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1.0 Introduction

This document reports results from an ion exchange column heat transfer analysis
requested by Los Alamos National Laboratory (LANL). LANL plans to operate a
laboratory-scale anion exchange column to extract Pu-238 from nitric acid solutions. The
analysis is needed for a process hazards analysis.

The object of the analysis is to demonstrate that the decay heat from the Pu-238 will not _
cause resin bed temperatures to increase to a level where the resin significantly degrades.
At low temperatures, resin bed temperatures increase primarily due to decay heat. At
higher temperatures, an exothermic reaction between nitric acid and the resin
predominates. This reaction degrades the resin and can lead to a potentially violent
thermal excursion.

The analysis is based on a previous study of the SRS Frames Waste Recovery (FWR)
column, performed in support of the Pu-238 production campaign for NASA’s Cassini
mission. In that study, temperature transients following an interruption of flow to the
column were calculated. The transient calculations were terminated after the maximum

resin bed temperature reached the Technical Standard of 60°C, which was set to prevent
significant resin degradation.

LANL has requested calculations of temperature transients both during normal operation,
including loading, washing, and elution, and following an interruption of flow. The
LANL column differs from the FWR column in that it has a significantly smaller radius,

3.81 cm nominal versus approximately 28 cm. It follows that natural convection removes
hea[ much more effcctiv@ly frnm the LANIL. column. <o that the coliumn mav reach

williA- SRNERS RAAY S RINL WAALLLLIL, OV MGl v Vi LAy lvavil

thermal equilibrium before the maximum resin bed temperature reaches 60°C.

Consequently, the calculations for a flow interruption were extended until an approach to
thermal equilibriumn was observed.

The LANL ion exchange process also uses a different resin than was used in the FWR
column. The LANL column uses Reillex HPQ™ resin, which is more resistant to attack
by nitric acid than the Jonac 641™ resin used in the FWR column. Therefore, heat

i i 1 Pted AlA ranmtioem szrhiabe szrne Seepmdes Ao 4 Lo L1
generation and resin consumption by the nitric acid reaction, which was included in the

previous study, is neglected in the LANL analysis.

Four parameters are varied in the LANL study: the plutonium feed concentration, the
flow rate for loading, washing, and elution, the heat transfer conditions (either cooling by
ambient air at 25°C or by a water jacket at 15°C), and the amount of plutonium loaded
(either one or two times bed capacity). Temperature transients are calculated for a two-
level matrix of sixteen different conditions. Calculations were performed using a finite
difference computer code, which incorporates models for absorption and eiution of
plutonium and for forced and natural convection within the resin bed.

Calculations were performed to determine the maximum bed temperaturc during loading,
washing, or elution for normal column operation and to determine the equilibrium
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temperature for no flow to the column. Calculations for normal column operation were
performed using an initial temperature and a feed temperature equal to either the ambient
air temperature or the cooling jacket temperature. The model for the normal flow
calculations did not include natural convection. The no flow calculations were started
with the temperature and concentration profiles at the end of the loading stage, when
there would be a maximum amount of plutonium either adsorbed on the resin or in the
feed solution in the column. The amount of plutonium that was loaded was varied by

changing the time for loading (e.g., twice the normal loading time for two times the bed
capacity).

2.0 Summary of Results

Calculated maximum bed temperatures range from close to the ambient air or cooling
water temperature for normal operation at the high feed flow rate of 20 mL/sec to 58.1°C
for operation at the low feed flow rate of 0.5 mL/sec with air cooling, a feed amount
equal to twice the bed plutonium capacity, and a high feed concentration of 0.1304
gm/mL Pu-238. Use of a 15°C cooling water jacket would lower this maximum
temperature to 44.8°C for the same conditions. For the same feed conditions, the
maximum temperatures for natural convection during a flow stoppage are 84.3°C for air
cooling and 60.6°C for the water jacket. The maximum temperatures during normal
operation occurred during washing. Following stoppages of flow, the maximum bed
temperatures either peaked and then dropped sllghtly to an equilibrium temperature or
reached their highest values at thermal equilibrium. Thermal equilibrium was achieved
about 2 hours after flow was stopped.

The maximum calculated bed temperature exceeds 60°C, where significant resin
degradation commences,” but is below 110°C, the approximate temperature at which
resin-nitric acid reactions become thermally excursive.® Thus, the column can be

npprnfpr‘ cafelv at the snecified conditions with either air or water-iacket canline Usge of

WAOLLAE SOLE LY SPAAALILAE LUVLIMILINAED YRALLL WALl Gl L WAL T OV RL WUV, Yol VL

a water jacket will minimize resin degradation but might also slow rates of adsorption
and elution, particularly at high feed concentrations and flow rates.

3.0 Input Conditions for Heat Transfer Analysis

Table 1 lists the input conditions for the LANL ion exchange column. As this table

indicatee fived conditiong include the caolumn dimencione and the recin hed nhveical

ALIGAIAS, 11AVG LAURIRLILIAALS Al L SASRERIERN WIS EVLES QU BIE 13111 DS LR Y oavdil

characteristics. Variable conditions include the feed flow rate, the feed concentration, the
amount of plutonium fed to the column, and the provisions for cooling the column, either
a water cooling jacket or exposure to ambient air. The low and high feed concentrations
apply to the solution that is fed to the column with and without pretreatment,
respectively. Other variables have been selected to bound anticipated operating
conditions.
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4.0 Models for Ion Exchange Chemistry

In the ion exchange process, plutonium is selectively adsorbed onto the resin from
concentrated nitric acid solution during loading and washing and is eluted from the resin
with dilute nitric acid. In the model, the adsorption and elution processes occur
irreversibly during normal operation. During a flow interruption, however, the model
assumes that plutonium adsorbs onto the resin when the acid solution between the resin
beads is saturated with plutonium and is eluted when the acid solution is not saturated.

Saturation conditions are calculated using measured equilibrium relationships for nitrated
resins.

The following reaction occurs on the resin surfaces,” which are assumed to be evenly
distributed throughout the resin beads.

R,Pu(NO, ), (solid) & PuNO?* +3NO; + 2RNO, (solid)

where R represents a chemically active site on the resin substrate.

Equilibrium for this reversible reaction is governed by the solubility product®
K, = [PuNo® [no; | )

where K, is an equilibrium constant that depends on the resin type and the plutonium

loading on the resin. The model uses a value of 0.26, which has been measured for fully
loaded Dowex-1 X-4 resin.’

In solution, the plutonium ions complex with nitrate ions according to’:

Pu** + NOj < PuNOY

The equilibrium constant for this reaction is given by’

[Puno?*]

K, = —=29%06 2
2 Wﬂ - (2)

These equilibrium relations can be combined with the following stoichiometric equations
to calculate the plutonium and nitrate concentrations in a saturated solution.

[NO,],., = [NO; |+ [Punoi] 3)
and
l.Pu Jotal E_Pl“‘ 4+ JI+ !_P]“NO:+ JI (4)
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For natural convection during a flow stoppage, the model solves these equations
iteratively at each calculation node to calculate the saturation plutonium concentration
based on the actual nitrate concentration and the saturation nitrate concentration based on
the actual plutonium concentration. The calculated saturation values are then used to
compute a rate of adsorption if the solution is supersaturated or desorption if the solution
1s unsaturated.

5.0 Models for Adsorption and Elution

The model assumes that the rates of adsorption and elution are controlled by diffusion of
plutonium to and from the resin bead surfaces. Because the plutonium ionic species react
rapidly at the resin surface, adsorption takes place at the outer surfaces of the resin beads
before the plutonium can penetrate to the interior of the beads. Consequently, solid-
phase, or particle, diffusion controls the rate of adsorption.> The particle diffusion model
is analogous to a molecular diffusion model, with a particle diffusivity and the bulk
adsorbed concentration replacing the ordinary diffusivity and the solution concentration.

A shrinking core diffusion approximation describes desorption of plutonium from the
resin beads.> For elution during normal operation, the rate of desorption is modified by a
factor that accounts for mixing of the dilute elution acid with the concentrated acid used
to load the resin.! In addition, a pore diffusion model is used to calculate the rate of
interchange of plutonium and nitrate between the interparticle and intraparticle, or pore,
solutions. This takes the same form as the particle diffusion model for plutonium
adsorption, with a pore diffusivity replacing the particle diffusivity. This interchange rate
is calculated for normal operation but not for flow stoppages. To simplify the
calculations during a flow stoppage, the model assumes that the acid is well mixed both
in the spaces between resin beads and in the resin bead pores. The concentrations of
plutonium between the beads and in the bead pores are combined on a volume average
basis at the start of the flow stoppage. Thereafter, both solutions are treated as if they are
located outside the resin beads.

Reference 1 describes details of the adsorption and elution models, so the adsorption and

elution rate equations are not listed in this report. It must be noted, however, that there is
an error in the equations for the rate of plutonium desorption, G_ (Equations 33, A-34,

A-36, and A-37 in Reference 1), Equation A-34 should read

1~ = )
+ _—
\/xmux J xmux

With this change, Equations 33 and A-36 become
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Equation A-37 no longer 1s valid. Instead, as expected, the concentration gradient factor,

1- L, goes to zero as the saturation level of the acid, ¢, approaches that of the

max

plutonium in solution,

X nax

Particle and pore diffusion coefficients control the rates of particle diffusion during
ioading and pore diffusion during elution, respeciively. In the calculations for the FWR
column, dlffusmty values were selected to fit loading proflles and discharge transients
for test elutions.' The partlcle dxffus:vxty was set to 2 x 10 cm?/sec, and the pore
diffusivity was set to 1 x 10® cm%sec.

LANL has stated that their Reillex resin loads much more rapidly than the typical resins
used at SRS. This implies that both the particle and pore diffusivities are much greater
than these values. A bounding value for both diffusivities is the effective pore diffusivity
for plutonium (IV) nitrate in aqueous solutions. This assumes that the controlling
resistance for both adsorption and elution is pore diffusion and that the resin bead pores

are sufficiently large so that steric hindrance is not a factor. The formula for the pore
diffusivity is

D
D pore . —e (7)

where the term

represents a volumetric correction factor relating the pore volume

o

to the total volume of the resin beads and T is the tortuosity. In Reference 1, the pore
volume fraction g, was estimated to be 0.132 and the interparticle volume fraction €,

was estimated to be 0.326. A tortuosity factor of 2 is used; this is typical for diffusion
through either pores or unconsohdated solids.® The molecular diffusivity for plutonium
10ns is npprnwmnrplv 1.25x Iﬂ cm /QP(“ (see Pqnnhnn 28, Section 7.0). These values
give an effectlve diffusivity of 1.2 x 10 cm?/sec, which agrees with the pore diffusivity
of 1 x 10° cm%/sec for the FWR column analysis. Preliminary calculations demonstrated
that the use of this diffusivity for both the particle and pore diffusion coefficients resulted

in most of the plutonium being loaded onto the resin at the concentrations and flow rates
specified by LANL.
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6.0 Models for Bulk Mass and Heat Transfer

The previous section describes the model for mass transfer within the resin beads. Mass
and heat transfer in the bulk solution between the resin beads are modeled using standard -
equations for convection and dispersion. Because flow is restricted to the interparticle
solution, the convective mass transfer equations for plutonium and nitrate apply to the
interparticle concentrations. The total concentrations are calculated by summing the
concentrations in the interparticle solution, in the intraparticle, or pore, solution, and
adsorbed on the particles:

CPu :XPu+yPu+f (8)
Cro, = Xno, * Yo, &)

The convective mass transfer equations take the form

oXp, Xy X, 0°xp, @ Of Ox dy,, df
2ty Lty =D +0o,+D  FJ—+ |t 2P (10
ot = 2z “ or (D + 04, + Doy d9z* r orl or ) dt  dt (10)
and
BXNO-‘ 8 aXNO 5 aXNOA = (Dmﬂi +az +Dmix182}(N01 +(_Ili'(r BXNOA 1_ dyNO] (11)
ot dz or oz’ r ark ar )‘ dt

dy NGO,

The rates of change of the pore concentrations, ~, are modeled using a

and

t

df .
pore diffusion model, and the rate of change of the adsorbed plutonium, T 1s modeled

using a particle diffusion model. The pdrc and particle diffusion models are described in
the previous section and in more detail in Reference 1.

The convective heat transfer equation includes a term for the decay heat, Q,,,,, . This
equation is

oT
Pred©p,bed o T0:Co Vs 5z FPCp Vs ar
L _ . N\'T vlof aTy . | (12
T ARy T pfcp,fa‘z + pfcp,fumix)azz T Kpeq T prp,fO"r };-é;Lrng' Qdecay(’l’u

The axial dispersion coefficients in the mass and heat transfer equations is given by’
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o, = 2dpvzs (13)
The radial dispersion coefficient is about one-fifth as large.6 Thus,
o, =04d v, (14)

For normal operating conditions (loading, washing, and elution), the superficial axial
velocity, v, is specified, and the superficial radial velocity, v _, is assumed to be zero.

For flow stoppages, these velocities result from natural convection. Natural convection
velocities are ignored during loading washing, and elution. At high feed flow rates, the
omission of natural convection does not have a significant effect. At lower feed flow
rates, this omission is conservative in that it results in higher resin bed temperatures than
would be predicted if natural convection were included.

Velocity components for natural convection flow are calculated by combining the Ergun
equation w1th axial and radial component momentum equations, as suggested by Stewart
and Dona.” The axial velocity for natural convectlon is modeled using a form of the
Ergun equation for laminar flow, which i is®

d’e, AP

V= e | m e (15)
2000 ~g,fpu, L Bz

It may be noted that in Equation 15, v = while in the Ergun equation,

3

(1-¢ Y’

v o< ———2—— The extra void fraction multiplier is added because the buoyant force
(U-e,)
PO T T ¢L _
PpLiEs Oy to ine ira
the resin beads.

ction of the total volu ulk solution and not to

The Ergun equation was originally derived for unidirectional flow. To model the two-
dimensional flow in the resin bed, separate equations are used for the axial and radial
velocity components. These equations take the form

P - (16)
* 7 200(i-¢, Pul oz |
and
dZ 4
Vo= ————f——[ ap} (17
200(1—¢, Ful or
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The buoyancy term in the axial velocity equation contains a reference density, p. At

equilibrium, the reference density must be set so that there is no net flow upward or
downward at any bed level. This implies that the reference density must equal the
average fluid density at a given bed level. In other words,

The pressure gradient te

valarit nananto Thic 1 [ T mnlichad hy ftalrinag neg Aarivafiv Th
Iy 1 AN 3 W L 1 L . i

2
3
£
N
&
o
O
L
3
fm}
et
—t
o
-
3
=
=
=
o
5
w
_
2
o]
=
2

V\JJU\’ILJ \.rUIl.ll}UllLdllLD uiS 13 a\..COlup iSue (-Ll\il.ls Cr\JSB ue 1"3 1‘\’83 lle fesultlﬂg
equation is
2
ov,, avu dle g dap _o (19)
dz  or 200(1 g, yu ar
The radial velocity is calculated by combining the continuity relation,
lorv, dv :
Bl B - S (20)
r or oz

with Equation 19.

The vorticity equation is derived by eliminating the pressure gradient terms from the
axial and radial component equations of motion.

To simplify the solution of these equations, the axial and radial velocities are expressed
in terms of a stream function, defined by

v=-toY @
r or
and
v, =¥ 22)
0z
In terms of this stream function, the vorticity equation becomes:
d’e;
i-\l{ J (lar\p\_l_ £ 9P =0 (23)

oz’ or\r ar ) 200(1 g, Juor

This equation is solved with the boundary conditions
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WZOatl':Oandr*—'E 24)
and
) .
g£€4Nuz=0mdz:L (25)

The first set of conditions specifies that there is no flow across the column wall or the
column centerline. The second set of conditions states that the radial velocity gradient is
zero at the top and bottom of the resin bed.

The natural convection velocities defined by Equations 16, 17, and 18 do not account for
convection due to cross-sectional average axial density gradients. At the start of a flow
stoppage, the solution in the resin bed is unstably stratified, with the higher plutonium
concentrations and therefore the higher densities at the top of the resin bed. Preliminary
calculations with these velocities showed that the solution remained unstably stratified
even as cquilibrium approached. Actually, significant unstable axial density variations
would cause heavier fluid from above to mix with lighter fluid from below in regularly
spaced regions called Bénard cells. A detailed model of Bénard cell convection was not
attempted. Instead, mixing due to axial density gradients is calculated using an analogy
to bubble columns. A dispersion model is used to describe mixing in bubble columns.
The dispersion coefficient for bubble columns is defined in terms of the circulation

velocity induced by the bubble motion, v_, and the column diameter:"”

D

mix = 024dvc (26) :
The same correlation is used to calculate the dispersion due to buoyancy-induced mixing
in the resin bed. The circulation velocity is set equal to half that given by the Ergun

equation and the pressure gradient based on the difference between the average densities
for different levels:

aetGl -5 %
. PTOoN,

Flz4az /@

400(1-¢, Yu

(27)

¢ =

The one-half factor appears because mixing occurs in both directions and can therefore
occupy only haif of the cross-sectional flow area in either direction. The use of cross-
sectional average densities accounts for the axial pressure gradients neglected by
Equation 16. That equation already incorporates local density variations in the radial
direction, so local density gradients are not included.

In the model, the dispersion coefficient is calculated using a weighted distribution of
circulation velocities for density differences at different levels. The distribution is based
on the mixing height for the dispersion coefficient, which is 0.8 times the column
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diameter.'” If it is assumed that the mixing intensity decreases exponentially with axial

distance, these values for the mixing height and velocity give the following expression
for the local mixing velocity:

0.8d

( IZ_ZOI] :
Vg =V exp| ~2—2 (28)
J

where z, is the axial location at which the dispersion coefficient is evaluated. It may be

confirmed that an integration of this equation with respect to axial displacement gives the
mixing height.

7.0 Physical Property Correlations

Correlations for physical properties, including densities, heat capacities, thermal -
conductivities, and viscosities, are listed in Reference 1. An additional correlation for
molecular diffusivity has been added for this analysis.

The only change from the correlations in Reference 1 is to the density correlation. The
terms that account for density changes due to the presence of plutonium and nitrate in
solution have been changed. No density data for plutonium nitrate solutions could be

found, so the new density correlation uses a correlation based on apparent molar
densities. This correlation takes the form'’

(MPu(NOJL - ¢Pu(N0_1)4 pH,O )[

(MHN0, - ¢HN0,pH20)
o Pu(NO,), ]+ [

—o 4 HNO,] (29
P=Pupo 500 . (29)

The terms ¢p,(vo,), and ¢y, represent partial molar volume for deviations from ideal

solution densities. The partial molar volume for HNOj is not calculated because the
effect of nitric acid concentration on the density has been measured. The partial molar
volume for Pu(NOs), is given by the sum of the ionic partial molar densities:'"

Pruno,), = Ppyer + o | ' (30)
The partial molar density for NOs, in turn, has been determined to be'?

¢N0; =295 ' 31D
The partial molar density for Pu** is given by the formula''

Oy, 0 = 164+4.9r7 —20n, (32)

where r_, the 1onic crystal radius for Pu4+, is 0.96 Angstroms.13

10
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Substitution of terms for the partial molar volume of Pu(NO3), and of a measured density
coefficient for HNO;'* results in the following approximate equation for the overall
density.

P =Py +0.4277[Pu(NO, ), ]+ 0.031[HNO, ] (33)

RTn, n

. _-_ 8 T+ -
Dot =257 i (34)

B

The cation and anion valences, n, and n_, are 3 and 1, respectively. The value for A”

for nitrate is 71.4 A/cmz(V/cm)(g-equiv/cm3). For plutonium the value of 7&‘1 for
lanthanum, which is also a trivalent ion, 69.5 A/cmz(V/cm)(g-equiv/cm3), was used.

