temperature 

X 

X 
X 
X 
X 
X 

X 

X 

x 

X 

X 

X 

X 

X 

x 
X 
X 

X 
X 

X 

X 
X 
X 
X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 
X 

Flow 

X 

X 
X 

X 

X 

X 

X 

X 

X 

Sample 

X 
X 
x 

Once 
Semi- every At  At 

continuous' 2 hours start end __ ~ ~~ 

X 
x x  

X 
X 
X 
X 

X 
X 
x 

X 
X 
X 

X 

X 

X 

X 

X 

X 
X 

x x  
'Automatically recorded by process control computer network 

tests. Gas samples were taken from the feed to the first condenser, the outlet from the second 
condenser, and the outlet from the NO, scrubber. 

The gas-sampling loop shown in Fig. 8 consisted of a 250-ml gas bomb through which the 
off-gas was drawn by a vacuum pump, which returned the gas to the system just downstream of 
the withdrawal point. A Q.O0C cold trap was placed between the gas bomb and pump, as in the 
phase-two experiments, to protect the pump from acid vapors and condensate. At predetermined 
times in the dissolver cycle, the DOG was circulated through the sampjimg system via the vacuum 
pump at a rate of -1  k/min. After 5 min, the bomb was valved out of the system, starting at  the 
vacuum pump end. This allowed the bomb to reach the system pressure prior to closing the 
second valve. Two samples were taken at each sampling station to allow analysis for total NO, and 
NO2. The NO, analysis procedure consisted of injecting a 3% solution of peroxide into the gas- 
sample bombs ts oxidize all the NO, to NO3. The resulting liquid was then titrated using a standard 
base solution to arrive at the total nitrate concentration in the sample. The NO2 analysis was 
accomplished by treating the second gas sample with 1 N KQH and then using colorimetric 
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Fig. 8. Gas-ammpling station with gas sample bomb and drying tower installed. 

techniques sensitive to microgram quantities of NO2 to prepare the sample for spectrophotometric 
analysis. 

The flow rate of condensate from each cmdenser was determined using the sight glasses in 
the liquid seals from the condensers in the same manner 8s in the phase-two experiments. 

Liquid samples were taken from the umdensate from both condmsws and the scrubber bot- 
toms tank. The samples were collected in 5O-mL bottles, which were filled to the top to minimize 
the gas volume and reduce the extent of the gasphase reactions converting NO to NOz. These 
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samples were analyzed for HNO3 and HN02. The HNO3 analysis was performed using standard 
base titration methods. The HNO2 analysis was effected using the same procedures as for the NO2 
analysis for the gas samples, except that colorimetric techniques sensitive to milligram quantities 
instead of microgram quantities were used because of the larger amount of NO2 present in the 
liquid samples. 

The overall goal of this set of experiments was to reach steady-state operation during the dis- 
solution of either U308 or UOz. The data collection and sample plan for the phase-three experi- 
ments is summarized in Table 2. 

Table 2. Data collection end sample plan for 
phase-three experiments 

Location Time Volume Temperature Flow Sample 

Air to acid 

Acid concentrator 
Off-gas from NO, 

NO, scrubber recycle 
Scrubber bottom 
Scrubber bottom sparge 
DOG to 1st condenser 
DOG to N0,scrubber 
Condensate from 1st 

Condensate from 2d 

concentrator air lift 

scrubber 

condenser 

condenser 

X 

X 
X 

X 
X 
X 
X 
X 

X 

X 

X 
X 

X 
X X 

X 
X 

X 

X 

X 

X 
X X 

x 
X 

X 
X X 

X 

X X 

X X 

"Semicontinuous means to withdraw samples according to the 
following schedule: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Frequency - 

- 

Semi- At At 
continuous' start end 

X 

X x x  
X 

x 
X x x  
X 
X 
X 

X 

X 

At start of run-prior to adding U308 or U02 to dissolver, but with equipment running. 

At eMf of first U30a feed period. 

At beginning of second UBOs feed period. 

At end of second U308 feed period. 

At beginning of third U30a feed period. 

At end of fourth U30a feed period. 

A? end of sixth U308 feed period. 

At end of first UOz feed period. 

At beginning of second U02 feed period. 

