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ABSTRACT 

This paper describes the simulation of a rotating, multistage 

chemical reactor that dissolves spent nuclear fuel for reprocessing in a 

breeder cycle. The continuous, time-dependent process model of a 

dissolver was developed using the Advanced Continuous Simulation Language 

(ACSL) to calculate various temperatures and the masses of the chemical 

constituents of the solution in each stage. The Gear integration 

algorithm (Gear 1971) was used to accommodate the stiff dynamics. An 

arrangement of interacting discrete sections was employed to cause fresh 

fuel to be added and dissolver rotations to occur at appropriate times. 

By changing various constants, the model can simulate the effect of 

different fuel compositions and operational scenarios. The model code is 

a valuable tool for analysis of the performance of the dissolution system 

and has been instrumental in its design. 

*Research sponsored by the Office of Facilities, Fuel Cycle, and Test 
Programs, U.S. Department of Energy, under Contract No. DE-AC05-84OR21400 
with Martin Marietta Energy Systems, Inc. 



1. INTRODUCTION 

The Consolidated Fuel Reprocessing Program (CFRP) at the Oak Ridge 

National Laboratory (ORNL) is responsible for developing nuclear fuel 

reprocessing technologies for use in breeder reactor systems. Dissolution 

of spent fuel oxide in nitric acid is a crucial step in the process. The 

fuel must be dissolved and completely removed from its cladding before 

leaving the dissolver vessel. When transported away, the fuel solution 

must have a specific average heavy metal concentration for subsequent 

processing steps. 

A countercurrent-flow, multistage, rotary dissolver has been 

proposed. It is similar to an Archimedean screw consisting primarily of 

an auger enclosed by a cylinder. The vessel lies horizontally and has 

eight stages. Holes around the central shaft of the auger allow acid to 

flow by gravity from stage eight through each stage in succession. The 

product stream emerges from stage one and flows into a product collection 

tank. A shear cuts spent fuel rods into 1-in. segments or pins. Batches 

of pins containing the heavy metal oxides are fed to stage one at discrete 

points in time. After a set quantity of fuel has been added to stage one 

and a period of agitation has been completed, the dissolver is rotated 

360° (rotate event) to transfer the undissolved fuel and hulls from 

stage i to stage i + 1, where i ranges from 1 to 7. Once the solution 

flow has refilled stage one, pins are again added to stage one to continue 

the process. Figure 1 shows the approximate configuration. 
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2. DISSOLUTION DYNAMICS 

The dissolution dynamics of the system are continuous in time except 

for fuel feed operations in stage one and dissolver rotation cycles. The 

dissolution reaction of solid uranium oxide in nitric acid is highly 

exothermic and for acid concentrations <-8 jM is described by: 

UO^ + I HNG^ -»• UO^CNO^)^ + I NO + J H^O + heat. (D 

As seen from the formula, the reaction consumes the solid fuel oxide, 

diminishes the acid molarity, increases the heavy metal concentration of 

the solution, produces nitrous oxide off-gas, and produces heat which 

raises the solution temperature. For HNO3 concentrations >8 to 10 M, the 

reaction equation becomes: 

UO2 + 4HNO3 -^ U02(N03)2 + 2N02 + 2H2O + heat. (2) 

Although both reactions occur to some extent, Eq. (1) predominates at the 

process conditions under consideration. Therefore, for the purposes of 

this study, reaction Eq. (1) was used exclusively. 

The mass (kilograms) of the solution constituents in each stage is 

represented by the following state variable names: 

MA(i) - mass of HNO3 in stage i, 

MW(i) - mass of H2O in stage i, 

MDU(i) - mass of U02(N03)2 in stage i. 

These masses are computed by integrating the corresponding state 

derivatives: DMA, DMW, and DMDU. Along with the stoichiometry, the state 

derivatives are affected by the stage-to-stage solution flows and water 

evaporation. 



The stage-to-stage flows of uranyl nitrate are represented by: 

DMDUI(i) - U02(N03)2 flowing into stage i (kg/s), 

DMDUO(i) - U02(N03)2 flowing out of stage i (kg/s). 

The other flows are similarly defined, i.e., DMAI, DMAO, DMWI, and DMWO. 

Evaporation flow is represented by DMEVP. Figure 2 depicts the mass 

balance in a tjrpical stage. The stream in-flow to stage eight consists 

only of the feed acid. 