8.0 Initial and Boundary Conditions

Solution of the mass and heat transfer equations requires initial conditions for
concentrations, temperatures, and velocities and boundary conditions for velocity and
mass and heat transfer rates at the column walls and at the top and bottom of the column.
At the start of loading, the plutonium concentrations in the resin bed are set at zero, and
the temperature is set equal to either the ambient air temperature of 25°C or the cooling
water temperature of 15°C. The starting concentrations and temperatures for flow
stoppage analyses are taken from the end of the loading cycle. This is deemed to be

conservative in that it results in the maximum amount of plutonium in the resin bed.

Boundary conditions at the ends of the column are fulfilled by having the flow mix with a
head of feed solution at the top of the resin bed and discharge into a heel of solution at
the bottom of the bed. The rates of heat and mass transfer in the liquid volumes above
and below the resin bed are assumed to be much greater than the transfer rates within the
bed. In the calculation, this assumption is implemented by setting temperatures and

~ancantratinne at the tan and hattnm hed enefacac amial ta thaca 1n thae head and haal
LUNLCIIL AUIVID Al uib W Al UVLVILL UL DUl b Ly uds LU LIVOL bl Ul uivalu ablig vl

volumes. The rates of heat and mass transfer into the head and the heel are then
computed using one-sided gradients that include the temperatures and concentrations at
the top two calculation nodes within the resin bed.

11
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The calculation includes a continuity check to ensure that the area-averaged superficial
head and heel velocities are equal to the feed velocity. At the side walls of the column,
the radial superficial velocity is set equal to zero. There is no restriction on the axial
velocity. In cases for which it is assumed that the column is cooled by ambient air, heat
losses out the sides, top, and bottomn of the column are calculated using relations for
thermal radiation and natural and forced convection. When a water cooling jacket is
specified, the surface temperature of the resin bed is set equal to the cooling water
temperature, and it is assumed that the top and bottom are cooled by ambient air. The
following section describes the heat transfer correlations for convection and radiation.
9.0 Heat Transfer Correlations

Heat transfer from the surface of the column is calculated by adding the thermal radiation
heat flux to the maximum of the heat fluxes for natural convection and forced convection:

q:m :qrad +max(qnc’qfc) ] (35)
The thermal radiation heat flux is calculated using the equation:
qrnd = Ot T::rf - T:mb) (36)

A value of 0.6 1s used for the surface emissivity £ . This emissivity is characteristic for
steel surfaces and is a conservatively low estimate for glass surfaces.'®

The natural convection heat flux is calculated from correlations for vertical surfaces and
for horizontal surfaces facing upward. These correlations take the form

q::c =h ne (Ts..f’ - T.'m‘.b ) (37)

The heat transfer coefficient is defined in terms of a Nusselt number, Nu:
k
h, =Nu— 38
ne L ( )

For the side walls of the column, the Nusselt number is given by the correlation'’
Nu = 0.59Ra? (39)

where Ra| is the Rayleigh number based on the length of the column, defined by

— 3
RaL — gpamb(pamb2 psurf )L’ ]PIF'L ) (40)

" k

12
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For the top and bottom column surfaces, the Nusselt numbers are given by correlations

for heat transfer from a warm surface facing upward and a warm surface facing
downward, respectively:'’

Nu = 0.54Ra%? (41)
and
Nu = 0.27Ra%% | (42)

where Ra,, is the Rayleigh number based on the column diameter, defined by

The natural convection heat transfer coefficient is compared to the heat transfer
coefficient for forced convection, with an assumed air velocity of 30 cm/sec, or 1 ft/sec.
If the natural convection coefficient is smaller than the forced convection coefficient, the
overall convective coefficient is set equal to that for forced convection. The correlation
for forced convection takes the form:

-k
h, = Nu, ” (44)

The Nusselt number for forced convection, Nu,,, is defined in terms of a Reynolds
number, Re, 18

Nu,, =0.683Re%** (45)

where

Refc — dvfcpamb (46)
i)

10.0 Calculation Method

The finite difference heat and mass transfer calculations were performed on a VAX
computer using Fortran codes. Separate codes were written to calculate transients during
normal operation of the column (loading, washing, and elution) and following a stoppage
of flow. Each code generates an output of maximum resin bed temperatures as a function
of rime as well as temperature concentration, velocitv and modified stream function

..__f oo ot cemamifiad o A rserheay HENL T Trver foarmraneatizen aond namaanbaatl oo
profiles at specified times. The output files containing temperature and concentration
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profiles from the transient calculation for normal column operation are used to initialize
the conditions for the flow stoppage calculations. The modified stream function profiles
were used to make contour plots that show the natural convection flow streamlines.
These plots were used to check the validity of the natural convection velocity
calculations. The modified stream function, ry, is calculated from Equations 23 through
25.

The calculations for normal conditions were performed using a donor cell algorithm that
was semi-implicit in the dispersion terms and explicit in all other terms. An explicit
donor cell algorithm was used to perform the calculations following a flow stoppage.

Code listings and sample input and output files appear in the Appendix.

11.0 Results of Calculations

Prior to calculating maximum temperature transients for the matrix of test conditions
specified by LANL, nrellmmarv analyses were performed to determine an optimum time
step size dnd cell size for the flmte difference method. Results were found to be
insensitive to the time step size, provided it was small enough to guarantee numerical
stability. Time step sizes of 0.02 sec for the high feed flow rate of 20 mL/sec, 1.0 sec for
the low feed flow rate of 0.5 mL/sec, and 0.5 sec for natural convection during flow
stoppages were used.

Cell sizes were decreased until approximate convergence of temperature profiles and

flow streamlines was obtained. The test case ‘v‘v’lth the low feed flow rate of 0.5 ml IS\‘.‘,C,

the high feed concentration of 0.1304 gm/cm® Pu-238, cooling by ambient air, and twice
the bed adsorption capacity fed was selected because it should result in the highest
maximum bed temperature, at least during normal operation. It was determined that a
grid of 48 axial cells by 24 radial cells gave an adequate approximation. Figures 1
through 9 show temperature profiles and flow streamlines for this grid, as well grids of 96
axial cells by 24 radial cells and 48 axial cells by 48 radial cells.

F lsule 1 u‘huusu 3d ucyu..t temperature l}lUﬁ}CD at the end of 1Gaumg These fi Iigures give
a cross-sectional view of the column, split lengthwise along its axis; negative values of
the radius are plotted to show both halves of the cross-section. It may be noted that at
this low feed flow rate, the maximum bed temperature is located only slightly below the
column center, toward the discharge end. A comparison of these figures shows that the
radial cell length has little effect on the temperature profile. Decreasing the axial cell
length results in a maximum temperature which is about 1°C higher. The increase in the
maximum temperature can be attributed to better resolution of the plutonium peak at finer
axial discretization.

Figures 4 through 6 show temperature profiles as thermal equilibrium approaches 10

hours after flow is interrupted. Again, a comparison of results for difference cell sizes
demonstrates that there are only slight differences in the temperature profiles. The peak
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temperature varies between 84.3°C and 84.6°C. For all three calculations, the peak

temperature is located near the column center, slightly more than halfway down from the
top of the resin bed.

Figures 7 through 9 depict flow streamlines for the same conditions. The numbers in
these figures are values of the stream function multiplied by 10,000. Two toroidal
recirculation cells appear, one in the top half of the resin bed and another in the bottom
half. These cells are driven by mixing with the liquid layers above and below the bed,
respectively. At these equilibrium conditions, the solution within the resin bed is well-
mixed. Consequently, the recirculation is primarily due to thermal density gradients.
Warmer solution flows upward in the center of the resin bed, and cooler solution flow
downward along the column walls. Similar recirculation patterns have been calculated
for two-dimensional rectangular fluid containers with uniform volumetric heat sources.
Both the shape and intensity of the recirculation, as indicated by the values of the stream
function, remain about the same for the different cell sizes.

19

Because the column’s length is much greater than its diameter, the calculated
recirculation cells have a high axial/radial aspect ratio. This suggests that there might be
more than one series of cells stacked one above another. The model does not test for the
hydrodynamic stability of the recirculation pattern, so it does not account for this
possibility. Nevertheless, the model should give a reasonably accurate estimate of heat
transfer. The reasoning is that the magnitude of both the solution density gradients and
the recirculation velocities, which are proportional to those gradients, would remain
about the same. In fact, measured heat transfer rates for natural convection in volumes
filled with porous glass exceed theoretical heat transfer rates at high aspect ratios.”
These differences diminish as the convection velocities and hence the heat transfer rates
increase. This seems 1o indicate that the assumption of a single vertical layer of
recirculation cells is conservative in that it underestimates the actual rate of heat transfer.

Figures 10 and 11 show the effect of cell size on maximum temperature transients during
normal operation and after a flow stoppage. As Figure 10 shows, a change from 24 to 48
radial cells does not make any appreciable difference in the calculated maximum
temperatures, and an increase from 48 to 96 axial cells raises the maximum bed
temperature by less than 1°C. Figure 11 shows that, as thermal equilibrium approaches

following a flow stoppage, there is no significant change in the maximum temperature
going from 24 to 48 radial cells or from 48 to 96 axial cells.

The preceding comparisons demonstrate that the 48 by 24 cell discretization adequately
models natural convection and heat transfer within the column, so this grid was used to
analyze the sixteen operating conditions specified by LANL and listed in Table 1.

Table 2 lists maximum temperatures from those calculations, and Figures 12 through 27
portray maximum temperature transients. For normal operation , the maximum
calculated temperatures range from just over either the ambient air or cooling water
temperature at high feed flow rates to 58.1°C for the high feed concentration of 0.1304

gm/mL, the low feed flow rate of 0.5 mL/sec, cooling by ambient air at 25°C, and
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feeding of an amount of plutonium equal to twice the bed capacity. When flow is

stopped at the end of the load cycle, the maximum temperatures vary from 42.6°C to
84.3°C.

As Figures 12 through [9 show, during normal operation, temperatures remain low at the
seen in Figures 20 through 27, at the low feed flow rate, bed temperatures increase during
loading and the first stages of washing. Subsequently, after excess plutonium in solution
1s washed out of the column, the maximum temperature either decreases or remains
stable. Maximum temperatures following a flow stoppage increase at a slightly more
rapid rate than during the initial phases of washing. Eventually, these temperatures reach
equilibrium levels which exceed the maximum temperatures during washing.

A comparison of results in Table 2 shows that the water iacket ig effective in lowerin

A comparison of results in Table 2 sl water jacket is effective in lowering

temperatures within the resin bed. The maximum temperature is between 10°C and 14°C
cooler with the water jacket at the low feed flow rate, and ranges from 16°C to 24°C
cooler for natural convection during a flow stoppage. These temperature differences
slightly exceed the temperature difference of 10°C between the ambient air and the
cooling water due to improved heat transfer to the cooling jacket. (Natural convection
correlations were used for cooling by ambient air, and no heat transfer resistance was
assumed for cooling by the water jacket.)

Finally, increasing the amount of plutonium fed to the column raised the maximum bed
temperatures only in certain cases. Significant temperature increases occurred for normal
operation at the low feed flow rate and the high feed concentration and for a flow
stoppage at the high feed concentration. The amount of plutonium fed to the column
does not produce significantly higher temperatures at low feed concentrations because the
plutonium concentration in solution is small and the amount of plutonium adsorbed on
the column is limited by the resin capacity. Instead, at low concentrations, most of the
excess plutonium that has been fed to the column at any particular time has passed
through the column. According to the model, doubling the amount of plutonium fed to
the column has a smaller effect on equilibrium temperatures during natural convection
than at the low feed flow rate. The reason is that natural convection more effectively
mixes the solution and transfers heat than the feed flow itself. This apparent anomaly is
due to the lack of natural convection in the normal flow model.

- To ensure that the maximum temperatures calculated for flow stoppages are truly

bounding cases, additional calculations were performed. These calculations were
restricted to the cases with the low feed flow rate and high feed concentration, where the
maximum temperatures increased significantly during washing. In the additional cases, it
was assumed that the flow stoppages occur when the maximum bed temperature peaks
during washing. Figures 28 through 31 illustrate the results of these calculations, and
Table 3 compares equilibrium temperatures for flow stoppages at peak resin bed
termnperatures with those for flow stoppages at maximum loadings. In each case, the
equilibrium temperaiure for fiow stoppages ai the peak bed temperatures are jower. This
confirms that flow stoppages at the end of the load cycle represent bounding conditions.
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12.0 Conclusions

Calculated maximum bed temperatures range from close to the ambient air or cooling
water temperature for normal operation at the high feed flow rate of 20 mL/sec to 58.1°C
for operation at the low feed flow rate of 0.5 mL/sec with air cooling, a feed amount
equal to twice the bed plutonium capacity, and a high feed concentration of (.1304
gm/mL Pu-238. Use of a 15°C cooling water jacket would lower this maximum
temperature to 44.8°C for the same conditions. For the same feed conditions, the
maximum temperatures for natural convection during a flow stoppage are 84.3°C for air
cooling and 60.6°C for the water jacket. The maximum temperatures during normal
operation occurred during washing. Following stoppages of flow, the maximum bed
temperatures either peaked and then dropped slightly to an equilibrinm temperature or

rgaached their hlghest values at thermal cqmllbrlum Thermal equilibrium was achieved
about 2 hours after flow was stopped.

The maximum calculated bed temperature exceeds 60°C, where significant resin
degradation commences,” but is below 110°C, the approximate temperature at which
resin-nitric acid reactions become thermally excursive.> Thus, the column can be
operated safely at the specified conditions with either air or water-jacket cooling. Use of

a water jacket will minimize resin degradation but might also slow rates of adsorption

and elution, particularly at high feed concentrations and flow rates.
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14.0 Nomenclature

¢ = relative saturation of nitric acid in the solution between the resin beads, dimensionless
¢, = heat capacity of air, cal/gm/K

C,ea = heat capacity of the resin bed, cal/gm/K
¢, = heat capacity of the feed solution, cal/gm/K
Cyo, = total bulk nitrate concentration, gm/cm’

C,. = total bulk plutonium concentration, grm’cm3
d = column diameter, cm
dp = resin bead diameter, cm

D, = axial dispersion coefficient for buoyancy-induced or bubble-induced mixing, cm*/sec
D,., = molecular diffusivity of piutonium nitrate in aqueous solution, cm*/sec
D,.. = pore diffusivity for diffusion of plutonium nitrate in resin beads, cm?/sec
f = amount of plutonium adsorbed on resin, gm/cm’

f, = amount of plutonium adsorbed at beginning of elution, gm/cm’

F = Faraday’s constant, 96,500 K/gmole

g = gravitational acceleration, 980 cm/sec?

G, = mass transfer rate for adsorption of plutonium, gm/cm>/sec

h,. = natural convection heat transfer coefficient, cal/cm?/sec/K

k = thermal conductivity of air, cal/cm/sec/K

k,.s = thermal conductivity of the resin bed, cal/cm/sec/K

L = column length, cm '

M, = molecular weight of ith compound, gm/gmole

n, = cation valence for Nernst-Haskell diffusivity equation

n_ = anion valence for Nernst-Haskell diffusivity equation

ii_ Altlivh, 1021 ARLTAAGONNLAAL nlaiad

Nu = Nusselt number
P = pressure, 107! Pascal

q,. = natural convection heat flux, cal/ecm?/sec

Q.. = radiation heat flux, cal/em*/sec

q,, = total heat flux, cal/cm?/sec

Qecay = VOlumetric rate of heat generation due to alpha decay, cal/cm’/sec

r = radial distance from center of resin bed, cm
r, = ionic radius, Angstroms

R = column radius, cm

R, = gas law constant, 3.314 J/gmole/K

Ra, = the Rayleigh number based on the column diameter

Ra, = the Rayleigh number based on the length of the column
T = temperature, K

T,,, = ambient temperature, K
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T,

surf
v, = mixing velocity for interchange between adjacent solution layers, also, circulation
velocity for bubble mixing, cm/sec

v = effective velocity for mixing between solution layers at different levels within the
resin bed, cm/sec

v, = circulation velocity of ambient air, cm/sec

= surface temperature, K

v = radial component of the superficial velocity of solution in the resin bed, cm/sec

v,, = axial component of the superficial velocity of solution in the resin bed, cm/sec

X = plutonium concentration in bulk solution between resin beads, gmlcm3

X, = Maximum plutonium concentration in bulk solution between resin beads, gm/cm®

Xyo, = Ritrate concentration in the bulk solution between resin beads, gm/ecm’

y = time-averaged plutonium concentration in the resin bead pores at the bead surface,
used in the calculation of elution rates through the bead, gm/cm’
Yno, = Dilrate concentration in the solution in the resin bead pores, gm/cm’

Y, = plutonium concentration in the solution in the resin bead pores, gm/cm’
z = axial distance from bed entrance, cm

o, = radial dispersion coefficient for mixing by the feed flow, cm*/sec

o, = axial dispersion coefficient for mixing by the feed flow, cm%sec

£ = surface emissivity, assumed to be 0.6 (for machined steel)*

g, = fraction of bulk volume occupied by liquid inside resin beads

€, = fraction of bulk volume occupied by liquid in spaces between resin beads
X =limiting cationic conductance for Nernst-Haskell diffusivity equation,
Alern? (Vfcm)(g-equiv/cm3)

A} = limiting anionic conductance for Nernst-Haskell diffusivity equation,
Alcm? (V/cm)(g—equiv/cm3)

L = viscosity of air, gm/cm/sec

M, = viscosity of resin bed solution, gm/cm/sec

p = solution mixture density, gm/cm’

P = average solution density at a given axial level, gm/ cm”

P, =ambient air density, gm/cm®

Puo =W
P = air density at column surface, gm/cm’

o = Boltzmann’s constant, 1.356 x 1072 cal/cm?/sec/K*
T = tortuosity factor for pore diffusion

T ... = charcteristic time for pore diffusion, sec

pore
¢, = excess partial molar volume for ith anion, cation, or salt, cm*/gmole
\y = stream function, cm?/sec
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Table 1. Conditions for LANL Anion Exchange Column
Constant Condition Value
Column Radius 3.81 cm nominal
3.73 cm measured by displacement
Length of Resin Bed 34.1 cm
Height of Feed Solution above Bed 2.54 cm
Depth of Discharge Solution below Bed 254 cm
Resin Bead Diameter 0.04 cm
Variable Condition High Value Low VYalue
Feed Flow Rate 20 cm’/sec ' 0.5 cm¥/sec
Feed Concentration 0.1304 gm/cm’® Pu-238 0.0122 gm/cm’ Pu-238
0.163 gm/cm’ total Pu 0.01525 gm/ cm” total Pu
Amount of Pu Fed* 2 times bed capacity equal to bed capacity
for Pu adsorption for Pu adsorption
Heat Transfer Conditions Exposure to 25°C Cooling by 15°C
amhbient air water iacket

RALKSENLLL daik Ydleld javiet

*The amount of Pu fed was controlled by varying the times for loading the bed with
plutonium nitrate solution. A summary of loading, washing, and elution times follows.