At end of second UO, feed period. 

At beginning of third UO, feed period. 

At end of fourth UO, feed period. 

At end of sixth U02 feed period. 

At end of U02 feed period. 

End of every fourth feed period, thereafter, where "erid" means during the last few minutes of the period 

but prior to the actual end of the cycle. 





5. DISCUSSION OF RESULTS 

5.1 PHASE ONE 

The results from the phase-one experiments served to verify the utility of the iodine distribu- 
tion coefficient data because the performance of the condensers at the various operating tempera- 
tures was in agreement with the predictions from Eq. ( 1 I. These experiments also qualitatively veri- 
fied that the bulk of the iodine transport would be through the dual condensers and on to the NO, 
scrubber and/or the lodox process. 

5.2 PHASE TWO 

The iodine flow rates through the system are given in Table 3. The feed rate to the dissolver, 
based on chemical analysis of the feed stock, was significantly lower in most cases than that 
determined from a material balance around the system. The calculated feed rate was determined 
using the iodine concentration measurements for the off-gas from the second condenser, the con- 
densate from the condensers. and the dissolver product. It is believed that the difference between 
the material balance feed rate and chemical analysis feed rate was a result of discrepancies in 
either the feed makeup analysis or the feed flow rate measurement. 

The iodine removal efficiencies, shown in Table 4, were calculated using the iodine concentra- 
tion measurements at the outlet from the second condenser and the two condensate streams. A 
mass balance around the second condenser was performed using the outlet gas-phase iodine con- 
centration and the condensate iodine concentration to determine the iodine feed rate. A mass baC 
ance around the first condenser was used in a similar manner to determine the deed rate trs that 
candenses. The gas samples from the dissolver. the feed to the first condenser, and the feed to 
the second condenser wsre not used in the efficiency calculatians because they contained signifi- 
cant amounts of condensate. Unfortunately, because the exact amount of condensate in the sam- 
ples was not always determined, there were erroneous results for the iodine material balance. 
Furthermore, it is suspected that small amounts of condensate may have accumulated in the areas 
of the sample lines, where the heat tape was ineffective, thus allowing the iodine to concentrate in 
the condensate and resulting in higher iodine concentrations in the samples taken from these lines. 

Statistical analysis of the iodine removal efficiency data given in Table 4 indicated an inverse 
dependency of efficiency on temperature for the first condenser. Analysis of the efficiency data 
from the second condenser and the temperature from the first condenser indicated a direct correla- 
tion, These results are consistent with Eq. (41, in which lower temperatures result in higher distri- 
bution coefficients. This finding means that more iodine will be removed from the gas phase at 
lower temperatures. The direct correlation for the second condenser is indicative of higher operat- 
ing temperatures in the first condenser, allowing more iodine to flow to the second condenser, 
where it then has the opportunity to be removed. The removall efficiency did not correlate as 
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Sample 

analysis 
Run feed rate 
No. (kmoi/s) 

~- 
1 
2 
3 

4 
5 
6 
7 

8 
9 

10 

11 
12 
13 

14 
15 
16 

17 
18 
19 

20 
21 
22 

23 
24 
25 

26 
27 
28 

3. G8E - 08 
3.68E -08 
3.68E--08 

3.68E--98 
2.856- 08 
2.85E--68 
3.3% -08 

3.77E - 08 
3.88E--08 
3.88E-08 

2.73E--68 
2.73E-08 
3.17E-08 

2.92E -08 
2.9% ----08 
3.47E--88 

2.80E - 08 
3.14E--88 
3.67E-08 

3.0% ..- 08 
2.7SE -08 
2.92E-08 

2.70f ----08 
2.85E -08 

3.35E ---  08 

2.89E ..- 08 
2.84E-08 

2.67f -08 

Material 
balance 

feed rate 
(krnol/s) 

Flaw to 1st 
condenser 
(kmol/s) 

Flow to 26 
condenser 
(krnollls) 

__ 

............................. -.__I_ ~ ................... 