The solution state derivatives are computed by the following 

statements in the DERIVATIVE section of the ACSL model: 

DO DLOOP 1-1,8 

DMA(I) - PAU * DMU(I) + DMAI(I) - DMAO(I) 

DMW(I) - - PWU * DMU(I) + DMWI(I) - DMWO(I) - DMEVP(I) 

DMDU(I) - - PDU * DMU(I) + DMDUI(I) - DMDUO(I) 

DLOOP..Continue 

The parameters PAU, PWU, and PDU are determined from the atomic masses 

involved and the reaction formula in Eq. (1), so that the units of the 

DM's are kilograms per second. The quantity DMU(i) is the derivative of 

the mass of UO2, denoted MU(i), in stage i. DMU should be interpreted as 

a mass conversion rate and not a mass flow rate. MU and DMU are 

determined in a novel manner as discussed in the remaining part of this 

section. 

The fuel within each pin is an aggregate of particles that are 

roughly spherical (Davis et al., 1979). When a batch of pins is dropped 

into stage one, the initial value of the batch mass is known. Assuming an 

average particle size and the initial radius of a single particle, the 

effective total number of particles can be calculated. Depending on the 

operational scenario being simulated, as many as eight batches of pins are 
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dropped at different times in stage one before the contents of stage one 

are transferred to stage two in a rotation. The average particle radius 

for a batch shrinks over time as the particles dissolve. This causes the 

average radius for each group to be different. The group that has been 

in the vessel the longest will have the smallest average radius, while the 

most recently added group will have the largest. Experiments (Uriarte and 

Rainey, 1965) have determined a linear dissolution rate for spherical 

particles which is roughly independent of radius. Therefore, a quantity 

called the linear dissolution length (LD) is used as the state variable to 

determine the mass of undissolved fuel in each stage. The linear 

dissolution rate (LDR) is the state derivative for LD. LDR depends on the 

acid molarity and solution temperature in each stage, and is in units of 

meters per second. The average radius of a group is computed by 

calculating an offset to LD, denoted RUSPIC, when the group is fed into 

stage one. The following code is executed in a DISCRETE section when the 

JFEED-th batch of pins is fed: 

RUSPIC(1,JFEED) - DIAUSP/2.0 - LD(1). 

The quantity DIAUSP is the average initial particle diameter. 

In the DERIVATIVE section, the average particle radius of the J-th 

group in the I-th stage is calculated for each time step from the 

following code: 

RUSP(I) - RUSPIC(I,J) + LD(I). 

Using geometry, the density of the particles, the number of particles, and 

by summing over all the groups, the mass of undissolved fuel, MU(I), is 

computed for each of the eight stages. DMU (kilograms per second) is 

proportional to LDR (meters per second). 



This scheme allows the mass of undissolved fuel to be computed with 

eight state variables instead of 64 state variables. It also avoids 

introducing discontinuities in the state variables. In the early stages 

of development of this model, MU was a state variable. In stage one, each 

batch feed caused a step change in the mass of undissolved fuel, MU(1). 

The final scheme used does not change the value of the state variable 

LD(1) when the value of MU(1) steps. 

3. THERMAL DYNAMICS 

The solution temperature which maximizes the reaction rate is 

approximately 95''C (Uriarte and Rainey, 1965). At boiling, the rate is 

not optimum but Is acceptable. Initially, there was concern that the 

solution temperatures would fall too low. The original objective of this 

study was to determine the dynamic solution temperatures and explore 

control strategies to regulate the temperatures. 

The drum shown in Fig. 1 is completely enclosed by a stationary, 

concentric shroud. There is a narrow air gap between the two cylinders 

through which heat flows due to convection and radiation. By regulating 

the temperature of the shroud at 99°C, it was discovered that the solution 

temperatures remained above 95°C. The simulation played a role in the 

dissolver design by determining the shroud heating requirements. 

The temperature of solution (TS) and the drum wall temperature (TD) 

at each stage are state variables. The temperature state derivatives were 

found by dividing the net stagewise heat in-flow by mass and specific 

heat. 

The heat flows into the drum wall are from convective and radiative 

exchange with the shroud and the conductive interface with the solution. 



The solution heat balance is considerably more complex. Solution flow 

into a stage and the heat of chemical reaction are the dominant heat gains 

for the solution temperature. The simulation demonstrated that in any 

stage where a significant amount of chemical reaction is occurring, the 

solution will boil from the heat of reaction. When the reaction drives 

the solution temperature above the shroud temperature, heat flows out of 

the solution through the drum wall. However, evaporation is a significant 

heat loss mechanism when the solution boils. Evaporation is not a 

significant heat loss mechanism when the solution is not boiling. 

Figure 3 illustrates the heat flows for an intermediate stage. 