Flow Rate Concentration Amount Fed Load Time Wash Time Elution Time

High High 1 x capacity 29 sec 149 sec 187 sec
High High 2 x capacity 58 sec 149 sec 187 sec
High Low 1 x capacity 307 sec 149 sec 187 sec
High Low 2 x capacity 614 sec 149 sec 187 sec
Low High 1 x capacity 1150 sec 5974 sec 7468 sec
Low High 2 X capacity 2300 sec 5974 sec 7468 sec
Low Low I X capacity 12264 sec 5974 sec 7468 sec
Low Low 2 x capacity 24528 sec 5974 sec 7468 sec
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Table 2. Maximum Temperatures for Operation of LANL Anion Exchange Column

Pu Feed Flow Cooling Feed Quantity Max. T during Equil. T

Conc. Rate Jacket (# times Operation for no flow

{(gm/mL) (mL/sec) (Yes/No) bed capacity) cC) °C)
0.1304 200 No | 25.5 58.7
0.1304 20.0 No 2 259 77.6
0.1304 200 Yes 1 15.6 42.6
0.1304 200 Yes 2 159 57.1
0.0122 20.0 No 1 257 62.3
0.0122 200 No 2 25.7 63.1
0.0122 200 Yes 1 15.7 45.2
0.0122 20.0 Yes 2 15.7 45.2
0.1304 0.5 No 1 46.7 66.3
0.1304 05 No 2 58.1 84.3
0.1304 0.5 Yes 1 34.6 47.0
0.1304 05 - Yes 2 44.8 60.6
00122 05 No 1 473 62.5
0.0122 0.5 No 2 47.6 63.1
0.0122 05 Yes 1 34.9 45.2
0.0122 05 Yes 2 35.2 45.2

Table 3. Comparison of Maximum Equilibrium Temperatures for Flow Stoppages

at the End of Loading and at the Maximum Transient Temperature during

Wachiveg
Yyasuig

Pu Feed Flow Cooling Feed Quantity Equil. T for Equil. T for
Conc. Rate Jacket {# times Flow Stoppage Flow Stoppage
{(gm/mL)} (mL/sec) (Yes/No) bed capacity) at End of at Max. T
Loading during Wash
°C (°C)
0.1304 05 No i 66.3 60.3
0.1304 05 No 2 84.3 60.5
0.1304 05 Yes 1 47.0 429
0.1304 0.5 Yes 2 60.6 520
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Figure 2. Temperature Distribution at the End of the Load Cycle for Low Feed Flow
Rate, High Feed Concentration, Exposure to 25°C Air, and Twice the Resin Capacity
Fed, for a Grid Resolution of 96 Axial and 24 Radial Cells.
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Low Feed Flow Rate, High Feed Concentration, Exposure to 25°C Air, and Twice the
Resin Capacity Fed, for a Grid Resolution of 48 Axial and 24 Radial Cells.
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Figure 6. Temperature Distribution at Thermal Equilibrium after a Flow Stoppage for
Low Feed Flow Rate, High Féed Concentration, Exposure to 25°C Air, and Twice the
Resin Capacity Fed, for a Grid Resolution of 48 Axial and 48 Radial Cells.
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Figure 10. Effect of Finite Difference Cell Size on Maximum Resin Bed Temperatures
during Normal Operation of the Column. (Conditions are low feed flow rate, high feed
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concentration, exposure to 25°C air, and twice the resin capacity fed.)
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Figure 11. Effect of Finite Difference Cell Size on Maximum Resin Bed Temperatures

during a Flow Stoppage. (Conditions are low

feed flow rate, high feed concentration,

exposure to 25°C air, and twice the resin capacity fed.)
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Figure 12. Maximum Resin Bed Temperatures for a High Feed Flow Rate, High Feed

Concentration, Exposure to 25°C Air, and Stoichiometric Resin Capacity Fed.
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Figure 13. Maximum Resin Bed Temperatures for a High Feed Flow Rate, High Feed
Concentration, Exposure to 25°C Air, and Twice the Resin Capacity Fed.
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Figure 14. Maximum Resin Bed Temperatures for a High Feed Flow Rate, High Feed
Concentration, Cooling by 15°C Water Jacket, and Stoichiometric Resin Capacity Fed.
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Figure 15. Maximum Resin Bed Temperatures for a High Feed Flow Rate, High Feed
Concentration, Cooling by 15°C Water Jacket, and Twice the Resin Capacity Fed.
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Figure 16. Maximum Resin Bed Temperatures for a High Feed Flow Rate, Low Feed
Concentration, Exposure to 25°C Air, and Stoichiometric Resin Capacity Fed.
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Figure 17. Maximum Resin Bed Temperatures for a High Feed Flow Rate, Low Feed
Concentration, Exposure to 25°C Air, and Twice the Resin Capacity Fed.
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Figure 18. Maximum Resin Bed Temperatures for a High Feed Flow Rate, Low Feed
Concentration, Cooling by 15°C Water Jacket, and Stoichiometric Resin Capacity Fed.
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Figure 19. Maximum Resin Bed Temperatures for a High Feed Flow Rate, Low Feed
Concentration, Cooling by 15°C Water Jacket, and Twice the Resin Capacity Fed.
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Figure 20. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, High Feed
Concentration, Exposure to 25°C Air, and Stoichiometric Resin Capacity Fed.
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Figure 21. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, High Feed
Concentration, Exposure to 25°C Air, and Twice the Resin Capacity Fed.
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Figure 22. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, High Feed
Concentration, Cooling by 15°C Water Jacket, and Stoichiometric Resin Capacity Fed.
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Figure 23. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, High Feed
Concentration, Cooling by 15°C Water Jacket, and Twice the Resin Capacity Fed.
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Figure 24. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, Low Feed
Concentration, Exposure to 25°C Air, and Stoichiometric Resin Capacity Fed.
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Figure 25. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, Low Feed
Concentration, Exposure to 25°C Air, and Twice the Resin Capacity Fed.
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Figure 26. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, Low Feed
Concentration, Cooling by 15°C Water Jacket, and Stoichiometric Resin Capacity Fed.
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Figure 27. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, Low Feed
Concentration, Cooling by 15°C Water Jacket, and Twice the Resin Capacity Fed.
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Figure 28. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, Hi gh Feed
Concentration, Exposure to 25°C Air, and Stoichiometric Resin Capacity Fed, with
Stoppage of Flow at the Maximum Bed Temperature during Washing.
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Figure 29. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, High Feed
Concentration, Exposure to 25°C Air, and Twice the Resin Capacity Fed, with Stoppage
of Flow at the Maximum Bed Temperature during Washing.
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Figure 30. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, High Feed
Concentration, Cooling by 15°C Water Jacket, and Stoichiometric Resin Capacity Fed,

with Stoppage of Flow at the Maximum Bed Temperature during Washing.
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Figure 31. Maximum Resin Bed Temperatures for a Low Feed Flow Rate, High Feed
Concentration, Cooling by 15°C Water Jacket, and Twice the Resin Capacity Fed, with
Stoppage of Flow at the Maximum Bed Temperature during Washing.
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Appendix: Source Code, Sample Input, and Sample Output Listings

This appendix contains the source code, sample input, and sample output listings for the
LANL ion exchange column heat transfer analysis. Two sets of listings appear, one for
calculations during normal operation, which includes loading, washing, and elution, and
another assuming that the feed flow to the column has stopped. The calculations
performed by these codes are described in the text. In addition, both codes include
comments that give definitions of variables and outline the code structure. The sample
input and output listings are for the case with a high flow rate, a high plutonium feed
concentration, exposure to ambient air at 25°C, and addition of a stoichiometric amount
of plutonium to the column. The output files that contain the maximum temperature
transients appear; other output files are not shown.

=

The source code for normal operation is named FEDFLO.FOR, and the source code for a

flow stoppage is called NATCON.FOR. Both are stored in Vax subdirectory
{t6930.hcolumn].

Source Code for Thermal Analysis during Normal Operation

This program calculates the temperature transient during elution of an ion
exchange column. It includes the effects of thermal conduction to the column
walls and forced convection heat and mass transfer. The effect of plutonium
and nitric acid on the bulk solution density is included. The program solves
finite difference energy balance equations with forward time differencing,
donor cell differencing for convection terms, and centered space differencing
for conduction terms. A list of variable definitions follows.

aa = one-dimensional matrix coefficient for heat transfer equation

aal = two-dimensional matrix coefficient for heat transfer equation

alpha = thermal diffusivity, cm2/s

anl = fraction of void volume that lies between resin beads

area = cross-sgsectional area of resin bed, cm2

bb = one-dimensiocnal matrix coefficient for heat transfer egquation

bbl = two-dimensional matrix coefficient for heat transfer equation

br = nondimensional radial dispersion coefficient for heat transfer equation
brl = nondimensional radial dispersion coefficient for heat transfer
equation,

noaononnNonnaonnoaoaQ0oaonnn

c due to area change with radius

¢ bz = nondimensicnal axial dispersion coefficient for heat transfer equation

c ¢ = volume fraction acid in solution between resin beads

c caps = heat capacity of liquid, cal/g/C

c capsb = heat capacity of liquid in volume below resin bed, cal/g/C

¢ capst = heat capacity of liquid in volume above resin bed, cal/g/C

c cbot = volume fraction acid in liquid volume below resin bed

¢ ¢c = one-dimensional matrix coefficient for heat transfer eguation

¢ ccl = two-dimensional matrix coefficient for heat transfer eguation

¢ cfeed = plutonium concentration in feed solution, g/cc

¢ c¢f30 = volume fraction occupied by HNO3 in entering feed solution

c cnold = nitriec acid concentration, gmole/lit

c cno3b = nitric acid concentration in liquid volume below resin bed, gmole/lit
¢ cno3t = nitric acid ceoncentration in liquid volume above resin bed, gmole/lit
¢ cold = volume fraction acid in seolution between resin beads at previous time

c step

c cp = heat capacity, cal/g/

c

) al
L / A
heat capacity of ambient air, cal/g/C
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cond = thermal conductivity

clfeed = plutonium concentration in liquid wvolume above resin bed, g/cc

denl = density of pure HNO3, g/cc

denlb = density of pure HNO3 in liquid volume below resin bed, g/cc

denlt = density of pure HNO3 in liquid volume above resin bed, g/cc

den2 = density of pure H20, g/cc

den2b = density of pure H20 in liguid wvolume below resin bed, g/cc

den2t = density of pure H20 in liquid volume above resin bed, g/cc

dens = liquid density, g/cc

densb = ligquid density in volume below resin bed, g/cc

denst = liguid density in volume above resin bed, g/cc

dfpor = pore diffusivity, cm2/s

dfprt = particle diffusivity, cm2/s

df = change in adsorbed plutonium concentration during feeding and elution,

g/cc

dg = change in plutonium concentration in pore solution due to elution, g/cc

dpart = resin bead diameter, cm

dr = radial discretization step size, cm

dc time step, s

dz axial discretization step size, cm

dy2 = change in plutonium concentration in soclution between resin beads

during feeding and elution, g/cc

emiss = surface emissivity for coclumn

f = plutonium lecading on resin, g/cc

fcx = weighting factoxr for elution of plutonium by acid dilution

ffcx = weighting factor for elution of plutonium by acid dilution

ffeed = maximum plutonium resin bed concentration, g/cc

fold = plutonium loading on resin at previous time step, g/cc

fx = total bulk plutonium concentration, g/cc

grav = gravitational acceleration. cm/s2

hconv = coefficient for natural convection heat transfer to sides of column,
also overall convective heat transfer coefficient, cal/cm2/s/C

hconv2 = coefficient for natural convection heat transfer to top and bottom
of column, cal/cm2/s/C

hconv3 = coefficient for forced convection heat transfer to column, assuming
an ambient air velocity of 30 em/s (1 ft/s}

hrad = radiation heat transfer coefficient, cal/em2/s/C

htc = heat transfer coefficient, cal/cm2/s/C

htc2b = heat transfer coefficient for the ligquid volume below the resin bed,
cal/cm2/s/C

htc2t = heat transfer coefficient for the liguid volume above the resin bed,
cal/cm2/s/C

iht = indicator for heat transfer to ambient air (iht=l1l} or to water-coocled
jacket (iht=2} (A heat transfer coefficient is calculated for heat
transfer to ambient air, and a surface temperature is specified for
cooling by a water jacket.}

ind2 = indicator for stage of process (1 = loading, 2 = washing, 3 = elution)

iss = indicator that switches between implicit radial, explicit axial {iss=0)
and explicit radial, implicit axial (iss=1) finite differencing

ldownn = depth of liguid in column below resin bed, cm

lup = height of ligquid in column above resin bed, cm

length = column length, cm

m = number of axial discretization nodes

n = number of radial discretization nodes

nu = Nusselt number for natural convection heat transfer to ambient air from
sides of column

nu2 = Nusselt number for natural convection heat transfer to ambient air from

top and bottom of column

nu3 = Nusselt number for forced convection heat transfer to ambient air,
assuming air velocity of 30 cm/s (1 ft/s)

phi = updated temperature, K

poszn = distance from top of resin bed, cm

pr = Prandtl number for ambient air
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pua = total amount of plutonium adsorbed on the resin beads, g

puf = total amount of plutonium in the column, g

put = amount of plutonium fed to the column, g

radiug = ceolumn radius, cm

rayl = Rayleigh number for natural convection heat transfer to amblent air
from sides of column

rayl2 = Rayleigh number for natural convection heat transfer to ambient air
from top and bottom of column

re = Reynolds number for forced convection heat transfer te column, assuming

an ambient air velocity of 30 cm/s {1 ft/s)

rhep = product of density and heat capacity for bulk resin bed, cal/cc/C

rhep2 = product of density and heat capacity for solution between
resin beads, cal/cc/C

rhep2b = product of density and heat capacity for liguid volume below resin

red, cal/cc/C
rhep2t = product of density and heat capacity for liquid volume above resin
bed, cal/cc/C

rho = bulk density, g/cc

rhoair = density of air at resin column surface, g/cc

rhoamb = density of ambient air, g/cc

rr = right-hand side term of one-dimensional matrix heat transfer equation, K

rrl = right-hand side term of two-dimensional matrix heat transfer equation,

rra = radial position of calculation ncde, cm
rrn = radial position, cm

rro = radial position, cm

rrr = radial position, cm

rl = radial position, cm

r2 = radial position, cm

adot = heat nrnrinnr1nn rate du to nl

gdot = heat preduction rate to plutoniun
sigma = Beltzmann's constant, cal/cmZ/ /K4

steml = temperature in the liquid volume above the resin bed, K

stemla = change in temperature in the liquid volume above the resin bed, K
stemlec = temperature in the liquid volume above the resin bed, C

stem2 = temperature in the liguid volume below the resin bed, K

stem2a = change in temperature in the liquid volume below the resin bed, X
stem2c = temperature in the liquid volume below the resin bed, C

stp = total number of calculation time steps

um leoading, cal/cc/s

sumf = total loading of plutonium on resin, gm

svz2 = integrated volumetric flow rate out column, cc/s
tamb = ambient temperature, K

tau = time constant for loading plutonium on resin, s

tau2 = time constant for eluting plutonium from resin, s

tcnl = thermal conductivity for nitric acid, cal/cm/s/C
tenZ = thermal conductivity for water, cal/cm/s/C
tenm = thermal conductivity for bulk resin bed, cal/fem/s/C

telut = time for elution, s

temb = product of volumetric flow rate out of resin bed and temperature at
bottom of resin bed, K-cc/s

temch = maximum temperature in column, C

temc = temperature, C

temp = temperature, K

time = elapsed time after stage of process started, m

time2 elapsed time after feeding started, s

tinte = time interval for printing maximum resin bed temperatures, s

tinte2 = time for printing bed temperature profiles, s

tload = time for loading, s

trpt = time to print out temperature matrlx, s

twash = time for washing, s

tzero = initial temperature, K

tzero = temperature of solution entering column, K

uu = vector containing solution to one-dimensional heat transfer equation, K

vbot = volume of liquid below resin bed, cc
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vel2 = velocity of ambient air, cm/s
vEfi = volume fraction in resin bead pores, pricr to adsorption of plutonium
vfi2 = volume fraction in resin bead pores, after adsorption of plutonium
vEi3 = volume fraction in resin bead pores, adjusted for actual amount of
plutonium adsorbed
vio = volume fraction cccupied by flowing solution
vis = liquid dynamic viscosity, g/cm/s
visair = dynamic viscosity of ambient air, g/cm/s
vmid = total volume of resin bed, cc
vr = superficial radial velocity, cm/s
vtop = volume of liguid above resin bed, cc¢
vz = superficial axial velocity, cm/s
x = fractional leoading of plutonium on resin
xg = elution rate constant, 1l/s
xkair = thermal conductivity of ambient air, cal/cm/s/C
xx1 = mass fraction nitric acid in the solution between resin beads
xx1b = mass fraction nitric acid in liguid velume below resin bhed
xx1t = mass fraction nitric acid in liguid veclume above resin bed
y = bulk plutonium c¢oncentration in pore solution, g/ec
yold = bulk plutonium concentration in pore solution at previous step, g/cce
¥2 = bulk plutonium concentration in solution between resin beads, g/cc
y2bot = plutonium concentration in liquid volume below resin bed, g/cc
y2feed = plutonium concentration in soclution entering resin bed, g/cc
yZ2max = maximum bulk plutcenium concentration in solution between resin beads
during elution, g/cc
y2mx2 = maximum bulk plutonium concentration in solution between resin beads
during elapsed time during elution, g/cc
y2o0ld = bulk plutonium concentration in soluticn between resin beads at
previous time step, g/cc
x = fractional lcading of plutonium on resin
xarea = cross-sectional area of resin bed, cm2
xold fracticnal loading of plutcnium on resin at previous time step
zden area-average liquid density at a given level, g/cc
zvz = area-average superficial axial velocity at a given level, cm/s
implicit double precision {a-z)
integer i,j,m,mml,n,nnl,q,r,s,stp,iskip,isl,iss,jlev,
lind2
character*10 chl
dimension temc (200,100}, temp{200,100),phi{200,100)
dimension dens(200,100},zden{200),htc(200)

Al e d m 2rd S TINN IO L2 FTIANY
ULIREIIS 11l VIS 14UV, AVU)  Yalllhia LaVvy)

dimension area(l100},denl{200,100),den2(200,100)
dimension rhep(200,100),rhep2(200,100),caps{200,100)
dimension bz {(200,100),br¢(200,100) ,br1(200,100}, tcnm (200,100}
dimension aa(200),bb(200),cc({200)
dimension uu{200).rr{200},xxra(l100)
dimension aal {200,100} .bbl1(200,100),ccl(200,3100),rrk1 (200,100}
character tab /9/
dimension <¢(200),c0ld (200}, £(200),£f0l1d(200),x{200),xcld(200)
dimension y({200},y0ld(200),y2(200),y201d(200),£x{200)
common felutl/c,cold, £, fold,x,x0ld,y,vold,v2,v20ld, cfeed,
1dt, tau, tau2, ffeed,anl,dpart,vz,dz,xg,vfi2, vio,
2y2feed, y2max,y2mx2Z, clfeed
Input initial resin bed temperature in °C.
read (5,*) tzero
Input ambient temperature in °C.
read {(5,*} tamb
Input indicator for air heat transfer (iht=1l} or water jacket heat transfer
(iht=2}.
read {(5,*) iht
Input resin bed depth in centimeters.
read (5,*) length
Input height above resin bed in centimeters.
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read (5,*) 1lup

c Input depth below resin bed in centimeters,
read (5,*) ldown

c Input column radius in centimeters.
read (5,*) radius

¢ Input particle diameter in centimeters.
read (5,%*) dpart

¢ Input pore diffusivity in cm2/sec.
read {5,*} dfpor

¢ Input particle diffusivity in cm2/sec.
read (5,*) dfprt

¢ Input veid fraction.
read (5,*) vfo

¢ Input Pu feed concentration, gm/cc.
read (5,*} cfeed

c Input maximum Pu resin bed concentration, gm/cc.
read (5,*) ffeed

¢ Input maximum Pu concentration during eluticn, gm/co.
read (5,%*) y2max

c Input radiolysis heat in cal/cc/sec.
read (5,*} gdot
pi=4.*atan{l.}
rho=1.,23
cp=0.76
tzerco=tzero+273.0
tamb=tamb+273.0
grav=980.
vEi=0.132
vEi2=0.160
anl=1./(vfo+vfi)
pi=4.*atan(l.)
tau=dpart**2/ (4. *pi**2) /dfprt
tauZ=dpart**2/(24.*0.75*dfpor}
xg=4_ *pi**2*dfpor/dpart**2* (1.-vfo)