9.44E-08 
5.9%-08 
7.02f .- 08 

3.84-E--08 
3.93-08 
3.70E - 08 
4.22E -08 

3.96E-08 
3.40E - 08 
3.39E--08 

5.46E--08 
5.34E -08 
5.82E-08 

4.01E-08 
1.95E-08 
4.08E -08 

2.57E - 08 
3.6X - 08 
X78E - 06 

7.44E -08 
4.1 SE - 38 
3.94-08 

2.95E-08 
3.72E -08 
5.24E - 08 

5.1 2E - 08 
5.73E -08 
4.1% - 08 

8.4WE - 10 
O.WE -c 09 
-0.OQEfOO 

5.273- 11 
O . m E f 0 O  
5.63- 1 1  
6.5 lE-  11  

5.14E- 10 
2.37E--09 
5.53E - 1 1 

5.53- 11 
6.36E -- 11 
4.15E- 10 

2.56E -09 
1.33E - 09 
5.05E- 18 

6.13f- 11  
3.6%-09 
8.12E - 10 

4.7OE- 10 
4.70E- 10 
6.5lE- 10 

3.85E-- 10 
5.06E- 10 
1.27E-09 

2.23E - 09 
5.18E-09 
2.3% -09 

9.50E- 08 
6.06E -08 
7.10E---QS! 

3.65E -08 

3.96E -08 
3.72E .... 08 
4.28E -08 

4.0% -0 
3.37E - 08 
3.45E -0 

5.49E ..- 08 
5 . W E  - 08 
5.8% - .  08 

3.90E -88 

1.94E--88 
4.14E .- 08 

2.64E-QO8 
3.35E -08 
3 . m - 0 8  

7.45E-08 
4.1 $E ... 08 
3.94E - 08 

3.01 E -08 
3.8 1 E-- 08 

5.23E - 08 

4.w-08 
5.2%-08 
4.00E -- 08 

9.33-08 
6.0 1 E - 08 
7. O M  -.-. 08 

3.65E -08 
3.35E --08 
3.7 1 E - 08 
4.24E - 08 

4 . O X  - 08 
3.2 1 E -08 
3.45E-38 

5.46E -08 
5.4 1 E --Os 
5.88E -08 

3.7TE - 08 
1.83E---08 
4.84E - 08 

3.57E - 08 
3.27E- 08 

3.71E-CI8 

7.3% ---08 
4.14E-08 
3.88E -- 08 

3.01E --88 
3.80E - 88 
5.23E -08 

4.92E -08 
5,23E-08 
3.9% -08 

Flow to 
tamtic 

scrsibher 
(klTK88/S) 

3.3% -08 

5.9% 08 

7.82E-0 

3.63E--68 
3.93E-08 
3.6%-0 
4.22E-0 

3.91E-08 
3.16E-0 
3.38E-08 

5.46E -0 
5.34E -08 
5.78E -08 

3.76E-0 
1.82E-08 
4.03E--08 

2.56E -08 
3.2 7E - 08 
3,78E - 08 

7.3% 08 
4.1 1E-Q8 

~ _I_ 

3 8 7 ~  -oa 
2 91E-08 
3.67E -08 
5 12f-08 

4.89E 08 
5.2 1 E -08 
3 94E - 08 
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Table 4. Iodine removal efficiencies for the phase-two experiments 

Removal efficiencies (%) IOff-gas 
temperature from Gas feed I ___.___I.-______ __ 

Run TYPe Of 1 st 2d Both 1st condenser rate 
NO. P " W  condenser condenser condensers (TI (L/min) 