The solution boiling temperature is an upper bound on the state 

variable TS. The boiling point varies depending on the solution 

composition. When TS is well below boiling, the state derivative DTS is 

proportional to the net heat gain of the solution. As TS approaches the 

boiling point, localized boiling occurs and some of the net heat inflow 

evaporates water while the remaining balance of energy continues to raise 

the solution temperature. When TS equals the boiling point, all of the 

excess heat is consumed in evaporation. The transition from no boiling to 

a rolling boil can occur very rapidly. This causes DTS to make a sudden 

step from a large positive value to zero. It was completely unexpected 

when TS continued to drift up in value when DTS was zero. This anomaly 

was caused by the integration algorithm. A peculiar feature of the Gear 

algorithm is that if the state derivative Is suddenly set to zero, the 

state variable will continue to drift. This occurs because the Nordsieck 

(1962) derivative history vector uses past values of the state derivative 

as well as the current one. The SCHEDULE operator was originally used to 

detect boiling and fix TS at the boiling point. It substantially 
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increased computation time because of the frequency with which the boiling 

event occurred. The current model uses a simpler scheme. Once TS reaches 

boiling, the value of DTS is not set to zero. DTS is computed as follows: 

DTS(I) - TBSADJ * [TBOIL(I) - TS(I)]/(mass + specific heat). 

This computation is used until the net heat flow into the solution becomes 

negative, meaning boiling has ceased. By using a positive value of 

TBSADJ, this kludge forces TS to equal TBOIL via the integration 

algorithm. TBSADJ must be chosen small enough to prevent excessive step 

size reduction in the integration algorithm, but large enough to keep TS 

reasonably close to TBOIL. 

Finally, it should be mentioned that the solution temperature is not 

the average temperature of the liquid only. The solution temperature TS 

is actually a slurry temperature, i.e., the average temperature of the 

liquid solution and the loose solids. As described in the introduction, 

solid fuel is added to stage one in batches. These operations introduce 

discontinuities in a state variable, viz. TS(1). The addition of fuel 

does not change mass-related state variables, but it does cause a step 

change in solution temperature in stage one. Originally, the simulation 

kept track of the solids temperature and liquid temperature separately. 

Due to the large surface area of the fuel particles and a very high film 

coefficient, the instantaneous heat flow between the liquid and solids was 

quite large. This caused the integration algorithm to take very small 

time steps anytime there was a difference between solids and liquid 

temperatures. Also, as the solid fuel mass in a stage approached zero, 

other numerical problems arose. By combining the temperature of liquid 

and loose solids into one average temperature, the number of state 

variables was reduced and the computational time was also reduced. When 



separately computed, the liquid and solids temperatures differed 

significantly only briefly in stage one when new fuel was added. When the 

model was reformulated to combine the two temperatures into one, this 

created a small problem. Every time a batch of fuel is added, a 

discontinuity occurs in the solution temperature state variable of stage 

one. The DISCRETE section FEED adjusts the slurry temperature as well as 

the particle radius offset described earlier. The following statement 

satisfies the conservation of energy and gives the final equilibrium 

temperature of the mixture: 

TS(1) - [MCADD * TFUEL + MCTMP * TS(1)]/(MCTMP + MCADD). 

MCADD is the mass times specific heat of the raw fuel; MCTMP is the mass 

times specific heat for the slurry in stage one before the current batch 

is added. With respect to the simulation, the temperature change occurs 

instantaneously. Normally, the user cannot directly modify the state 

variables when the Gear integration algorithm is used. At the end of 

FEED, the ACSL-supplied (Mitchell et al., 1986) subroutine RSTART is 

called to restart the integration algorithm. RSTART discards the 

Nordsieck history vector and allows the state variable modification to 

remain. 

4. OPERATION 

The dissolver is designed to allow continuous product stream flow. 

The product stream is the overflow out of stage one. The product flow 

rate is approximately equal to the raw acid feed flow rate into stage 

eight. At the beginning of operation, the entire drum is preheated to 

95°C by steam injection. When the first batch of pins is dropped into 

stage one, an agitation cycle begins which lasts for 30 min. During the 



agitation cycle, the drum is rocked back and forth to agitate the 

contents. Ninety seconds after the first batch of pins is fed, the second 

batch is added. This feed operation is performed every 90 s until 6 to 10 

feeds have occurred. The number of feeds per agitation cycle depends on 

the operational scenario being evaluated and varies slightly from one 

cycle to the next. 