¢ Input # steps in axial, radial directions.
read (5,*) m,n

¢ Input # of data points to skip between reading each concentration.
read (5,*) iskip
dz=length/m
dr=radius/n
vtop=pi*radius**2+1lup
vbhot=pi*radius**2*ldown
vmid=pi*radius**2*length
m=m+1
n=n+1
mml=m-1
nnl=n-1
area(l)=pi*{(0.5/nnl*radius) **2
area(n)=pi*(1.-((nnl-0.5)/nnl)**2)*radius**2
rra(l)=0.
i=2
do while {i.le.nnlj
rl={i-1.5)/nnl*xradius
r2={i-0.5) /nnl*radius
area(i)=pi*(r2**2-rl1**2)
rraf{i)=rra(i-1}+dr
i=i+l
enddo
rra(n)=rra{nnl)+dr
areat=pi*radius**2
i=1
sumf=0.
Avol=pi*radius**2+dz
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do while (i.le.mml}
sumf=sumf+0.5* (£ (i} +Ff {i+1))
iziwl
enddo
sumf=sumf*dvol
Input time increment in seconds.
read (5,*}) dt
dto=dt
Input number of time steps.
read {(5,*) stp
Input loading time in sec.
read (5,*) tload
Input washing time in sec.
read (5,*} twash
Input elution time in sec.
read {(5,%*) telut
Input time to print out temperature matrix in sec.
read (5,%*) trpt
Input time interval for printing output.
read (5,*) tinte
Input time interval for printing maximum temperatures.
read (5,*) tinte2
Calculate material properties.
steml=tzero
stemZ=tzerc
cbot=0.
y2bot=0.
y2feed=0.
clfeed=0.
stemlc=steml-273.
stem2c=stem2-273.
denlt=1.6603-1.98%4e-3*stemlc
denlb=1.6603-1.98%4e-3*stem2c
den2t=0.99683-1.3C010e-4*stemlc-2.4358e-6*stemlc**2
den2b=0.99683-1.3010e-4*stem2c-2.4358e-6*stem2e**2
xxlt=denlt*cf30*(1l.-clfeed)/ (denlt*cf30*{1l.-clfeed) +den2t
1*{1l.-cf30*{1l.-clfeed}))
xxlb=denlb*cf30* (1. -cbhot) / (denlb*cf30*(1l.-clfeed)+den2b
1*(1.-c£30*(1.-cbot}))

cnodt=(1l.-clfeed) *cf3d*denlt
cnnihb= l;‘l__ . _r-'hﬂt) *mFIN, Aan] h*1

ClIe o=

1000./63.-4.*y2feed*1000./238.
00./67

*10
000./63.-4.%2lot*1000. /238
cho cidd*denlb*1000. /63 . -4 *y2bot*1000. /238,

if {(cno3t.lt.0.) cno3t=0.

if (cno3db.lt.0.) cno3b=0.
denst=den2t+0.4277*y2feed*1000./238./vEo+0.031*cno3t
densb=denZb+0.4277*y2bot*1000./238./vfo+0.031*cno3b
capst=1.0104-(1.419-0.3*(stemlc-20.)/80.) *xxlt
1+{(2.005-0.6% (stemlec-20.}/80. ) *xx1t**2
2-{1.147-0.3* (stemlc-20.}/80. )y *xx1t**3
capsb=1.0104-(1.419-0.3*{stem2c~20.)/80.) *xx1b
1+(2.005-0.6*({stem2¢c-20.)/80.) *xx1lb**2
2-(1.147-0.3*{stem2c-20.)/80.) *xxlb**3
rhepZt=denst*capst

rhep2b=densb*capsbh

i=1

do while (i.le.n)

j=1

do while (j.le.m)

cold(j}=0.

c(jr=0.

temc(j,i)=tzerc-273.
denl(j,i}=1.6603-1.989%94e-3*temc(j, i}
den2(j,1)=0.99683~1.3010e-4*temc{j,i}-2.4358e-6*temc (], 1) **2
xxlsdenl{j, i} *cf30*(1.-c(3))/(denl(j,i)*cE30*(1.-c{j))+den2{]j, i}

A-6




WSRC-TR-99-00027
Revision 0

1*(1.-c£30*(1.-c{3))))
cno3={l.-c(j))*cf30*denl (j,1)*1000./63.-4.*y2({j)*1000.
1/238./vfo
if (cno3.1t.0.) cne3=0.
dens{j,i)=den2(j,i)+0.4277*y2(j)*1000./238./vfo+0.031%cno3
tenl=6.1388e~4+1,.3951le-6*temc(j, i)
tcn2=1.3518e-342.7903e-6*temc (3}, 1)
tenm{j,i)=tcnl*xxl+ten2* (1. -xx1)
toenm(j,1)=0.5%(5.e-4+tcnm{j, i)}
caps(j,1)=1.0104-(1.419-0.3*{temc(j,1}-20.)/80.) *xx1
1+(2.005-0.6*{temc{j,1)-20.)/80.) *xx1**2
2-(1.147-0.3*{temc(j,1)-20.)/80.) *xx1**3
rhep(i,i)=0.5%1.25*0.52+0.5*dens (j, i) *caps (3, i}
rhep2 (i, i)=dens (], 1) *caps(j.1)
alpha=tcnm{j, i) /rhep (3. 1)
bz (j,i)={(alpha+2.*dpart*vz*rhcp2(j,i)/rhep(j,i)) *dt/dz**2
J=j+1
enddo
i=i+l
enddo
j=1
do while (j.le.m)
alpha=tecnm{j, 1) /rhep(j, 1)
br{j,l}={alpha+0.4*dpart*vz*rhcp2(j,1) /rhecp(j, 1)) *dt*4./dr**2
brl{j,1)=0.
j=j+1
enddo
i=2
rrr=dr
rro=0.
do while (i.le.n}
j=1
do while (j.le.m)
alpha=tenm{j, i) /rhep (3, 1)
rro=rrr+dr
br{j,i}={alpha+0.4*dpart*vz*rhcp2(j,i) /rhep(j,i) ) *dt/dr**2
brl(j,i)={alpha+0.4*dpart*vz*rhep2{j,i)/rhep{j,i)}*dt
1/2./dr/rra(i}
j=j+1
enddo
rro=rrr
ITr=rrr+dr
i=i+l
enddo
Input initial veolume fraction nitric acid.
read (5,*) cf30
Input velocity in cm/sec.
read (5,*) vz
Write input variables to output.
write {1,100} length,radius,m,n
write {1,121) dparc,vfo
write (1,101) dt,hte,htc2
write (1,110) sumf

100 format ('L {CM) =',£7.3,2x, ‘R (CM) =*,f7.3,2x, AXIAL NODES =,
113, 2x, 'RADIAL NODES =',i3)

101 format (‘DT (8} =',6f8.4,2x, 'HSID (CAL/CM2/5/°C) =',f9.6,
12x, ‘HTOP (CAL/CM2/S/°C) =',£9.6)

110 format ('PU CHARGE (GM) =',f£11.4)

write (2,*) °'TIME (MIN)',tab, 'TMAX (°C)', tab,'VTOP {(CC)',

ltab, 'VSGMAY (CM/S)'
121 format ('PART DIAM (CM) =',f8.4,2x, 'VOID FRACTICON =',£7.4)
Set all temperatures equal to uniform initial value. Initialize plutonium
and nitric acid concentrations.
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g=1
do while {(g.le.m)
r=1
do while (r.le.n)
temp({qg,r)=tzero
teml=tzerc-273.
denl{qg,r)=1.6603-1.9894e~-3*temc{q, )
den?{q,r)=0.99683-1.3010e~4*temc (g, r)-2.4358e-6*temc (g, xr)**2
r=r+l
enddo
fx{qg)=0.
£fold(q)=0.
yold(qg}=0.
y2old(q)=0.
y2mx2 (g)=0.
cold(qg)=0.
g=q+l
enddo
c Perform trangsient calculations.
s=1
time2=0.
iss=1
do while (timeZ.le.tlicad+twash+telut+l.)
if (time2.le.tload} ind2=1
if (time2.gt.tload.and.time2.le.tload+twash) ind2=2
if (time2.gt.tload+twash) indz=3
if (iss.eq.0) then
€ Switch between implicit radial, explicit axial and explicit radial, implicit
¢ axial calculations.
iss=1
else
iss=0
endif
c Calculate heat transfer coefficients
sigma=1.356e-12
emiss=0.6
g=1
do while {g.le.m)
hrad=emiss*sigma* (temp{g,n) **3+temp{qg,n}**2*tamb
l+temp{g,n) *tamb**2+tamb**3)
cpalr=3.5%1.9872*2%9.
xkair=0.0262/100*%0.2389
visair=0.00018
pr=cpair*visair/xkair
rheoamb=29./82.057/tamb
rhoair=29./82.057/temp (g, n}
rayl=980.*{length+lup+ldown) **3*rhoamb* (rhoamb-rhoair)
l/visalr**2*pr
if {rayl.gt.0.) then
nu=0,59%*rayl**0.25
endif
if (nu.it.1.) nu=i.
heonv=nu*xkair/ (length+lup+ldown)
vel2=30.0
re=2.*radius*velZ*rhoamb/visair
nu3d=0.683*re**0 _ 466*pr**({(1./3.)
hconv3=xkair*nu3/2./radius
if (hconv.lt.hconv3}) hconv=hconv3i
hte(g)=hconv+hrad
g=q+1
enddo
hrad-emiss*sigma* (steml**3+steml**2*tamb+steml*tamb**2+tamb**3)
rhoair=29,/82.057/steml
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rayl=980.* (length+lup+idown} **3 *rhoamb* (rhoamb-rhoair)
l/visair**2*pr

if (rayl.gt.0.) then

nu=0.59*xrayl**0. 25

endif

if (nu.lt.l.) nu=1.

hconv=nu*xkair/ (length+lup+ldown)}

rayl2=980.*(2_ *radius) **3*rhoamb* (rhoamb-rhoair) /visair**2*pr
if (rayl2.gt.0.) then

nu2=0,54*rayi2**0.25

endif

if (nu2.1t.1.) nu2=1.

hconv2=nu2*xkair/2./radius

hconv={2, *radius*lup*hconv+radius**2*hconv2}/ (2. *radius*lup
l+radius**2)

vell=30.0

re=2.*radius*vel2*rhoamb/visair
nu3=0.683*re**G.466*pr**(1./3.)

hconv3=xkair*nu3/2./radius

if (hconv.lt.hconv3} hconv=hconv3

hte2t=hrad+hconv

hrad=emiss*sigma* (stem2**3+stem2**2*tamb+stem2*tamb**2+tamb**3)
rhoair=29./82.057/stem2

rayl=980.* (length+lup+ldown) **3*rhcamb* (rhoamb-rhoair)
l/visair**2*pr

if (rayl.gt.0.) then
nu=0.59*rayl**0.25
endif

if (nu.lt.1.) nu=1.
heonv=nu*xkair/ {length+lup+ldown)

*3I*rhoamb* (rhoamb-rhoair) /visair**2*pr

D
=
*

nua eI L

rayl2=980.*(2.*radius)*
if (rayl2.gt.0.) then
nu2=0.27*rayl2*%*0 .25
endif
if (nu2.1t.1.) nu2=l.
heconv2=nu2*xkair/2./radius
hconv=(2.*radius*ldown*hconv+radius**2*hconv2)/ (2. *radius*ldown
l+radius**2)
vel2=30.0
re=2.*radius*vel2*rhoamb/visair
nu3=0.683*re**. 466 pr**{1./3.}
hconv3i=xkair*nu3/2./radius
if (hconv.lt.hconv3) hconv=hconv3
htce2b=hrad+hconv
c Calculate temperature changes in the spaces above and below the resin bed.
stemla=y2feed*0.8*gdot*dt/rhepit
stemZa=y2bot*0.8*qgdot*dt/rhcp2b
i=1
do while {(i.le.n)
stemla=stemla+bz{(l,i})*dz/vtop*area(i)*(temp(2,i)-temp(l,i)}
stemZ2a=stem2a+bz(m, i) *dz/vbot*area(i) * (temp(mml, i)-temp(m,i))
stem2a=stem2a-vz*dt/vhot*area({i) *{stem2-temp(m, 1))
i=i+l
endda
stemla=stemla-vz*dt*areat/vtop* {steml-tzero)
stemla=stemla+htc2t*dt/rhep(l,1}/ (vtop/ {(areat+2 . *pi*rra(n) *1lup})
1* {tamb-steml)
stem2a=stem2a+htc2b*dt/rhep (1, 1)/ {vbot/
l{areat+2.*pi*rra(n}*ldown})* {tamb-stem2)
¢ Calculate concentration changes in the space above the resin bed.
v2feed=y2feed+2. *dpart*vz*dt/dz/vtop*areat/vfo
1*(y201d(2)-y201d(1))} .
if {ind2.eq.l) then

1
3
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y2feed=y2feed+vz*areat/vtop*dt* (cfeed-y2feed)

alse

y2feed=y2feed-vz*areat/vtop*dt*y2feed

endif

if {ind2.eg.3) then

clfeed=clfeed+2. *dpart*vz*dt/dz/vtop*areat* (cold(2)-cold(1l))
clfeed=clfeed+vz*areat/vtop*dt* (1.-clfeed)

endif

¢ Calculate temperature and concentration changes at top of column.

phi(1l,1)=temp{l,1}+£fx(1)*0.8*gdot*dt/rhecp(l, 1)

if (iss.eqg.0) then
rri{l,1)=phi(1l,1)+bz{l,1}*(steml-temp(1l,1))

l+bz (2,1)*(temp(2,1)-temp(1,1))

aal(l,1)=0.

bbl(1,1)=1.+br{l,1}

ccl(l,1}=-bri{l,1}

else
rri(l,1)=phi(i,1)+br(l,1}*(temp({l,2)-temp{l,1))+bz{1,1)*stenl
aal(l,1)=0.

bkl(l,1)=1.+bz{1,1}+bz(2,1)

ccl(l,l)=-bz(2,1}

endif

rri{l,l)=rrl{l, 1}-vz*dt/dz* (temp(l,1l)-steml)

if (ind2.eq.l.or.ind2.eq.2} then

call feeder {l1,m,ind2;}

else

call elut (1,m)

endif

prhi{l,n)=temp{l,n)+£fx(1)*0.8*gdot*dt/rhcp{l,n}

if (iss.eq.0} then
rrl{l,n)=phi(l,n)+bz{l,n)*(steml-temp(i,n)}
l+bz (2, n)*(temp(2,n)-temp{l,n))+hte{l}*dt/rhep(l,n)
2*{1./dr+1./2./rra(n)) *tamb

aal(l,n)=-br(l,nnl)+brl{l, n)
bbl(i,n)=l.+br(l,nnl)-brl(l,n)+htc(l)*dt/rhcp{l.n}
1*(1./dr+l./2./xra(n))

ccl{l,n)=0.

else

rrl{l,n})=phi(l,n)=-br{l, mml)*{(temp(l,n)-temp{l,nnl})
l1+brl(1l,n)*{temp{l,n}-~temp(l,nnl)}+htc(i)*dt/rhep(l,n)
2%(1./dr+l./2./rra{n)) *(tamb-temp(l,n) )+bz{l,n)*steml
aal{l,n)=0,

bbl({l,n)=1.+bz{1l,n})+bz(2,n)

cel{l,ni=-bz{2,n)

endif

rrl{l,ni=rrl{l,n)-vz*dt/dz* (temp(l,n)-steml)

r=2

do while (r.le.nnl)
phi(l,r)=temp(l,r)+£fx{1})*0.8*gdot*dt/rhecp(l,r)

if {(iss.eq.0) then
rrl({l,r)=phi(l,x)+bz(l,r)*(steml-temp(i,xr)}
l+bz{(2,r)* (temp(2,xr)-temp{l,xr))
aal(l,r)=-br(l,r-1)+brl(l, r)
bbl(l,r)=1.+br{l,r}+br(l,r-1}
cecl{l,r)=-br{l,r)-bri(i, )
else

rrl{l,rxi=phi{l r)-br{l,r-1)*{temp(l,r)-temp{l
I+br(l,r)*{(temp(l,r+l)-temp(l,r-1)}+bri(l,r)
2* (temp (i, r)-temp{l,r-1)}+bz(l,r} *steml
aal{l,r)=0.

bbl{l,xr}=1.+bz(l,x)+bz{(2,r)}
ccl(l,r)=-bz(2,1r)

endif
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rrl{l,r)=rrl{l,r)-vz*dt/dz* {(temp(l,r)-steml}

r=r+l

enddeo

¢ Calculate temperature and concentration changes in middle of column.

q=2

do while (g.le.mml)
phi(qg,l)=temp{qg, 1} +fx(qg) *0.8*qgdot*dt/rhep (g, 1)

if (iss.eq.0) then
rrli{g,l}=phi(g,1)+bz(g+l,1)*(temp{g+l,1}-temp(qg,1)}
l+bz{g,1l)* (temp(g-1,1)-temp{qg,1))

aal(g,1)=0.

bbl{g,1l)=1.+br{qg,1)

ccel{q,l)=-br{q,1)

else
rrl(q,l)=phi(q,l)+br(qg,1)* (temp(qg, 2)-temp (g, 1}}
aal({qg,1l)=-bz(q, 1)

bbl(q,1l)=1.+bz(q,1)+bz (g+1, 1)

ccl{g,ly=-bz(g+l,1)

endif

rrl(q,l)=rrl(q,l)-vz*dt/dz* (temp(qg,l)-temp(g-1,1)}
phi(g,n)=temp{g,n}+£fx(qg)*0.8*qdot*dt/rhep (g, n)

if (iss.eq.0) then
rri(q.n}=phi{qg,n}+bz(g+l,n}* (temp (g+l,nj-tempi{qg,n}}
l+bz{g,n)* (temp{g-1,n)-temp{qg,n) ) +htc(qg) *dt/rhepiqg,n)

%1 FA»LY /D fammem * = arnle
F-2NNNN W SRV SO B S

1%

Lo j L LA ) Cadius
aal{g,n)=-br(g,nnl)+brl{qg,n}
bbl(g,n)=1.+br (g, nnl)-brl{q,n)+htc(qg) *dt/rhecp{g,n)

1*(1./dr+1./2./rrai{n})

ccl(g,n)=0.

else

rrl{q,n)=phi{q,n)-br{g,nnl)* (temp{g,n}~temp{g,nni)}
l+brl{qg.n)* (temp{qg,n)-temp{qg,nnl) ) +hte (g) *dt/rhep (g, n)
2*(1./dr+1./2./rra(n)}* (tamb-temp (g, n})
aal{g,n)=-bz{(g,n)

bblig,n}=1.+bz(qg,n}+bz(g+l,n}

ccli{g,nl=-bz{g+l,n}

endif
rri{qg,nl=rri(q,n)-vz*de/dz* (temp (g, n}-temp(g-1,n}}
g=g+1

enddo

g=2

do while (gq.le.mml}

r=2

do while (r.le.nnl)
phi{q,r)=temp (g, r)+fx{g)*0.8*gdot*dt/xrhep(qg,r)

if (iss.egq.0) then
rrl{g,r)=phi(q,r)+bz(g+l,r)*{temp(g+l,r)-temp(g, x))
l+bz (g, r) *(temp(g-1,x) ~temp (g, r})
aal(g,r)=-br{g,r-1)+brliqg,r)
bbl{q,r)=i.+br{q,r)+br(g,r-1)

cel(g, r)=~br{gq,r)-brl(q,r)

else
rrli{q,r}=phif{g,r)~br{g,r-1)*{temp{q,r}l-temp(qg, r-1})
l+br{g,r)*{temp({qg,r+l) -temp{q,r})+brliq, r}
2* (temp(g,r+l)-temp(g,r-1))

aal{q,r)=-bz{qg,r)

bbli{g,r}=1.+bz{g,r}+bz(g+l, r}

cel{g,.ri=-bz{g+l.,r})

endif
rrliq,r)=rrl(q,r)-vz*dt/dz*{temp{q,r)-temp(g-1,r))
r=r+l

enddo

if (ind2.eq.l.or.ind2.eq.2) then
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call feeder (g,m,ind2)
else

call elut {(g,m}

endif

g=g+1

enddco

¢ Calculate temperature and concentration changes at bottom of column.