14-16 

1-3 

11-13 

20-22 

23-25 

26-28 

17-19 

4-7 

None 

None 

None 

Feed 

Feed 

Feed 

Discharge 

Discharge 

8- 10 Discharge 

2.24 
6.78 
3.32 

0.8 1 
1.35 
0.84 

0.59 
0.43 
0.02 

0.81 
0.96 
1.52 

1.05 
1 .oo 
0.49 

0.22 
0.28 
0.03 

2.28 
2.28 
1.51 

0.4 1 
0.26 
0.04 
0.84 

0.02 
0.31 
4.63 

0.32 
0.54 
0.35 

0.37 
0.25 
0.33 

0.02 
1.36 
1.71 

0.04 
0.66 
0.15 

0.25 
0.58 
0.59 

3.1 1 
3.42 
2.10 

0.24 
0.13 
0.17 

0.36 
0.56 
0.31 
0.67 

1.95 
2.58 
1.54 

2.55 
6.29 
3.66 

1.18 
1.60 
1.17 

0.6 1 
1.79 
1.73 

0.85 
1.61 
1.66 

1.30 
1.57 
1.08 

3.32 
3.69 
2.12 

2.82 
2.40 
1.68 

0.78 
0.82 
0.35 
1.50 

1.97 
2.88 
6.11 

34.4 
38.4 
39.2 

49.7 
49.8 
49.9 

68.4 
69.7 
69.7 

43.1 
43.9 
44.7 

50.0 
50.0 
52.1 

69.5 
69.8 
69.9 

40.4 
42.6 
44.5 

49.9 
50.0 
50.1 
50.1 

69.2 
89.8 
89.9 

377.6 
398.1 
393.1 

370.3 
378.6 
368.9 

445.2 
439.8 
425.2 

520.3 
569.1 
600.1 

593.7 
594.5 
598.5 

604.6 
599.8 
600.3 

522.5 
612.8 
614.2 

601.4 
57 1.5 
562.9 
619.9 

624.1 
590.4 
SOB. 1 

strongly with coff-gas flow rate as did temperature, but there appear to be some interaction effects 
far temperature and flow as i n d i t e d  by the noncoliinearity in Figs. 9 through 11. 

The overall iodine remvall efficiency of the condensers was low (Le., very Bittle iodine was 
removed from the gas stream and recycled back to the dissolver system). Removal efficiency for 
both condensers ranged from 0.35 to 6.29%. The removal efficiency for the first condenser 
ranged from 0.03 to 5.78%, and for the second Condenser, from 0.02 to 3.42%. In ail the cases 
studied, the overall iodine removal efficiency appeared to be smallest with the first condenser 
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operating near -50°C. While the 50°C operating temperature is not necessarily the optimum tem- 
perature, the data appear to indicate that the optimum is in the range of 50 to 70°C. A more 
refined estimate of the optimum first-stage condenser operating temperature will be the subject of 
additional experimental work. It is not possible to draw any significant conclusions from the data 
on the effects of flow rate and point of origim of the purge stream to the system because of both 
the variability of the off-gas rate and the interaction effects of flow rate and temperature. 

5.3 PHASE THREE 

TaMe 5 shows the NO, feed rates to the first condenser based on chemical analysis, mass 
balance, and stoichiometric yields. The feed rate determination from chemical analysis was based 
on the gas sample taken at the inlet to the first condenser. During the sampling operation, conden- 
sation was observed in the gas bomb, and, as a result, the level of NO, in the gas bomb is prob- 
ably overestimated because of some scrubbing of the flowing gas stream during the purging opera- 
tion of the sampling system. This overestimation is supported by the other two techniques. 



NO, feed rate (kmol/s) .-.._._. . .... .. .... .... ..... 

Sample Chemical Mass Stoichiometry 
No. analysis balance basis 

1 
2 
3 
4 
5 
6 
7 
8 
9 

19 
11  
12 
13 
14 
15 
16 
17 
18 

3.2 5E - 06 
1.28E -05 
3.84E -05 
1.37E--05 
1.15E-04 
4.5 I E  --- et5 
6.77E--05 
1.11E-94 
2,55E-Q5 
1.4 1 E -- 04 
2.25E - 04 
4.28E -05 
3.44--05 
6.30E -06 
9.29E -05 

1.21E---84 
1.39E-04 
6.17E--05 

3.76E-06 
l.Q3E---OG 
1.27E -05 

2.2 1 E .-.- 06 
8.57E -06 
9.6 1 E -- 07 
1.22E -Q5 
3.0% -06 
4. 10E-06 
1.05E-06 
1.14E -05 

6.97E -06 
5.48E-06 
4.3BE - 06 
8.27% -06 
3.32E -05 
1.09E - 05 
8.40E -06 

1.81E-05 
1.95E - 06 
1.8 4 E - 05 
1.94E -06 
1.8 1 E -05 

1.81E-05 
1.8 1 E----05 
9.19E --C7 
5.47E-05 
9.77E-07 
5.47E 05 
8.8f E--07 
6.47E-005 
6.47E-05 
1.8 1 E -.- 05 
5.47E-05 
1.8 1 E -- OS 
1.8 1 E--05 