At the end of the 30-min agitation cycle, the drum is rotated a full 

360° so that the contents of stage i are transferred to stage i + 1 for 

i - 1, ..., 7. The solid contents of stage eight are ejected into a 

storage canister while the liquid contents remain in stage eight. Since 

the contents of stage seven transfer into stage eight with the prior 

liquid contents of stage eight, the liquid crest height increases 

substantially over the flow holes, creating a large transient liquid 

backflow. The 360° drum rotation completely voids stage one. The 

transient backflow refills it, however, and equilibrium stage levels and 

flow are quickly reestablished in all stages. 

After approximately 60 solids feeds have occurred, the shearing 

machine must be stopped and reloaded. It takes from 30 to 90 min to 

reload the shear during which time no new batches of pins will be added to 

stage one. To avoid diluting the heavy metal concentration and to avoid 

increasing the acid molarity in the product stream, the raw acid feed flow 

rate is reduced during this period. Once the shear has been reloaded, the 

acid feed flow rate returns to normal, a new 30-min agitation period 

begins, and sheared fuel feeding is resumed. Figure 4 depicts these 

operations by an event time line. 

These events are performed using several DISCRETE sections. The 

entire 60 feed-shear reload cycle is periodic. The period is in the 
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range of 5 to 6 h in duration, depending on the operational scenario. 

The SCHEDULE AT operator is used extensively to effect the discrete 

events. A description of each DISCRETE section follows: 

SCHINI is only executed once during the run. Initial scheduling of 
ROTA is performed at T - 0. 

ROTA shifts all stage state variables from stage i to i + 1. The 
backflow transient calculation is performed. A feed is always 
scheduled. If it is not the last rotate event before the beginning 
of the shear reload time, ROTA reschedules itself. 

FEED adds a new group of sheared fuel to stage one. If it is not the 
last feed in the current agitation cycle, FEED reschedules itself. 
If it is the 60th feed (i.e., the last feed before the shear reload 
cycle), it schedules ACDFDN, ACDFUP, and ROTA. 

ACDFDN reduces the raw acid feed flow rate for the shear reload 
cycle. 

ACDFUP resumes the full nominal acid feed flow rate at the end of the 
shear reload time, just before the first feed. 

Except for SCHINI, RSTART is called at the end of each DISCRETE section 

described above. 

5. RESULTS 

Figure 5 shows a plot of the solution temperatures for a typical 16-h 

run. Three 60 feed-shear reload cycles are apparent, each taking 

approximately 5 h. After the first such cycle, periodic steady-state 

behavior is observed. The discontinuities in solution temperatures 

accompanying each rotate event are clearly seen. The flat tops on the 

curves for stages one and two indicate boiling point temperatures. The 

solution in those stages boils during most of the time. Almost all of the 

fuel oxide dissolves before it reaches stage three, precluding boiling in 

stages three through eight. The temperature of the raw acid feed to 

stage eight is llO'C. Temperature curves for stages eight down to three 
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show the progressive heat loss until the acid flow encounters undissolved 

fuel in stage two. 

In summary, the simulation shows that the process inherently 

regulates the solution temperature. When not boiling, the preheated acid 

inflow and the heated shroud maintain the desired solution temperature. 

When boiling, most of the excess heat is transported away in water vapor. 

A small portion of the excess is transferred to the shroud through the 

drum wall. 

Figure 6 depicts the stagewise consumption of acid. As expected, 

HNO3 molarities for stages three through eight remain approximately at 

8 M, the raw acid feed molarity. Stage two's inflow is -8 M. The 

dilution of acid concentration in stage two is completely due to the 

reaction in stage two. Stage one's solution inflow is the diluted outflow 

of stage two. Further HNO3 consumption in stage one continues to dilute 

the acid concentration in stage one. 

Figure 7 gives the uranium heavy metal concentration for each stage. 

Stage one receives the product flow from stage two. The stage one 

reaction contributes to the inflow concentration. The product 

concentration in stage one is the largest of any stage and is the product 

stream outflow concentration. 

The slight concentration of heavy metal in stage three is due to 

successive rotate events. A minuscule (-1.0 x 10' ) concentration 

reaches stage eight. 

6. CONCLUSIONS 

The ACSL implementation of a unique chemical reactor has been 

outlined in this paper. While the dynamics of the system are continuous, 
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plant operations require discrete events which cause discontinuities in 

state variables. Judicious use of DISCRETE sections and RSTART subroutine 

calls allow the Gear integration algorithm to be used under these 

conditions. Detailed accounting of undissolved fuel mass is performed 

without the proliferation of state variables. 

As with any simulation, the dissolver model contains approximations. 

Some approximations serve to alleviate computational complexity while 

others reduce computational time. This model has not been fully validated 

by experiments on a prototype dissolver. However, limited experiments and 

other engineering studies tend to support the findings of this study. 
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