phi(m, i)=temp{m, 1} +£x(m)*0.8*gdot*dt/rhcp(m, 1)

if (iss.eq.0) then
rrl(m,1l)=phi{m,1)+bz(m,1}*(stem2-temp{m,1)}
l+bz(m,1l)* {(temp{mml,l}-temp(m, 1}

aalm,1)=0.

bbl{m,1l})=1.+br(m,1}

ccl{m,l)=-br(m,1)

else

rrl(m,1)=phi(m,1l)+brim,1l}* (temp(m,2)-temp(m,1)})+bzi{m, 1) *stem2
aal(m,l)=-bz(m,1)

bbl(m,1)=1.+2.*bz (m, 1)

ccl{m,1)=0.

endif

rri(m,l)=rrl{m,1l)~-vz*dt/dz* (temp(m,l)-temp (mml,1})
phi(m,n)=temp(m, n)+£fx{m) *0.8*qgdot*dt/rhcp (m,n)

if (iss.eq.0) then
rrl{m,n}=phi{m,n)+bz (m,n)* (stem2-temp (m,n})
l+bz{m,n}* (temp (mml,n)-temp{m,n})+htc{m) *dc/rhcp {m,n)
2*(1l./dr+1./2./rrai{n}) *tamb
aal{m,n)=-br(m,nnl})+bxrl (m,n)
bbl{m,n)=1.+br{m,nnl)-brl{m,n)+htc(m)*dt/rhcp({m,n}
1*{1l./dr+1./2./rra(n))

cclim, n}=0.

else
rrl{m,n)=phi(m,n}-bx(m,nnl)*{(temp(m,n)-temp{m,nni)}
1+brl{m,n)*{temp(m,n)-temp(m,nnl}))+htc(m) *dt/rhep{m,n)
2*(1./dr+l./2./rra{n))*{tamb-temp {m,n) ) +bz{m,n) *stem2
aal(m,n)=-bz(m,n)

bkl (m,n)=1.+2.*bz(m,n)

ccl(m,n)=0.

endif
rrl{m,n)=rrlim,n}-vz*dt/dz* (temp (m,n)~temp{mml,n})
r=2

do while (r.le.nnl}
phi(m,r}=temp(m,r)+fx{m})*0.8*qdot*dt/rhepim, r)

if (iss.eq.0}) then

rrl{m, ry=phi{m,r)+bz(m,r}* (stem2-temp(m,x}}

l+bz {m,r)* (temp (mml, r)-temp (m,r)}
aal(m,r)=-brim,r-1)+brl{m, r)
bbl{m,r)=1.+br{m,r)+br(m,r-1)

ccl{m, r)=-br{m,r)-brl(m,x)

else
rri{m,r)=phi(m,r}-bri{m,r-1)*{tempi{m,r)-tempim,x-1))
l+br(m,r) *{temp{m,r+1)-temp{m,r})
2+brl(m,r)*(temp{m,r+l)-temp{m,r-1})+bz{m,r)*stem2
aal{m,r)=-bz(m,r)

bbl(m,r)=1.+2.*bz{m,r)

cclim,r)=0.

endif
rrl{m,r)=rrl{m,r)-vz*dt/dz*(temp(m,r)-temp{mml,r)}
r=r+1

enddo

if (ind2.eqg.l.or.ind2.eqg.2) then

call feeder {m,m,ind2)

else

call elut {(m,m)
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endif

if {(iss.eq.®) then
j=1

do while (j.le.m)
i=1

do while (i.le.n)

aa(i})=aal({j, i}

bb{i)=bbl(j,i} *
cc{i)=ccl(j.i)

rr(i)=rrl{j.i)

i=i+l

enddo

call tridag {aa,bb,cc,rr,uu,n)

i=1

do while {i.le.n}

phi{j,i}=uuli)

i=i+l

enddc

j=j+1

enddo

else

i=1

do while (i.le.n)

ij=1

do while {(j.le.m}

aal{jl=aal(j.i}

bb{j)=bbl(j,i)

ce(ji=ceclij, i)

rr{j)=rrl(j,i}

j=q+1

enddo

call tricdag {aa,bb,cc,rr,uu,m)

j=1

do while (j.le.m)

phi(j,i)=uu{j}

J=g+1

enddo

i=i+1

enddo

endif

¢ Calculate concentration changes in the liquid volume below the resin bed.
y2bot=y2bot+2,*dpart*vz*dt/dz/vbot*areat/vio
1* {y20ld{mml)} -y20ld{m})
yZ2bot=y2bot+vz*areat/vbot* (y20ld(m) /vio-y2bot}
chot=cbhot+vz*areat/vbot* {(cold{m)-cbhot)
¢ Update temperatures and concentrations. Calculate densities and viscosities.

steml=steml+stemla ’
stem2=stem2+stem2a

j=1

do while {(j.le.m)

yold{j)=y(j)

y2old{j)=y2(j}

xold (3)=x(3j}

cold{j)r=c(j}

if {(ind2.eq.l.or.ind2.eq.2) fold{ji=£(3)

if (ind2.eq.l.or.ind2.eq.2) £x(3)=f(3)+v2{j)

if (ind2.eq.3)
j=3+1

enddo
stemlc=steml-273.
stem2c=stem2-273.
denlt=1.6603-1.98%4e-3*stemlc
denlb=1.6603-1.98%4e-3*stem2c

wilAl=Ff 9 Y+u2 (9)Y 4+ ()
a2 DX Q=D DI+ Y a0 HY L )
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den2t=0.99683-1.3010e-4*stemlc-2.4358e-6*stemlc**2
den2b=0.99683-1.3010e-4*stem2c-2.435B8e-6*stam2c**2
xxlt=denlt*cf30*(1l.-clfeed)/(denlt*cf30*(1l.~clfeed)+denzt
1% (1.-c£30*(1.~clfeed}))
xx1b=denlb*cf£30* (1.-cbot) /{(denlb*cf30*(1l.-clfeed)+den2b
1*(1.-cf30*{1.-cbot})))

cno3t=(l.-clfeed) *c£30*denlt*1000./63.-4.*y2feed*1000./238.
cno3b=(l.-chot) *c£30*denlb*1000./63.-4.*y2bot*1000./238.
if (eno3t.lt.0.) cno3t=0.

if (cno3bk.1lt.0.) cno3b=0.
denst=den2t+0.4277*y2feed*1000./238./vio+0.031*cnolt
densb=den2b+0.4277*y2bot*1000./238./vfo+0.031*cno3b
capst=1.0104-(1.419-0.3*{stemlc-20.)/80.) *xx1t
1+(2.005-0.6*{stemlc-20.)/80.) *xx1t**2
2-(1.147-0.3*(stemlec-20.})/80.) *xx1lt**3
capsb=1.0104-(1.419-0.3*{stem2c-20.)/80.) *xxlb
1+(2.005~-0.6* (stem2c-20.)/80.) *xx1b**2
2-(1.147-0.3* (stem2c-20,)/80.) *xx1lb**3

rhep2t=denst*capst

rhep2b=densb*capsb

i=l

do while {(i.le.n)

j=1

do while (j.le.m}

temp{j,i)=phi(j.1)

if (iht.eg.2.and.i.eqg.n) temp(j,i)=tamb
temc(j,iY=phi{(j,i}-273.0

if (iht.eq.2.and.i.eqg.n) temc(j,i)=tamb-273.0
denl(j,1)=1.6603-1.9894e-3*temec {7, 1)
den2(j,1)=0.99683-1.3010e~4*temc(j,1)-2.4358e-6*temc(j,1) *¥*2
xx1l=denl{j,1)*cf30*(1l.-c(j)}/(denl(j,i)*cf30*(1l.-c(j)}
l+den2(j,1)* (1.-cE30*(1.-c{j))))
cnoed={1l.-c(j))*cf30*denl(3,1)*1000./63.-4.*y2(35)*1000.
1/238./vfo

if (eno3.le.0.) cneol3=0.
dens(j,i)=den2(j,i)+0.4277*y2(j}*1000./238./vfo+0.031*cno3
tcnl=6.1388e-4+1.3951le-6*temc(j, i)
ccn2=1.3518e-3+2.7903e-6*temc(j, i)

toenm(j, i) =tenl*xx1+ten2* (1. -xx1)

tenm(j, i)=0.5* (tenm(j,i)+5.e-4)
capsii,i)=1.0104-(1.419-0.3%(temc{j,1}-20.)/80.) *xxl
1+{(2.005-0.6*(temc(j,1)-20.)/80.) *xx1**2
2-{1.147-0.3*(temc(j,i)-20.)/80.} *xx1**3
rhep(j,i)=0.5*1.25*%0.52+0.5*dens (j, 1) *caps(j, i}
rhep2(j,i}=dens(j,i} *caps(j, i)

alpha=tcnm(j, i) /rhep(j, i)
bz{j.i)=({alpha+2.*dpart*vz*rhcp2(j.1)/rhep(j,i)}*dt/dz**2
vis{j,1}=0.02002*20.**{(1.3272*(20.-temc{j,1i})-0.001053*
litemc(j,1}-20.}1**2)/{temc(j,1)+105.)}

j=3+1

enddo

i=zi+l

endde

j=1

do while {(j.le.m)

alpha=tcnm{j, 1} /rhepi{j, 1)
br(j,1)={alpha+0.4*dpart*vz*rhep2{j,1) /rhep(j,1) ) *de*d. /dr**2
Fj=j+1

enddo

i=2

rrr=dr

rro=0.

do while {(i.le.nnl)
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j=1
do while (j.le.m}
alpha=tcenm(j, i} /rhep(j, i}
rro=rrr+dr
br(j,i}=(alpha+0.4*dpart*vz*rhcp2(j.i)/rhecp(j,i}) *dc
1*4 . * (rrn+rrxy) /dr/ { (rrn+xxr) **2-{rrr+rro) **2)
j=j+1
enddo
rYro=rrr
rrr=rrr+dr
i=i+l
enddo
¢ Calculate flow-weighted average effluent temperatures and concentrations at
¢ top and bottom of column. These are used as inlet temperatures and
¢ concentrations for the radial locations where flow enters the column.
temb=0.
svz2=0.
i=1
do while {i.le.n)
temb=temb+area (i) *temp(m, i) *vz
svz2=svz2+area (i) *vz
i=i+1l
enddo
stem2=stemZ+dt/vbot* (temb-svz2*stem?2
111
=
do

}
ate maximum plutonium ceoncentrations
1
while {(j.le.m)

if (y2mx2(j).lt.y2(3)) y2mx2(j)=y2{J)
j=j+1
enddo
¢ Integrate Pu concentration preofile and compare with amount loaded.
pi=4.*atan(l.)
xarea=pi*radius**2
put=xarea*cfeed*vz*tcload
pua=§{.
puf=0.
j=1
do while (j.le.mml)
pua=pua+0.5* (£{j)+£f(j+1}} *xarea*dz
puf=puf+0.5* {(£x{§)+£fx(j+1})) *xarea*dz
j=3+1
enddo
puf=puf+vtop*y2feed+vbot*y2bot
C Write transient temperatures and velocities to output files.
time2=time2+dt
if (time2.lt.tload) time=time2/60.
if (time2.ge.tload.and.time2.lt. tload+twash)
ltime=(time2-tload)} /60.
if (time2.ge.tload+twash)
ltime=(time2-tload-twash}/60.
if {(abs{nint(time/tinte)-time/tinte).lt.0.0001
l.or.abs{{timeZ2-tload)/tinte) .1t.0.0001
2.or.abs{({time2-tload-twash}/tinte) . 1t.0.0001
3.or.abs({time2-tload-twash-telut}/tinte) .1r.0.0001) then
¢ Write headers for output files.
write (1,*) *TIME (MIN)‘,tab,'P0OS (CM}’, tab, ‘LOAD’, tab,
1'TCEN (°C)',tab, '‘TMID (°C}',tab, 'TOUT (°C)'
write (6,*) 'PIME (MIN}',tab, 'LENGTH (CM}', tab, 'ELU {(VF}', tab,
1*ADS (G/CC) ', tab, 'LIQ {G/CC)',tab, 'POR (G/CC)', tab, 'TOT (G/CC)°
i=1
stemlm=steml=-273.
write (1,102) time,tab,-1.,tab,?{.,tab,stemlm,tab,stemim,
ltab, stemlm
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do while (j.le.m)
poszn=length* (j-~1)/ {m-1)
write (1,102) time,tab,poszn,tab,f(j),tab, temc(j,1),tab,
ltemc{(j,5), tab, temc(j,n)

102 format (£9.4,al,£10.5,al1,£7.5,3(al, £9.4})
write (6,400) time,tab,poszn,tab,c{j),tab,f(j),tab,y2(j),
ltab,vi{3j),tab, fx{j)

400 format (£9.4,al,f10.5,5(al,£9.5))

j=j+l

enddo

write (6,400) time, tab,-1.,tab,clfeed, tab,0.,tab,y2feed, tab,
10.,tab, 0.

write (6,400) time, tab,~2.,tab,cbot,tab,0.,tab,y2bot,tab,0.,
ltab, 0.

write (6,*) *PU FED (GM)‘,tab,'PU ADS (GM)‘,tab, 'PU TOT (GM)’,
ltab, ‘FRAC ADS’, tabk, 'FRAC TOT'

write (6,401) put,tab,pua, tab,puf,tab,pua/put, tab,puf/put

401 format (£9.4,2(al,f9.4},2{al,f9.5)} '

stemZm=stem2-273.

write (1,102) time,tab,-2.,tab,0.,tab,stem2m, tab,stem2m, tab,
lstemZm

endif

¢ Find highest temperature.

temch=0. ’

i=1

do while (i.le.n)

i=l '

do while {j.le.m)

if (temch.lt.temc{j,i)) then

temch=temc{j, i}

endif

j=j+1

endde

i=i+1

enddo

if (abs(nint({time/tinte2)-time/tinte2).1t.0.0001)
lwrite (2,301) time, tab, temch, tab, vtop, tak,vgim

301 format (f£11.4,al1,f10.5,al,fl11.5,al1,£11.5)

if {(abs({timeZ-trpt).1lt.0.5%dt)} then

write (9,*) stemlc

write {(9,*) stem2c

do while (j.ge.1}

i=n

do while {i.ge.l)
write (9,*) temc(j,1i)
i=i-1

endde

i=2

do while (i.le.n}
write (9,*) temc{j,i)
i=i+l

enddo

j=j-1

enddo

endif

s=s5+1

enddo

stop

end

¢ This is a subroutine that uses LU decomposition to solve a set of eguations

A-16
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¢ that is tridiagonal. This subroutine was copies from Press, Teukolsky,
¢ Vetterling, and Flannery, Numerical Recipes in FORTRAN: The Art of
Scientific .
¢ Computing, 2nd ed., Cambridge University Press (New York), 1986, p. 43.

subroutine tridag (a.b,c,r.,u.n)

implicit double precision {a-h,co-z)

dimensiocn ain).b(n),c(n),r(n),u(n)

dimension gam{400}

bet=b{1l}

u{l}=r{l)/bet

jij=2

do while (jjj.le.n)

gam(ijii)=c(jij-1) /bet

bet=b(jij)-a{jij) *gam(jij)

u(jjir=(r(jjjr-atiiji)*u(jjj-1)})/bet

iji=jii+1

enddo

3ij=n-1

do while(jjj.ge.l)

w(jij)=u({ijj)~gam(jij+1) *uljji+1)

333=333-1

enddc

return

end

subroutine feeder (i,m,ind2)
¢ Compute changes in the plutonium concentrations during feeding or washing.

implicit double precision (a-2z)

integer i,m,ind2z

dimensian ¢ (200),c0ld(200), £{(200}, fold(200),x{(200),x0ld (200},
1y{200),y0ld(200),y¥2(200},v201d(200), y2mx2 (200}

common /felutl/c,cold, f, fold, x,xo0ld,y,yold,y2,y20ld, cfeed,
i1dt, tau, tau2, ffeed,anl,dpart,vz,dz,xg,vfi2,vfo,
2y2feed, y2max, y2mx2, clfeed

if (i.eq.l.and.ind2.eq.l) dy2=vz/vfo*dt/dz* (vfo*y2feed-y20ld(1))
1+2.*dpart*vz*dt/dz**2* (y201d{2) -y20l1d(1))

if (i.eq.l.and.ind2.eq.2) dy2=-(2.*dpart*vz*dt/dz**2
l+vz/vio*dt/dz) *y20ld (1) +2. *dpart*vz*dt/dz**2*y201d(2)

if {i.gt.l.and.i.lt.m}
ldy2={2.*dpartc*vz*dt/dz**2+vz/vEo*dt/dz}) *yv20ld{i-1}
2-(4 . *dpart*ve*dt/dz**2+vz/vio*dt/dz) *y20ld (i)
3+2 . *dparc*vz*dt/dz**2*y2old(i+l)

if (i.eq.m) dy2=(2.*dpart*vz*dt/dz**2+vz/vEo*dt/dz)
1*yZ2oldi{m~-1)~ (2. *dpart*vz*dt/dz**2+vz/vfo*dt/dz) *y2o0ld(m}
if (y2{i)+dy2.1t.0.) dy2=-y2(1i)

xy2=y20ld (i) /y2feed

if (xo0ld(i).1lt.l.) then

if (xo0ld(i).gt.l.d-3)
1x(i)=x0ld({i)+dr/taun*xy2*x0ld{i} **2/ (log((1.+x0ld(i})/
2{(1l.-xo0ld(i})))~-2.*x0ld(i})

if (xold(i).le.l.d-3.and.xold{i) .gt.1.d4-8)
Ix{i)=xeld{i}+dt/tau*xy2*1.5/x0ld {1}

if (x{i).gt.l.) x({i)=1.

if (x(i).lt.xeld(i).and.i.gt.l) x{i)=xold(i)

if (y2rx2(i).gt.1l.d-3) then

df=ffeed* {x{i)-x0ld{i) ) *y20ld (i} /y2mx2 (1)

else )

df=ffeed* (x({i)-xold(i})

endif

if (y2eold(i)+dy2.ge.y2mx2(i}) then

if (df.gt.dy2} then

df=ay2

dy2=0.
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else

dy2=dy2-df

endif

if (xo0ld{i).le.1.4-8}) then
df=dy2

dy2=0.

endif

else

if (y2(i)+dy2-df.1t.0.) then
df=y2 (1} +dy2

dy2=-y2 (i)

else

dy2=dy2-4df

endif

endif

endif

if {(ind2.eq.l.and.xold{i) .ge.l.) df=0.
if {ind2.eqg.2.and.xo0ld{i) .ge.l.) then
df=0.

if (y2{i)+dy2.1t.0.) dy2=-v2({i}
endif

f(iy=£(i)+df

y2{i)=y2{i)+dy2
x{i}=xo0ld{i)+df/ffeed

return

end

subroutine elut {(i,m)
¢ Compute changes in nitric acid and plutonium concentrations for elution.

implicit double precision (a-z}

integer i,m

dimension ¢{200),c0ld{200),£(200), fold(200),x(200),x01d (200},
1y(200),yold(ZOO),y2(200},y201d(2005,y2mx2(200)

common /elutl/c,cold, f, fold, x,xold,y.yeld,v2,v2cld, cfeed,
1dt, tau, tau2, ffeed, anl, dpart, vz, dz, xg,vii2, vfo,
2v2feed, yZmax, y2mx2,clfeed

if (i.eq.l) c(l)i=cold(l)+anl*{vz*dt/dz* (clfeed-cold(1}))
1+2.*dpart*vz*dt/dz**2* (cold{2) ~cold (1))}

if (i.gt.l.and.i.lt.m) c{i)=cold{i)+anl~*
1{(2.*dpart*ve*dt/dz**2+vz*dt/dz) *cold(i-1)- (4. *dpart*vz*dt/dz**2
2+vz*dt/dz) *cold (i) +2 . *dpart*vz*dt/dz**2*cold (i+1})

if (i.eqg.m) c{m)=cold(m)+anl*{vz*dt/dz
1*{celdi{m-1)-cold(m))+2.*dpart*dt/dz**2* (cold(m~-1) ~cold{m)} )}
if (fold{(i).gt.0.} then

if (y20ldi{i).gt.1l.d-8.and.cold(i).gt.1.d4-8) then

if (y20ld{i)/yZ2max.lt.celd(i)} then

ffex=(cold(i)-yv201d(i) /y2max)**0.5

fox=ffex/ (ffex+{y2old(i) /y2max) **0.5)

else

fex=1.~cold{i)

endif

else

fox=1.