The mass balance technique determined the feod rate hased on the chemical analysis of the 

two condensate streams and the feed to the NO, adsorber towsr. The third type of determination 
presented in Table 5 was simply based on the stoichiometry of the dissolutim reaction and the 
measured off-gas rate. During the dissolution period, only the evolved NO, was considered, and 
during the reload period the MQ, rate was based on the vapor pressure of HMO3 ower the dissolver 
solution. Furthermore, during the dissolution period, these values did not give credit for HN83 
vaporization and were always higher than the values calculated based on the overall material bal- 
ance around the condensers, This results, in part, from condensation in the off3as line leading to 
the first condenser. The condensate on the wall of the off-gas line allowed the pipe to act as a 
wetted-wall absorber and retilrn a fraction of the 6\10, to the dissolver, thus reducing the NOx load 
on the condensers. 5ased on this analysis of the feed data, subsequent analysis of the NO, system 
will use the feed stream compcrsition determined by the overall material balance method. 

Table 6 shows the NO, scrubbing efficiencies of both the condensers together and of the NO, 
scrubber as well as the overall system efficiency. In general, the overall efficiency was observed to 
be! in the range of 40 to 6096, with the condenses effieiency around 20% but ranging from -5 to 
58%. The concentrations around the condensers and scrubber are shown in Table 7 .  Here the final 
effluent from the scrubber ranges between 0.4 and 1.095, which is within the design specifications 
for this tower and with the requirements of the lodox process. (Note that the low scrubber efficien- 
cies correlate with the very law NO, feed concentrations to the scrubber.) The NO, removal effi- 
ciencies of the condensers tended to complement those for the scrubber in that the condenser effi- 
ciencies generally were high when the scrubber efficiencies were low and vice versa. The high NO, 



Table 6. NO, removal efficiencies for the dual condensers, 
NO, scrubber, and the total system based on the NO, 

feed to the first condenser as determined by 
an overali mass balance 

NO, removal efficiencies (%I 
Sample Dual 

NO. condensers Scrubber Overall 

1 28.43 -32.54 5.15 
2 16.19 100.00 100.00 
3 12.46 52.66 58.56 

5 47.27 - 13.48 40.16 
6 a a - 367.66 
7 12.12 42.19 49.20 
8 42.59 - 18.40 32.03 
9 58.32 0.30 58.45 

10 18.58 53.56 62.19 
11 57.42 2.42 58.45 
12 23.88 22.82 41.25 
13 23.80 28.1 1 45.22 
14 24.48 40.93 55.39 
15 4.79 50.13 52.52 
16 8.27 87.76 88.78 
17 26.34 47.85 61.59 
18 24.85 69.03 76.73 

4 17.24 a 8 

Table 7. N0,concentrations in vol % 

Percent N0,in DOG 
Sample To To From 

No. condensers scrubber scrubber 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

0.38 
0.10 
1.28 
0.23 
0.89 
0.10 
1.25 
0.65 
0.86 
2.12 
2.58 
1.56 
1.33 
0.6 I 
1.65 
7.13 
2.11 
1.56 

0.27 
0.09 
1.12 
0.19 
0.47 

1.10 
0.38 
0.36 
1.72 
1.10 
1.19 
1.01 
0.46 
1.57 
6.54 
1.55 
1.17 

8 

0.36 
0.00 
0.53 

a 
0.53 
0.46 
0.63 
0.44 
0.36 
0.80 
1.07 
0.92 
0.73 
0.27 
0.78 
0.80 
0.8 1 
0.36 

Sample lost. 

%ample was lost. 
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removal efficiencies for the condensers generally occurred when the DOG NO, concentration was 
low (-1% or less). This indicates that the major NO, constituent in the off-gas w 
HNOB vapor and that the removal mechanism was that of simple condensation rather than the 
complicated equilibrium reactions for the scrubbing of gaseous NO, compounds from the off-gas 
stream.’ The negative efficiency for sample 8 may be caused by the decomposition of HNO2 in the 
scrubber solution to HN03 via: 

The 100% efficiency for sample 2 is the result of the chemical analysis of the ~~1~~~~~ eff!uent 
showing no NQ,. Samples were lost for sample series 4 and 6. 