endif

if (£(i}).gt.0..and.y20ld{i).1lt.y2max) then
df=-1./{1.-0.8*(fold(i)/E(i))**(1./3.)-0.2*(fold(i)/E(i))**2
1-1.3-8)*cold{i)*dt/tau2*fold{i) *fex

if (df.gt.{3.*cold{i}*dt/tau2*fcx)**0.5*fold(i})

lthen

df=(3.*cold(i}*dt/tau2*fex)**0.5*f0ld (1)

endif

else

df=0.
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endif

if (£(i)-df.1t.0.) then

df=£{i)

£{i}=0.

else

fliy=£(i)-df

endif

aelse

df=0.

endif

if (y20ld{i}.lt.y2max) then

if (fold(i).gt.0.) then
vEid=vEiZ* (1.-£(1i)/£f0ldi{i})**0.5
alse

viid=vEi2

endif

if (v£i3.1lt.1.d4-8) vfil=1.d-8

if (yold(i).gt.1l.d-8) then

if (y20ld(i}.gt.0.} then
yv2maxl={yZmax*y2old{i))
else

yZ2maxl=0.

endif

if (abs{y2maxl/vfo-yold{i)/vfi3).gt.1l.4-8.and.
labs (y2maxl) .gt.1.d-8) then

dg=xg*dt* {yold (i} /vEi3) **2* ({y2maxl/vfo}**2
l1-{yold (i) /vEfi3)**2)/(2.*yold{i} /vFfi3* (y2maxl/vfo)**2
2-y2maxl/vEo* ((yZmaxl/vfo)} **2- (yold (i) /vEi3) **2)
3*log{({y2maxl/vfo+yold(i}/vfi3)/ (abs({y2Zmaxl/vfo-

*x =

o~
v.o

" dyeold(i)/vEid) ) )}

else

dg=xg*dt* (y2maxl/vfo-yoeld (i) /vEi3)

endif

else

if (y20ld(i).gt.0.) then
dg=(1.5*y2max*y20ld{i) *xg*dt}**0.5

else

dg=0.

endif

endif

if (yold{i})+dg.1lt.0.) then

dg=-yold({i}

y{i)=0.

else

y(i)=yold({i)+dg

endif

else

dg=0.

endif

if (i.eq.l) y2(i)=y2old(i}-vz/vfordt/dz
1*{y2c0ld{i)-vio*y2feed)+2. *dpart*vz*dt/dz**2
2*{y201d(i+l}-y20ld{i}) ) +df-dg

if (i.gt.l.and.i.lt.m)
ly2{i)=y201d(i)+(2 . *dpart*vz*dt/dz**2
2+vz/vfo*dt/dz) *y20ld(i-1) - (4. *dpart*vz*dt/dz**2+2 _ *vz/vio*dt/dz)
3*y2old(i)+2.*dpart*vz*dt/dz**2*y20ld(i+1)+df-dg
if (i.eqg.m) y2{m}=y2old{m)-vz/vEfo*dt/dz
1*{y20ldim)-y20ld{m-1))+2. *dpart*vz*dt/dz**2
2* (y20ld{m-1)-y20ld(m) ) +df-dg

if {y2(i).1t.0.) then

yvii)=y(i)+y2 (i)

y2{i)=0.

endif

A-19

Revision 0




WSRC-TR-99-00027

Revision 0
return
end

Sample Input Listing for Thermal Analysis during Normal Operation

25,

25.

1

34.1

2.54

2.54

3.73

0.04

0.0000012

0.0000012

0.33

0.163

0.062

0.0263

0.13384

48,24

)

0.02

18250

29.

149.

187.

29.

0.25

0.05

0.274

0.458

Sample Output Listing for Thermal Analysis during Normal Operation

TIME (MIN) TMAX (°C) VTOP (CC) VSGMAX (CM/S)

0.0500 25.00786 111.02001 £.00000
0.1000 25.02581 111.02001 0.00000
0.1500 25.04540 111.02001 0.00000
0.2000 25.06753 111.02001 0.000800
0.2500 25.09177 111.02001 0.00000
0.3000 25.11744 111.02001 0.00000
0.3500 25.14420 111.02001 0.00000
0.4000 25.17226 111.02001 ¢.00000
0.4500 25.20083 111.02001 0.00000
0.0500 25.25032 111.02001 0.00000
0.1000 25.28031 111.02001 0.00000
0.1500 25.30669 111.02001 0.00000
0.2000 25.32948 111.02001 0.00000
0.2500 25.34950 111.02001 0.00000
0.3000 25.36851 111.02001 0.00000
0.3500 25.38752 111.02001 0.00000
0.4000 25.40708 111.02001 0.00000
0.4500 25.42714 111.02001 0.00000
0.5000 25.44761 111.02001 0.00000
0.5500 25.46842 111.02001 0.00000
0.6000 25.48939 111.02001 0.00000
0.6500 25.51030 111.02001 0.00000
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.7000
L7500
.8000
. 8500
.9000
. 9500
. 0000
. 0500
.1060
.1560
.2000
.2500
.3000
.3500
.4000
.4500
.5000
-5500
L6000
.6500
L7000
L7500
.8000
.8500

anns

P02 00

.9500

.0000
.Q500
.1000
.1560
.2000
.2500
.3000
L3500
.4000
.4500
.0000
.0500
.1000
.1500
.2000
.2500
.3000

3500

.4000
.4500
-5000
.5500
.6000
.6500
.7000
.7500
L8000
.8500
.9600
. 9500

nnnn

PR TAVLVEE)

.0500
.1000
.1500
.2000
.2500
.30060

25,
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.

25.
25.
25,
25,
25,
25.
25.
25.
25.
25.
25.

A

25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25.
25,
25.
25.
25.
25.

7 E

a3 .

25,
25,
25,
25.
25.
25.

e
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111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
1il.
111.
111.
111.
111.
111.
111.
111.
111.
111.
111.
11t.
111.
111.
111.
111.
i11.
111.
111.
111.
111.
111.
11lt.
111,
111.
111.
111.
111,
111
111.
111.
111.

111
L.

111.
111.
111.
111.
111.
111.

02001
02001
02001
02001
02001
Q2001
02001
02001
02001
02001

.02001

02001
02001
02001

a20n1

vauvual

02001
02001
02001
02001
02001
02001
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.00000
.00000
.00000
.G000G0
.G0000
. 00000
. Q0000
.Q0000
.00000
.00000
.00000
.00000
.00000
.00000
.0Q000
-00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
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1.3500 25.24551 111.02001 0.00000
1.4000 25.22817 111.02001 0.00000
1.4500 2%.21220 111.02001 0.00000
1.5000 25.19793 111.02001 0.00000
1.5500 25.1849% 111.02001 0.¢0000
1.6000 25.17340 111.02001 0.00000
1.6500 25.16303 111.02001 0.00000
1.7000 25.15376 111.02001 0.00000
1.7500 25.14545 121.02001 0.00000
1.8000 25.13800 111.02001 0.00000
1.8500 25.13128 111.02001 ¢.00000
1.9000 25.12519 111.¢2001 0.00000
1.9500 25.11966 111.902001 0.00000
2.0000 25.11460 111.02001 0.00000
2.0500 25.10957 111.02001 0.00000
2.1000 25.10569 111.02001 0.00000
2.1500 25.10174 111.02001 0.00000
2.2000 25.09808 111.02001 0.00000
2.2500 25.09467 111.02001 0.00000
2.3000 25.09148 111.02001 0.0000Q0
2.3500 25.08850 111.02001 0.00000
2.4000 25.08571 111.02601 0.000G0
2.4500 25.08308 111.02¢01 0.000G0
2.5000 25.08061 111.02001 0.00000
2.5500 25.07828 111.02001 0.00000
2.6000 25.07608 111.02001 0.00600
2.6500 25.07399 111.02001 0.00000
2.7000 25.07201 111.02001 0.00600
2.7500 25.07013 111.02001 0.00000
2.8000 25.06835 111.02001 0.00000
2.8500 25.06665 111.02001 0.00000
2.9000 25.06503 111.02001 0.00000
2.9500 25.06349 111.02001 0.00000
3.00800 25.06202 111.02001 0.00000
3.0500 25.06061 111.02001 0.00000
3.1000 25.05926 111.02001 0.000Q00

Source Code Listing for Thermal Analysis during a Flow Stoppage

¢ This program calculates the temperature transient following a flow

¢ interruption during elution of an ion exchange coclumn. It includes the

c effects of thermal conduction to the column walls and natural convection due
¢ to temperature and concentration gradients in the bulk seolution. The effect
¢ of plutonium and nitric acid on the bulk soluticon density is included. The
¢ program solves finite difference energy balance equations with forward time
¢ differencing, donor cell differencing for convection terms, and centered
space

c differencing for conduction terms. A list of variable definiticns follows.
c

¢ aa = parameter for calculation of saturated plutonium concentration

c ab = parameter for calculation of saturated nitrate concentration

c afl = area factor for inward radial flow, 1l/cm

¢ af2 = area factor for outward radial flow, l/cm

¢ alpha = thermal diffusivity, cm2/s

¢ anl = fraction of void volume that lies between resin beads

c area = partial cross-sectional area of resin bed for calculation node, cm2
¢ areat = total cross-sectional area of resin bed, cm2

¢ br = nondimensional radial dispersion coefficient for heat transfer equation
¢ brc = nondimensional radial dispersion coefficient for acid mass transfer
c equation

¢ brcl = nondimensional radial dispersion coefficient for acid mass transfer
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equation, due to area change with radius

bry = nondimensional radial dispersion coefficient for Pu mass transfer
equation

bryl = nondimensional radial dispersion coefficient for Pu mass transfer
equation, due to area change with radius

brl = nondimensiocnal radial dispersion coefficient for heat transfer

equation,

due tc area change with radius

bz = nondimensional axial dispersion coefficient for heat transfer eguation

bzc = nondimensional axial dispersion coefficient for acid mass transfer
egquation

bzy = nondimensional axial dispersion coefficient for Pu mass transfer
equation

aonoonNaoocao0aago0no0oo00ao0aoaoa0nan

¢ = volume fraction acid in solution between resin beads

cold = volume fraction acid in sclution between resin beads at previous time
step

cond = thermal cenductivity of resin, cal/cm/s/C

caps = heat capacity of liquid, cal/g/C

capsb = heat capacity of liquid in volume below resin bed, cal/g/C

capst = heat capacity of liguid in volume above resin bed, cal/g/C

cfeed = plutonium concentration in feed solution, g/cc

cf30 = volume fraction of feed solution occupied by HNO3

cmax2 = maximum total nitrate concentration for a saturated plutonium nitrate

selution, gmole/lit

cmx2 = 1 - nitric acid concentration/nitric¢ acid concentration at saturation

cneld = nitric acid concentration, gmole/lit

cno3b = nitric acid concentration in ligquid volume below resin bed, gmole/lit

cno3t = nitric acid concentration in ligquid volume above resin bed, gmole/lit

¢no32 = saturation nitrate concentration, calculated as a function of
plutonium concentration, gmole/lit

c¢p = heat capacity, cal/g/C

cpu = local plutonium concentration in solution between resin beads,

gmole/lit

fnac0O00nNOQO0oDOOnNNnNOoOOONON0ND0ONO0ON00O0

L
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cpu2 = saturation plutonium concentration, calculated as a function of acid
concentration, gmole/lit

cpair = heat capacity of ambient air, cal/g/C

cond = thermal conductivity

dca = change in volume fraction acid in solution between resin beads at each
calculation node

denl = density of pure HNO3, g/cc

denlb density of pure HNO3 in liquid volume below resin bed, g/cc

denlt density of pure HNO3 in liguid volume above resin bed, g/cc

den2 = density of pure H20, g/cc

denzb density of pure H20 in liquid wvolume below resin bed, g/cc

den2t density of pure H20 in liquid volume above resin bed, g/cc

dens = licuid density, g/cc

densb liquid density in volume below resin bed, g/cc

denst liquid density in volume above resin bed, g/cc

dfpor pore diffusivity, om2/s

dfprt = particle diffusivity, cm2/s

df = change in adsorbed plutonium concentration during feeding and elution,

g/cc

diffe = molecular diffusivity of HNO3, cm2/s

diffcbh = molecular diffusivity of HNO3 in volume below resin bed, cm2/s

diffct molecular diffusivity of HNC3 in volume above resin bed, cm2/s

diffy = meolecular diffusivity of Pu, cm2/s

diffyb molecular diffusivity of Pu in volume below resin bed, cmi/s

diffyt melecular diffusivicy of Pu in volume above resin bed, cm2/s

dpart = resin bead diameter, cm

dr = radial discretization step size, cm

dt = time step, =

axial discretization step size, cm

y2 = change in plutonium concentratien in solution between resin beads, dg/cc

It

1]
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¢ dy2a = change in plutonium concentration in solution between resin beads at
c each calculation node, g/cc

¢ emiss = surface emisgivity for column

c¢ £ = plutonium loading on resin, g/cc

¢ factl = factor for iterative calculation of modified stream function

¢ fact2 = factor for iterative calculation of modified stream function

¢ fact3 = factor for iterative calculation of modified stream function

¢ factd = factor for iterative caleulation of modified stream function

¢ facts = factor for iterative calculation of modified stream function

¢ fox = weighting factor for elutien of plutonium by acid dilution

¢ ffac = multiplying factor for rate of adsorption of plutonium by resin,

c added to prevent adsorption rate from exceeding rates of convection
c and dispersion mass transfer and thereby making calculation
numerically

o000 QMOo0O0O0anNonNocooOOoOnNnOocOOOnNnNQO00000000

unstable

ffcx = weighting factor for elution of plutonium by acid dilution

ffeed = maximum plutonium resin bed concentration, g/cc

fold = plutonium loading on resin at previous time step, g/cc

fou = multiplier used to maintain constant plutonium content in coclumn

fx = total bulk plutonium concentration, g/cc

grav = gravitational acceleration, cm/s2

gzn = update value of modified stream function, cc/s

gzo = value of stream function for previous iteration, cc/s

heonv = coefficient for natural cenvection heat transfer to sides of column,
also overall convective heat transfer coefficient, cal/cm2/s/C

hconv2 = coefficient for natural convection heat transfer to top and bottom

of column, cal/cm2/s/C .
hconvzb = overall coefficient for natural convection heat transfer to liguid
volume at bottom of column, cal/cm2/s/C

hconv2t = overall coefficient for natural convection heat transfer to liguid
volume at top of column, cal/cm2/s/C
hconvd = coefficient for forced convection heat transfer .to column, assuming

an ambient air velocity of 30 cm/s {1 £ft/s}
hrad = radiation heat transfer coefficient, cal/em2/s/C
hte¢ = heat transfer coefficient, cal/em2/s/C
hte2b = overall heat transfer coefficient for liquid volume below resin bed,
cal/em2/s/C
htc2t = overall heat transfer coefficient for liquid volume above resin bed,
cal/cm2/s/C
iht = indicator for heat transfer to ambient air (iht=1) or to water-cooled
jacket (iht=2) (A heat transfer coefficient is calculated for heat
transfer to ambient air, and a surface temperature is specified for
cooling by a water jacket.)
indk = indicator that tells whether rate of adsorption of plutonium exceeds
rate of mass transfer due to convection and dispersion. If true,
indk=1 and adsorption rate is halved. If false, indk=0.
ind3 = indicator that tells whether solution between the resin beads is
saturated with plutonium (If ind=1, solution is saturated and program
is directed to loading rate calculations in subroutine feeder; if

ind=0,

c solution is not saturated and program is directed toc elution rate

c calculations in subroutine elut.)

¢ ldown = depth of liguid in column below resin bed, cm

c lup = height of liquid in ceolumn above resin bed, cm

¢ length = column length, cm

¢ m = number of axial discretization nodes

e mlen = effective mixing length for axial dispersion coefficient, ratic of

c dispersion coefficient to mixing velocity, cm

¢ mlen2 = mixing cell height for axial dispersion due to Benard cell mixing, cm
¢ n = number of radial discretization nodes

~ m = Nusselt number for natural convection heat transfer to ambient air from
¢ sides of column

c nu?2 = Nusselt number for natural convection heat transfer to ambient air from
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top and bottom of column
nud = Nusselt number for forced convection heat transfer to ambient air,
- 1 1
L/ I

Asmauming adir walas~dtbar A F
S

AN o 1 -
lanidrdg Al VELOCATY L sw CM/AS (4

phi = updated temperature, K

poszn = distance from top cof resin bed, cm

pr = Prandtl number for ambient air

pua = total amount of plutonium adsorbed on the resin beads, g

puac = initial total amount of plutonium adsorbed on the resin beads, g

‘puf = total amount of plutonium in the column, g

pusn = total amount of plutonium in solution, g
pusnc = initial total amount of plutonium in soclution, g
put = amount of plutonium fed to the column, g
gdot = heat production rate due to plutonium loading, cal/cc/s
radius = column radius, cm )
rayl = Rayleigh number for natural convection heat transfer to ambient air
from sides of column
rayl2 = Rayleigh number for natural convection heat transfer to ambient air
from top and bottom of column
re = Reynolds number for forced convection heat transfer to column, assuming
an ambient air wvelocity of 30 cm/s (1 ft/s)
rhep = product of density and heat capacity for bulk resin bed, cal/cc/C
rhcp2 = product of density and heat capacity for solution between
resin beads, cal/cc/C
rhep2b = product of density and heat capacity for liquid volume below resin
bed, cal/cc/C
preduct of density and heat capacity for liguid volume above resin
bed, cal/cc/C
rho = bulk density, g/cc
rhoair = density of air at resin column surface, g/cc
rhoamb = density of ambient air, g/cc
rrn = updated radial position, used in radial integrations of flow rates and
temperatures, cm

rhcplt

rro = second previous radial position, cm
rrr = previocus radial position, cm
rrl = radial position of calculation node, cm

rl = radial position, cm

r2 = radial position; cm

gdet = heat production rate due to plutonium loading, cal/cc/s

scl = volume fraction acid in scolution in liguid volume at top of column

scla = change in volume fraction acid in solution in liquid veolume at top of
column

sc2 = volume fraction acid in solution in liquid volume at bottom cf column

sc2a = change in volume fraction acid in solution in liquid volume at bottom
of column

sf = gstream function for superficial velccities in resin bed, cm2/s

sigma = Boltzmann's constant, cal/cm2/s/K4

steml = temperature in the liguid volume above the resin bed, K

stemla = change in temperature in the liquid volumn above the resin bed, K

stemle = temperature in the ligquid volumn above the resin bhed, C

stemZ = temperature in the liguid volume below the resin bed, X

stemZa = change in temperature in the ligquid volume below the resin bed, K

stemZc = temperature in the liquid volume below the resin bed, C

stp = total number of calculation time steps

sumsf = integration parameter for stream function calculation, cc/s

svz2 integrated volumetric flow rate out column, cc/s

sy21 plutonium concentration in liguid volume at top of celumn, g/cc

sy2la = change in plutonium concentratien in ligquid volume at top of column,

g/cc
sy22 = plutonium concentration in liguid volumn at bottom of column, g/cc
sy22a = change in plutonium concentration in liquid volume at bottom of

~ralamn et e
c PR

LOR R LH S ST

tamb = ambient temperature, K
tau = time constant for loading plutonium on resin, s
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tau2 time constant for eluting plutonium from resin, s

tenl thermal cenductivity for nitric acid, cal/cm/s/C

tenlb = thermal conductivity for nitric acid in volume below resin bed,
cal/cm/s/C

tenlt = thermal conductivity for nitric acid in volume above rxesin bed,
cal/cm/s/C

ten2 = thermal conductivity for water, cal/cm/s/C

ten2b = thermal conductivity for water in volume below resin bed, cal/cm/s/C

ten2t thermal conductivity for water in volume above resin bed, cal/cm/s/C

tenm = thermal conductivity for bulk resin bed, cal/cm/s/C

tenmbh = thermal conductivity for liquid in velume below resin bed, cal/cm/s/C

tenmt = thermal conductivity for liquid in volume above resin bed, cal/cm/s/C

telut = time for elution, s

temb = product of volumetric flow rate out of resin bed and temperature at
bottom of resin bed, K-cc/s

temch = maximum temperature in column, C

n

temc = temperature, C
temp = temperature, K
time = elapsed time after flow is interrupted, m

time2 = elapsed time after flow is interrupted, s

tinte = time interval for printing maximum resin bed temperatures, s

tinte2 = time for printing bed temperature profiles, s

tlecad time for loading, s

twash = time for washing, s

tzero = initial temperature, K

tzero = temperature of solution entering column, K

vbot = volume of liquid below resin bed, cc

vel2 = velocity of ambient air, cm/s

vii = volume fraction in resin bead pores, prior to adsorption of plutonium

vEfi2 = volume fraction in resin bead pores, after adsorption of plutonium

vfi3l = volume fraction in resgin bead pores, adjusted for actual amount of

plutonium adsorbed

vifo = volume fraction occupied by flowing solution

vis liguid dynamic viscosity, g/cwm/s

visb = dynamic viscosity for liquid volume below resin bed, g/cm/s

vist = dynamic viscesity for liquid volume alove resin bed, g/cm/s

visair = dynamic viscosity of ambient air, g/cm/s

vmid = total volume of resin bed, cc

vr = superficial radial veleogity, cm/s

vtop = volume of liguid above resin bed, cc

vz = superficial axial wvelocity, cm/s

vzsum = integration parameter for integration of axial velocity profile, ce/s

wf = weighting factor for axial dispersion coefficient, based on distance
over which density difference for natural convection velocity is based

x = fractional loading of plutonium on resin ’

xg = elution rate constant, l/s

xkair = thermal conductivity of ambient air, cal/cm/s/C

xold = fractional loading of plutonium on resin at previous time step

xx1 = mass fraction nitric acid in the solution between resin beads

xx1b = mass fraction nitric acid in ligquid volume below resin bed

xx1lt = mass fraction nitrie acid in liguid volume above resin bed

¥ = bulk plutonium concentration in pore solution, g/cc

vold = bulk plutonium concentration in pore solution at previous step, g/cc

v2 = bulk plutonium concentration in solution between resin beads, g/cc

v2feed = plutonium concentration in solution entering resin bed, g/cc

y2max = maximum bulk plutonium concentration in solution between resin beads

during elution, g/cc
y2max2 = maximum plutonium concentration for a saturated plutonium nitrate
solution, gmole/lit

y2mx2 = maximum bulk plutonium concentration in solution between resin beads

during elapsed time during elution, g/cc

bulk plutonium concentration in solution between resin beads at

previocus time step, g/fcc

n

y2old
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zden = area-average liquid density at a given level, g/cc
Zvz = area-average superficial axial velocity at a given level, cm/s
implicit double precision (a-z)
integer i,j,m,mml,n,nnl,q,r,s,stp,stp2,iskip,isl,mm2,mm3, jlev,
lind, istt,isteg, ind3,k,.nct,nce2, nee3, nlast, j4, jmax, jmin, mmd , mm5,
2indk, k2
character*1( chl
dimension temc({200,100),temp(200,100),phi (200,100}
dimension vr {200, 100),vz{(200,100),dens(200,100), zden (200}
dimension vis (200,100} ,zvz{200)
dimension area(100),den2(200,100),brl(200,100),brcl(200,100)
dimension rhep{200,100),tcnm{200, 100}
dimension bz {200,100),br {200,100}, £x(200,100)}
dimension rrl(1l00),bzc{(200,100),brc¢{200,100)
dimension bzy(200,100) ,bry(200,100),bryl(200,100)
dimension rhep2(200,100),diffy{(200,3100),diffc (200,100}
dimension alpha{200,100),9z0(200,100),gzn(200,100)
dimension dy2a(200,100),dca(200,100;}
dimension afl(100),af2{100),vzm{200)
dimension ¢{200,100),c01d(200,100),£(200,100}), feld(200,100),
1x (200,100} ,%0ld(200,100) ,¥2(200,100),v201d(200,100},
2denl (200, 100),ind3 (200,100} ,cmx2 (200,100},
3y2max {200,100}
character tab /39/
common /elutl/c,celd, £, fold,x,xold,yv2,v2cld, denl,
2y2max,y2max2,cmax2, ind3, cmx2, cfeed, dt, tau, tau2, £feed, anl,
3dpart,dz,xqg,vifi2,vio,ind
Input ambient temperature in °C.
read (5,*) tamb

Trnrnut indicatnr for a3
iNpucT 1NG1Cace L0 al

-

iht=2}),
read (5,*) iht

Input resin bed depth in centimeters.
read (5,*} length

Input height above resin bed in centimeters.
read (5,*) lup

Input depth below regin bed in centimeters.
read {(5,*) ldown

Input column radius in centimeters.
read (5,%*) radius

Input particle diameter in centimeters.
read (5,*) dpart

Input pore diffusivity in cm2/sec.
read (5,*} dfpor

Input particle diffusivity in cm2/sec.
read (5,*) dfprt

Input void fraction.
read (5,*) vfo

Input maximum resin bed concentration.
read (5,*) ffeed

Input radiolysis heat in cal/cc/sec.
read (5,*} gdot

Input initial volume fraction nitric acid.
read (5,*) <f30
pi=4.*atan(l.)

Input parameters for mixing model.

rho=1.23

cp=0.76

tzero=tzero+273.0

tamb=tamb+273 .0

grav=980.

vfi=0.132

v£i2=0.160

> h
I I

oat tranaf
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anl=l,/{(vfo+vEfi}
mlen=0.48*radius
mlen2=1.6*radius
cau=dpart**2/ (4. *pi**2}/dfprt
tau2=dpart**2/(24.*0.75*dfpor)
xg=4.*pi**2*dfpor/dpart**2* (1.-vfo)
aa=1,
k=1
do while (k.le.§)
aa=aa-{(aa**5-2.9**4*0.26* (4 .-aa)*{1l.-aa)**4)
1/(4. *aa**4+2 9**4+%(0 26%((1l.-aa)**4+4.*(4d.-aa)*(l.-aa)**3})
k=k+1
enddo
y2maxZz=aa/2.9/{(4.-aa)/{1l.-aa)
cmax2=4 . *y2max2
¢ Input # steps in axial, radial directions.
read (5,*) m,n
¢ Input # of data points tc skip between reading each concentration.
read (5,*) iskip
¢ Input starting line for reading concentration profile.
read (5,*) istc
m=m+1
-n=n+1l
mml=m-1
nnl=n-1
mm2=m+1
mm3 =m+2
mmd =m-2
mm5 =m-3
¢ Read in temperatures,
read (9,*) stemlc
read (9,*) stemic
steml=stemlc+273.
stemZ2=stem2c+273.
J=m
do while (j.ge.l)
i=n
do while {i.ge.l)
read (9,*) temp(j,i}
temp{j,i)=temp{j,i)+273.
i=i-1
enddo
i=2
do while (i.le.n)
read (9,*) temc(3j,i)
temp(j,i)=temc{j,i)+273.
i=i+l
enddo
j=j-1
enddo
¢ Read in concentrations.
istc=iste-1
k=1
do while (k.le.istc)
read (8,%*)
k=k+1
enddo
=1
do while {(j.le.m)
read (8,*) tim,1ln,xcl,xc2,xc3,xcd,xchd
i=1
do while (i.le.n}
cl(j,i)=cf30*{1l.-xcl}
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cold{j,i)=c(j. i)
f(3,1)=xc2
fold(j,i)=xc2
Y2 (7,1)=xc3+xcd
y2o0ld(j,i}=xc3+xcd
xeld(j,i)=xc2/ffeed
£x(j,1)=xcb
i=i+1
endde
j=3+1
enddo
read (8,*) tim,1ln,xcl,xc2,xc3,xcd,xch
scl=cf30*(1.-xcl)
sy2l=xc3
read (8,*) tim,1ln,xcl,xc2,xc3,xcd,xch
sc2=cf30* (1. -xcl)
sy22=xc3
dz=length/dflicat (mml)
dr=radius/dfloat(nnl)
vtop=pi*radius**2*1lup
vbhot=pi*radius**2*ldown
vmid=pi*radius**2*length
area({l)=pi* (0.5/dfloat {nnl}*radius}**2
area(n)=pi*(l.-((dfloat(nnl)-0.5)/dfloat(nnl) ) **2} *radius**2
i=2
do while (i.le.nnl)
ri=(dfloat(i)-1.5)/dfloat {nnl)*radius
r2=(dfleat{i)-0.5}/dfloat{nnl) *radius
area{i)=pi* (r2**2-rl1**2)
i=i+l
enddo
areat=pi*radiug**2

¢ Input starting time increment in seconds.
read (5,*) dts

¢ Input later time increment in seconds.
read (S,*) d4dtf

¢ Input number of time steps for starting time increment.
read (5,*) stp2

¢ Input total number of time steps.
read (5,*) stp

¢ Initialize radial positions.
rrl{l)=0.
i=2
do while (i.le.n)
rrl{i)=rrl(i-1)+dr

i=i+l
enddo
afl(l)=0.
af2(1)=0.
i=2

do while (i.le.nnl)
afl{i)=2,*rr1{i}/(rri{i) **2-rr1{(i-1)**2)
af2{i}=2.*rr1 (i) /(rrl(i+1)**2-rrl(i)**2)
i=i+1
enddo

¢ Initialize physical properties.
stemlc=steml-273.
stem2c=gstem2-273.
denlt=1.6603-1.9894e-3*stemlc
denlb=1.6603-1.98%4e-3*stem2c
den2t=0.99683-1.3010e-4*stemlc-2.4358e-6*stemlc**2
den2b=0.99683-1.3010e-4*stem2¢c-2.4358e-6*stem2c**2
xxlt=denlt*scl/ {denlt*scl+den2t*(1.-scl}}
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xxlb=denlb*sc2/ (denlb*sc2+den2b* (1.-s5¢2))
cnoldt=scl*denlt*1000./63.-4.*sy21*1000./238.
cnolb=sc2*denlb*1000./63.-4.*sy22*1000./238,

if (cno3t.lt.0.) cno3tsC.

if {(cno3b.lt.0.) cnolb=0. i
denst=den2t+0.4277*sy21*1000./238.+0.031*cno3t
densb=den2b+0.4277*sy22*1000./238.+0.031*cno3b
capst=1.0104-(1.419-0.3* (stemlc-20.)/80.) *xx1lt
1+(2.005-0.6*{stemlc~20.)/80,) *xxle**2
2-1{1.147-0.3* (stemlc=-20.)/80.) *xx1t**3
capsb=1.0104-{(1.419-0.3*({stem2c-20.) /80.) *xx1b
1+{2.005-0.6%(stem2c-20.}/80.) *xxlb**2
2-(1.147-0.3*(stem2¢c-20.)/80.) *xxlb**3
rheplt=denst*capst

rhepZb=densb*capsb

tenlt=6.1388e-4+1.39%51le-6*stemlc
tcn2t=1.3518e-3+2.7%03e-6*stemlc
tcnlb=6.1388e-4+1.3951le-6*stem2c
tcn2b=1.3518e-3+2.7903e-6*stem2c
tenmt=tenlt*xxlt+ten2t* (1. -xxlt)
tenmb=tcnlb*xxlt+ten2b* (1. -xx1t)
vist=0.01002*10.**({1.3272*(20.~stemlc)-0.001053*
l(stemlc-20.)**2})/ (stemlc+105.}))} ’
visbh=0.01002*10.**((1.3272*(20.~stem2c)~0.001053*
li{stem2c-20.}1**2)/(stem2c+105.))
Giffyt=8.314/96500%*2*gstemi*(1./1.+41./3.}/{1./69.5
1+1./71.4)

diffct=8.314/96500**2*steml* (1./1.+1./1.)/(1./349.8
1+1./71.4)
dAiffyb=8.314/96500**2*stem2*(1./1.+1./3.)/(1./69.5
1+1./71.4)
diffcb=8.314/96500**2*stem2*(1./1.+1./1.}/(1./349.8
1+1./71.4)

i=1

do while (i.le.n)

j=1

do while (j.le.m)

temc({j,i)=temp(j,i)-273.
denl{j,i)=1.6603-1.989%4de~-3*temc({]j, 1)
den2(j,i}=0.99683-1.3010e-4*tenc(j,i)-2.4358e-6*temc({],i}**2
xxl=denl (i, i) *c(3, i)/ {denl(j, 1)*c{]j,it+den2 (], 1) *{1.—c{j,i}}
cnold=c(j,i)*denl(j,1)*1000./63.-4.*y2(3,i)*1000./238./vfo
if (cno3.1t.0.) cno3=0.
dens(3,i)=den2(j,1)+0.4277*y2{(3,1)*1000./238./vfo+0.031*cno3
tcnl=6.1388e-4+1.3951e-6*temc{(j, 1}
ten2=1.3518e-3+2.7903e-6*temc (], i}
tenm({j,i)=tcnl*xxl+ten2* {1.-xx1)
tenm({j,i)=0.5* (5. e-4+tenm(y, i)}
caps=1.0104-(1,.419-0.3*(temc{j,1})-20.}/80.) *xx1
1+(2.005-0.6%(temc(3,1)-20.)/80.) *xx1**2
2-(1.147-0.3*(temc(j,1i}-20.)/80,) *xx1**3
rhep(j,i)=0.5%1.25%0.52+0.5*dens (j, i) *caps
rhep2(j,il=dens (j, i) *caps
vis(3,1)=0.01002*10.**({(1.3272*(20.-temc(3,1))-0.001053*
1{temc{j,i)-20.)**2})/ (temc(j, i}+105.))
alpha(j,i)=tenmi{j,i}/rhecpi{j, i}
diffy{j,11=B.314/536500**2*temp(j,1}*{1./1.+1./3.}/{1./65.5
1+1./71.4)
diffc(j,1)=8.314/96500**2*temp(j,1)*(1./1.+1./1.)/{1./349.8
1+1./71.4)
bz{j,i}=(alpha{j,i}+2.*dpart*abs(vz(j,1)) *rhep2(j, i) /rhep(j, i)}
1*dt/dz**2
bzy(j,i)={diffy(3,1)+2.*dpart*abs(vz(j,i}))*dt/dz**2

Y
i

4
X
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bzc(j,i}=(diffc(j,i}+2.*dpart*abs{vz(j,i))})*dt/d=z**2
3=3+1

enddo

i=i+l

enddo

i=1

do while {(j.le.m)
br{(j,1l)=(alpha(j,1l)+0.4*dpart*abs{vz{j,1})*rhep2(j,1l}/rhcp(j, 1)}
1*dt*4. /dr**2

bril{j,1)=0.

bry{j,1)=(diffy(j,1)+0. 4*dpart*abs{vz(j, 1)) ) *dt*4./dxr**2
bryl({(j.1}=0.
bre(j,1y={(diffc({j,1)+0.4*dpart*abs{vz(j, 1} )} *dt*4. /Adr**2
brel(j,1})=0.

J=j+1

enddo

i=2

do while (i.le.n)

j=1

do while (j.le.m)
br(j,i)=(alpha(j,i)+0.4*dpart*abs(vz(j,i}) *rhcp2(j,1i)
l/rhep(j.i))*at/dr**2
brl(j,i)=s(alpha(j,i)+0.4*dpart*abs{vz{j,i}) *rhep2(j,1)
1/rhep(f,i)}y*¥de/dr/xrl{i} /2.
bry(j,i)={(diffy{j,1)+0.4*dpart*abs(vz{j, i} )} *dt/dr**2
bryl(j,i)={(diffy(j,1}+0.4*dpart*abs(vz{j,i}))*dt/dr/rrl(i)/2.
bre{j,i)=(diffc(j,i)+0.4*dpart*abs(vz(j,i)}) *dt/dr**2
brcl{j,i)={diffc{j,i)+0.4*dpart*abs(vz(j,i)))*dt/dr/rri(i)/2.
ij=j+1

enddo

i=i+]

enddo

c Write input variables to output.

write (1,100) length,radius.m,n

write (1,121) dpart,vfo

write {(1,101) dt, htc,htc2

c write (1,110) sumf
100 format ('L (CM) =',£7.3,2x,'R (CM) =',f7.3,2x, "AXIAL NODES ="',
1i3,2x, ‘RADIAL NODES =',i3)
101 format ('DT (8) =',£8.4,2x, "HSID (CAL/CM2/8/°C) =',£f9.6,
12x, 'HTOP (CAL/CM2/3/°C) =',£f9.6)
¢ 110 format ('PU CHARGE (GM) =',6fl1.4)

write {(2,*) 'TIME (MIN)',tab, ‘TMAX (°C)',tab, 'PUA {(GM)',
ltab, 'PUT (GM)'
121 format ('PART DIAM (CM) =',f8.4,2x, 'VOID FRACTION =',b£7.4)
¢ Find highest temperature.
temch=0.
j=1
do while (j.le.m)
i=1
do while (i.le.n)
if (temch.lt.temc{j,i)) then
temch=temc (3, 1)
endif
i=i+1
enddo
j=3+1
enddo
¢ Calculate total amounts of plutonium and plutonium adsorbed.
pua=0.
puf=areat* (lup*sy2l+ldown*sy22)
pusn=areat* {lup*sy2l+ldown*sy22)
i=]
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do while {(i.le.n)
pua=pua+0.5*dz*area(i)*{(f(1l,i)+f(m, 1))
puf=puf+0.5*dz*area{i)* {fx(1,i)+fx(m, i)}
pusn=pusn+0.5*dz*area{i}* (yv2(1,i)+y2{m, 1))
i=i+l
enddo
j=2
do while (j.le.mml)
i=1
do while (i.le.n)
pua=pua+dz*£f(j,i) *area (i)
puf=puf+dz*fx(j, i) *area(i)
pusn=pusn+dz*y2{(j, i} *area (i)
i=i+1
enddoe
J=j+1
enddo
puao=pua
pusno=pusn
time=0.
if (abs{nint{time/2)-time/2).1t.0.001)
lwrite (2,301) time, tab, temch, tab,pua, tab,puf
¢ Set initial wvelcocities egual to zero.
j=1
de whil
vzm(j) =
i=1
do while (i.le.n)
vzi{j,i)=0.
vr{j,i)=0.
i=i+l
enddo
Jj=j+1
enddo
i=1
¢ Write initial concentrations and temperatures.
write (1,*) *‘TIME (MIN)',tab, 'POS (CM)',tab, ‘'LOAD’, tab,
1'TCEN (°C}',tab, 'TMID (°C)‘,tab, 'TOUT (°C)*
write (6,*} 'TIME (MIN)', tab, 'LENGTH (CM}', tab, 'ELU (VF)', tab,
1'aDs (G/CC) ', tab, 'LIQ (G/CC)',tab, 'TOT (G/CC)'
j=1
write (1,102) time,tab,-1.,tab,0.,tab,stemlc, tab,stemlc,
ltab, stemlc
do while {j.le.m}
poszn=length* {j-1)/{m-1)
write (1,102} time,tab,poszn,tab,f(j.1l),.tab,temc(]j, 1), tab,
lteme(j,5),tab, temc({j,n)
write (6,400) time,tab,poszn,tab,c(j,1},tab,£(j,1),tab,y2(3,1),
ltab, £fx{(3,1)
J=j+1
enddo
write (1,102) time,tab,-2.,tab,0.,tab,stem2c, tab,stem2c, tab,
lstem2c
¢ Perform transient calculations.
indk=1
s=1
time2=0.
dc=dts
do while (s.le.stp.and.vtop.gt.5.)
if (s.gt.stp2} dt=d4dtf
c Calculate heat transfer coefficients
sigma=1.356e-12
emiss=0.6