No definitive trends in NO, removal efficiency cou! be linked to the dissolver operation. Sam- 
ple series 2, 4, 7, 9, and 11 were taken during reload eriods. Samples 8 through 13 were asso- 
ciated with the shear operation with U02 being fed to the dissclver. Figure 12 shows the timed 
operation of the system as well as the system efficiency. The somewhat erratic operation of the 
shear in providing UQ2 feed to the dissolver meant that for several extended periods of time early 
in day 2, and late in day 3, there was no dissolution to produce NO,. 

This behavior was shown clearly in the liquid analysis of ah@ scrubber bottoms tank (see 
Table 8). The HNOz concentration in the tank  rad^^^^^ rose to a steady-state level of -Q.5 
mg/rnL prior to the extende nondissdution periods following sample point 13. The HNQl level 

1 .o 

0.8 

t 
0 0.6 
z 
Lu - 
0 
U 

w u 0.4 

0.2 

0 

ORNL-DWG 86-1 1804 
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Table 8. HNOz and HNO, concentrations in the 
NO, scrubber bottoms tank 

Bottoms tank acid 
concentration (M 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

0.0059 
0.0060 
0.0086 
0.0026 
0.003 1 
0.0067 
0.0065 

0.0074 
0.0 122 
0.0096 
0.0 120 
0.0109 
0.0102 
0.0039 
0.0080 
0.0009 
0.0039 
0.0022 

2.13 
2.123 
2.00 
2.21 
1 .90  
2.30 
0.40 
2.37 
2.38 
2.46 
2.54 
2.80 
2.89 
3.28 
3.20 
4.12 
3.78 
4.80 

then dropped probably via reaction 2 during a long period with no feed to the dissolver (sample 
point 14). Then, with the reestablishment of feed to the dissolver, the level in the bt toms tank 
rose (sample point 15). Again, erratic deed was experienced just prior to sample 16, and a low 
level of HN02 was observed. Sample 13 was taken after a uniform U308 feed was established 
again. Figure 13 shows the HN02 and HN03 levels in the bottoms tank plotted against the dissolu- 
tion feed system operation. 

The analytical results for NQ2 in the gas streams were inconclusive; therefore, we were unable 
to determine the overall system behavior with regards to individual NO, species. To overcome this 
problem, NO and NO2 in-line analyzers will be installed at the sampling locations prior to the next 
major operation of this system. 
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6. CONCLUSlOMS 

The overall iodine removal efficiency of the condensers during phase-two experiments was 
low, indicating that only very small amounts of iodine were recycled back to the dissolver. (Total 
removal efficiencies for both condensers ranged from 0.35 to 6.29%). The removal efficiency for 
the first condenser ranged from 0.03 to 5.78%, and for the second condenser, from 0.02 to 
3.42%. In all the cases studied, the overall iodine removal efficiency appeared to be smallest, with 
the first condenser operating near -5CPC. While the 50°C operating temperature is not necessarily 
the optimum temperature, the data appear to indicate that the optimum is in the range of 50 to 
7 m ,  

Phase three of the IET DOG system tests verified the operation of the dual condensers and 
the NO, scrubber column under a variety of operating conditions. The removal efficiencies of the 
Condensers were higher than anticipated, generally -20%. The scrubber provided an NO, effluent 
of -0.4 to 1.0% during the entire campaign, which is consistent with the acceptable NO, levels in 
the off-gas to the lodox process. In addition, this 0.4- 1 .O% No, level in the scrubber effluent con- 
firms the BRET design decision to omit the NO, scrubber in a system with a DOG NO, concentra- 
tion of - 1 %. 

2 
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Florida, Gainesville, FL 326 1 1 
54. J. F. Proctor, Senior Technical Specialist. E. 1. du Pont de Nemours and Company, Savannah River 

Laboratory, Aiken, SC 29801 
55. Office of Assistant Manager for Energy Research and Development, DOE-ORO, Oak Ridge, TN 

3783 1 
56- 151. Given distribution as shown in TIC-4508 under UC-86, Consolidated Fuel Reprocessing Catwry 
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