1a.m
i

5] ]
VJj.xe.my

0.
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tavg=0.

g=1

do while (g.le.m)

tavg=tavg+temp (g, n}

g=qgtl

enddo

tavg=tavg/m

hrad=emiss*sigma* (tavg**3+tavg**2*tamb
l+tavg*tamb**2+tamb**3)
cpair=3.5%1.9872*29.
xkair=0.0262/100*0_2389

visair=0.00018

pr=cpair*visair/xkair
rhoamb=29./82.057/tamb
rhoair=29./82.057/tavg

rayl=grav* {length+lup+lidown) **3*rhoamb* (rhoamb-rhoair)
1/visair**2*pr

if (rayl.gt.0.) then
nu=0.59%*rayl**0.25

andi f

if {(ma.lt.1.) nu=1.

hconv=nu*xkair/ (iength+lup+ldewn)

veal2=30.0

re=2.*radius*vel2*rhoamb/visair

nu3=0.683*re**() 466*pr**~(1./3.}

heconv3=xkair*nu3d/2./radius

if (hconv.lt.hconv3) hconv=hconv3

hte=hconv+hrad

hrad=emiss*sigma* {steml**3+steml**2*tamb+steml*tamb**2+tamb**3)
rhoalir=29./82.0%7/steml

emmmr ] —waan S A [P i, W, IR T (IR I [ R MU S N S S TR B
Ldayd-~yrLav’ |1IEly L+ LlUup+laowil) = 72 " L Hodllo”™ | INodinb-rivall )
l/visair**2*pr

if {(rayl.gt.0.) then

nu=0.59*rayl**0.25

endif

if (nu.lt.1l.) nu=1.

hconv=nu*xkair/{length+lup+ldown}

rayl2=grav* (2. *radius) **3*rhocamb* (rhoamb-rhoair) /visaixr**2+*pr
if (rayl2.gt.0.) then

nu2=0.54*rayl2**0_ 25

endif

if (nu2.1lt.1.} nu2=1.

hconv2=nu2*xkair/2./radius
hconv2t=(2.*radius*lup*hcenv+radius**2*hconv2) / (2. *radius*lup
l+radius=**2)

vell2=30.0

re=2.*radius*vel2*rhoamb/visair
nuid=0.683*re**0.466*pr**(1./3.)

heconv3i=xkair*nu3/2./radius

if {(hconvZt.lt.hconv3) hconv2t=hconv3

hteZt=shrad+hconvat

hrad-emiss*sigma* (stem2**3+stem2**2*tamb+stem2*tamb**2+tamb**3)
rhoalr=29./82.057/stem2

rayl=grav* (length+lup+ldown) **3*rhoamb* (rhoamb-rhoair)
l/visair**2*pr

if {(rayl.gt.Q.} then

nu=0.59*rayl**0.25

endif

if {(nu.lt.l.) nu=l.

hconv=nu*xkair/{length+lup+ldown}

rayl2=grav* (2. *radius)**3*rhoamb* (rhoamb-rhoair) /visair**2+*pr
if (rayl2.gt.U.) then

nu2=0.27*rayl2**0,25
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endif

if (nu2.1t.1.) nu2=1.

heconv2=nuz2*xkair/2./radius

heconv2b=(2. *radius*ldown*hcoenv+radius**2*hconv2)/ (2. *radius*ldown
l+radius**2)

vel2=30.0

re=2.*radius*vel2*rhoamb/visair

nu3=0.683*re**0 . 466*pr**(1./3.)

heony3Isvkair nmual /2 /radius
aconvasxXralr mui/ . /racaius

if (heconv2b.lt.hconv3) hconvZbshconvi
htc2b=hrad+hconv2b
¢ Calculate changes in temperatures and concentrations in the liquid volumes
¢ above and below the resin bed.
sy2la=0.
sy22a=0.
scla=0.
sc2a=0.
stemla=sy21*0.8*gdot*dt/rhcp2t !
stemZa=sy22*0.8*gdot*dt/rhcp2b
i=1
do while (i.le.n)
stemla=stemla+(bz(1l,i}*dz/lup+vzm(l)*dt/lup/dz}
l*area(i)/areat* (temp({2,1)-steml}
stemZa=stemZa+ {(bz {m, i) *dz/ldown+vzm(m) *dt/ldown/dz}
l*area(i)/areat* (temp(mml, i)-stem2)
sy2la=sy2la+{bzy(l,i)*dz/lup+vzm{l}*dt/lup/dz}
l*area(i) /areat*{y20l1d(2,1i)/vfo-sy2l)
sy22a=sy22a+{bzy(m,i) *dz/ldown+vzm(m) *dt/ldown/dz}
l*area(i) /areat* (y2o0ld(mml, i) /vfo-sy22)
scla=scla+(bzc(l,i)*dz/lup+vzm{l}*dt/lup/dz)
i*area{i}/areat* {cold{2,1}-scl]
sc2a=sc2a+{bzc(m,i}*dz/ldown+vzm(m)*dt/ldown/dz)
l*area{i) /areat* {cold{mml,i}-sc2)
i=i+1
enddo
stemlasstemla+htc2t* {radius**2+2,*lup*radius) /lup/radius**2
i*dt/rhep2t* (tamb-steml)
stemZa=-stemZa+htc2b* {radius**2+2 . *1ldown*radius) /ldown/radius**2
1*dt/rhep2b* (tamb-stem2)
¢ Initialize changes in concentrations.
j=1
do while (j.le.m}
i=1
do while {i.le.n)
dy2a(j,i)=0.
decal(j,i)=0.
i=i+l
enddo
d=7+1
enddo
¢ Calculate temperature and concentration changes in middle of column.
g=2
do while (g.le.mml)
phi{g,n}=temp{g,n)+fx{g,n) *0.8*qgdot*dt/rhcp{qg,n}
phi(g,n}=phi (g, n)+bz{q,n}) *(temp{g+1,n)+temp{g-1,n)-2.*temp (qg,n})
l+htc*dt/rhep(g, ) *{1./dr+1./2./rrl(n})}*{tamb-temp(qg,n))
2+br {g.nnl)* (temp{g,nnl}-temp{qg,n})
3+2.*brl(g,n) *{temp (g, n) -temp (g, nnlj)
4+vzm{q) *rhep2 (g, n) /rhep (g, n) *de/dz**2* {temp (gq+1,n) +temp (g-1.n)
5-2.*temp(qg,n))
dy2alg,n)y=dy2a({qg,ni+bzy{q.n}/vfo* (y2old{g+1l,n)+y20ld{g-1,n)
1-2.*y20ld{q,n})
2+bry{q.nnl) /vio* (y2old(g.nnl) -y2old{g,n)}
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3+2.*bryl{g.n}/vifo*{y20ld(qg,n)-y2o0ld{q,nnl})}

4+vzm{q) /vio*dt/dz**2% {y201d (g+1,n)+y20ld({g-1,n}-2.*y20ld(qg,n}}
deca(g.n)=dcal(g,n)+anl* (bzc{qg,n}*{cold(g+l,n)+cold(g-1,n)
1-2.*cold{g.,n))

Z+brec(qg,nnl}*(cold(qg,nnl)-celdiq,n})

342.*brel(g,n) *{cold{qg,n) ~cold(g,nnl})

d+vzmig) *dt/dz**2* (cold(g+l,n)+cold{g-1,n}-2. *cold(g,n) )

if (vz{g.n).gt.0.) then
phi{qg,n)=phi(qg,n)-vz(g,n) *dt/dz*xhep2 (g, n) /rhep (g, n)
1*{temp{qg,n)-temp{g-1,n))

dy2a{qg,n)=dy2a{g,n}-vz{g,n) *dt/dz/vfo*{y2cld(q,n)-y20ld{g-1,n))
deal(g,n)=dcalg,n)-anl*vz(g,n)*dt/dz* {cold(q,n) -cold({g-1,n})
endif

if (vz(g,n}.lt.0.) then

phi (g, n)=phi{g,n})-vz{g,n) *dt/dz*rhep2 (g, n) /rhepig,n)
1*{temp(g+l,n)-temp({qg,n))
dy2alqg,n)=dy2a{qg.n)-vz{g,n}*dt/dz/vio* (y2old(g+l,n)-y2ecldi{g,n)}
dcai{g,n}=dca{qg,n)-anl*vz{qg,n)*dc/dz* (cold{g+l,n)-celd(g,n)}
endif

g=q+1

enddo

g=2

do while (g.le.mml)

r=2

A S |

A il s v Ta sven1 )
U WILL1T (L, A8 0000

1L}
phi (g, r)=temp(qg,r)+£fx{g,r}*0.8*gdot*dt/rhep (g, r)
phi(g,r)=phi(g,r)+bz(q,r)*(temp{g+l,ri+cemp(g-1,r)-2.*temp (g, )}

l+br{g,.r-1)*(temp(g,r-1)-temp (g, ¥) )

2+br{g.r)*(templ{g,r+l)-temp({qg,r))

J+brl{g,r)*(temp(g,r+l)-temp(g,r-1)}

4+vzm{qg) *rhep2 (q,r) /rhep{q,r) *dt/dz**2* (temp (g+1, r)+temp (g-1.r)

S-2.*templ{q,xr))
dyZal(q,r)=dy2a{q,r)+bzci(g,.xr)/vEo*{y2o0ld{g+l, r)+y20ld(g-1,r)

1-2.*yv2old(qg,r))

2+bry(qg,r-1) /vfo* (y20ld(g,r-1)-y2o0ldig,r})

S3+bry(q,r)/vio*{y2oldi{g,r+1)-y20lidig,x)}

4+bryl(q,xr) /vio*{y20ld(q,r+1)-y20ld{q,r-1})}

S+vzm(qg) /vEordt/dz**2* (y2o0ld(g+l, r) +y2old{g-1,r)-2.*yv20ld{q,x))
dca(g.r)=dca(qg,r)+anl* (bzcl{g,r)* (cold(g+l,r)+cold(g-1,r)

1-2.%cold{g, )}

2+bre{qg,r-1)*(cold(g,r-1)-coldi{q,r})

3+bre{g,.r)*{cold(g,r+l) -cold(q,r))

4+brecli{g,r}*(cold{g,r+li)~cold(qg,r-1})

S+vzm(g) *dt/dz**2* (cold(g+l,r)+cold(g-1,r)-2.*cold(qg,xr) )}
if (vz(qg,r).gt.0.) then
phi{g.r}t=phii{qg,r)-vz{q,r)*dt/dz*rhecp2{qg,r) /rhecp{q,r}

1*({temp{g,r)-temp (g-1,1r})
dy2a(q,r)=dy2ala,r}-vz (g, r)*dt/dz/vio*{y20ld{q,r}-v20ld(g~1,T))
decal(g,ry=dcalqg,r}-anl*vz (g, r)*dt/dz* (cold(qg,r)-cold(g-1,x)}
endif
if (vz{g,r).lt.0.) then
phiig,r)=phi(qg,r)-vz(q,r)*dt/dz*rhep2(q,r}/rhepid.r)

1* (temp{g+l,r)-temp{g,r))
dy2a{q,r)=dy2a(g,r)-vz{g,r)*dc/dz/vio* (y2old(g+l,r)-y20ld(g.r))
dca(q,r}=dca{qg,r)-anl*vz{qg,r)*dt/dz* (cold{g+l,r}-cold(qg,r)}
endif
if {(vr{g,r).gt.0.} then
phi{qg, r+1)=phi(qg,r+l)-vr(q,r)*dt*af2(r)*rhep2{q,r)/rhepi{g.r)

1* (tempi{q,r+l}-tempi{q,xr))
dyzalgq,r+1l}=dy2aiqg,r+l)-vr{q,xr}*dc*af2(r}/vio

1* (y20ld(qg,r+1}-y20ld(qg,r))
decalg, r+l}=dcai{g,r+l)-anl*vr(qg,.xr)*dt*af2 (r)

1*{(cold(qg,r+1)-cold(qg,x)}
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endif

if (vri{q,r).1t.0.} then

phi{a,r-1)=phi(g.r-1}-vr{g,r)*dt*afl(r)*rhep2(q,r})/rhcplqg, )

l1*{temp{g,r)-temp(q,r-1)}

dy2a{q,r-1l)=dy2al{q,r-1)-vrig,r)*dt*afl(r)/vfo

1*{y2e0ld({g,r)-y20ld(qg,r-1})

decal(g,r-1l)=dca({g,r-1l)-anl*vr(q,r)*dt*afl (r)

1*(cold(qg.r)-cold(g,r-1})

endif

r=r+l

enddo

g=q+1

enddo

j=1

do while (j.le.m)

i=1

do while (i.le.n}

if (y20ld{(j,i)+dy2a(j.i).1t.0.}) then

dy2a(j,i)=-y20ld(j, i}

endif

i=i+l

enddo

j=3+1

enddo
Calculate changes in plutonium concentrations due to adsorption.
This 1is accomplished by calling the subroutine crite to determine if the bulk
solution is saturated with plutonium. If the solution is saturated, the
subroutine feeder is called to calculate the adsorption rate.

a=2

do while (g.le.mml)

r=2

do while (r.le.n)

call crite (g,r,.m)

r=r+i

enddo

g=qg+1

enddo
Calculate the amount of plutonium adsorbed by calling subroutine feeder. A
check is added to ensure that the rate of adsorption does not exceed the
rate of mass transfer by convection and dispersion. If this should cccur,

numerical sna¢
numerical inst

indk=1

ffac=1,

k2=1

do while (k2.le.20.and.indk.eq.1)
q=2

do while (g.le.mml}

r=2

do while (r.le.n)
dy2=dy2alq,r)

de=dcal(q,r)

if {(ind3(q,r).eg.1l) then
call feeder (g,r,m,dy2.dc,df, ffac)
endif

f{g,r)=feld{qgq,r}+df
y2{d,r)=y20ld{qg, r})+dy2
c{q,r)=cold{qg,r)+dc
x(q,r)=xo0ld{qg,r)+df/ffeed
r=r+l

enddo

g=q+1

enddo

indk=0

Tea wonld rasulfe
1SS WOULL ITSSdae.
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i=2
do while {(i.le.n)
j=1
do while (j.le.m-3)
if (y2{(3,1).1lt.y2(3j+1,i}.and.y2(j+1,1i).gt.y2(j+2,1i).and.
1y2(3+2,1) .1t.y2(j+3,1i)) indk=1
if {y2(3j,1i}).gt.y2(j+1l,1i).and.y2(3+1,1i).1t.y2{(j+2,1i).and.
1y2(j+2,1).gt.¥y2{j+3,1)) indk=1
if {cfj,i).1lt.c(j+1l,1i}.and.c{j+1,1i).gt.c{j+2,1i}).and.
1c(j+2,1i).1lt.c{j+3,1)} indk=1
if (e(j,i).gt.c{j+1,i).and.c(3+1,1).1lt.c{j+2,1i).and.
lc{j+2,1).gt.c{j+3,1)) indk=1
j=j+1
enddo
i=i+1
enddo
if {(indk.eq.l) ffac=ffac/2.
k2=k2+1
enddo
¢ Update conditions in liguid lavers at top and bottom of resin bed.
steml=steml+stemla
sy2l=sy2l+sy2la
scl=scl+scla
stem2=stemZ+stemZa
sy22=gy22+sy2la
sc2=sc2+scla
c Specify symmetry conditien at column center,
3=1
do while (j.le.m)
phi(j,1)=phi(j, 2}
temp (i, l)=temp(j,2)
temc(j,l)=temc(j,2)
c{j,li=c{j, 2}
cold({j,1l}=cold(j,2)
y2({i,l}=y2(3,2)
y20ld(j,1l)=y20ld (], 2}
£(3,1)=£(3.2)
fold{j,1)=£f01d(j,2)
£x(3,1)y=£x(3,2)
x0ld(j, l)=xo0ld (], 2)
j=3+1
enddo
¢ Specify top and bottom conditions.
i=1
do while {(i.le.n}
phi(l,i)=steml
v2(1,i)=sy21l*vfa
c(l,i)=scl
phi{m,i}=stem2
y2{m,i)=sy22*vfo
c{m,i)=sc2
i=i+l
enddo
c Update temperatures and concentrations. Calculate densities and viscosities.
stemlc=steml-273.
stem2c=stem2-273.
denlt=1.6603-1.98%4e-3*stemlc
denlb=1.6603-1.98%4e-3*stem2c
den2t=0,99683-1.3010e-4*stemlc-2.4358Be~6*stemle**2
denzb=0.99683-1.3010e-4*stem2c-2.4358e-6*stem2c**2
xxlt=denlt*scl/ (denlt*scl+den2t*(1.-scl))
xx1lb=denlb*sc2/ (denlb*zsc2+den2b* (1. -s5c2)}
cno3dt=scl*denlt*1000./63.-4 . *sy21*1000./238.
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cno3db=sc2*denlb*1000./63.-4.*sy22*1000./238.

if (cno3t.1t.0.,) cno3c=0,

if (eno3b.lt.0.) cno3b=0,
denst=den2t+0.4277*sy21*1000./238.+0.031*cno3t
densb=den2b+0.4277*sy22*1000./238.+0.031*cno3b
capst=1.0104-(1.419-0.3*({stemlec-20.}/80.) *xx1t
1+(2.005-0.6*({stemlc~20.}/80.) *xx1t**2

2-(1.147-0.3* (stemlc-20.}/80.)*xx1t**3
capsb=1.0104-{(1.419-0.3*(stem2c-20.}/80.) *xx1b
1+(2.005-0.6*(stem2c~20.)/80.) *xxlb**2
2-{1.147-0.3*{stem2c-20.)/80.) *xx1b**3
rhcp2t=denst*capst

rhcp2b=densb*capsb

tecn2t=1.3518e~-3+2.7903e-6*stemlc
tenlb=6.1388e-4+1.3951le-6*stem2c
tcn2b=1.3518e-3+2.7903e-6*stem2c
tenmb=tcnlt*xxlt+toen2e* (1. -xx1t)
tenmb=tcnlb*xxlt+tcn2b* {1.-xx1t)
vist=0.01002*%10.%*((1.3272*(20.-stemlc)-0.0010%3~
l(stemlc-20.)**2}/(stemlc+105.))
vigbh=0.01002*10.**(({1.3272*(20.-stem2c)-0.001053*
l(stem2¢-20_}**2)/ (stem2c+105.))
diffyt=8.314/96500**2*steml*(1./1.+1./3.)/{1./69.5
1+3./71.4;
diffct=8.314/96500**2*steml*(1./1.+1./1.)/(1./349.8
1+1./71.4)
diffyb=8,314/96500**2*stem2*(1./1.+1./3.}/(1./69.5
1+1./71.4)
diffcb=8.314/96500**2*stem2*(1./1.+1./1.}/(1./349.8
1+1./71.4)

i=1

do while (i.le.n)

j=1

do while (j.le.m)

temp(j,i)=phi{j, i)

if (iht.eg.2.and.i.eq.n) temp(j,i)=tamb

temc (3, 1)=phi{j,1}-273.0¢

if {(iht.eqg.2.and.i.eq.n} temc(j,i)=tamb-273.0
cold(j,it=c{j, i}

fold(j,i}=£(j,1)

y2old(j,i)=y2(3,1)

fx(j:i)=f(jri)+}’2(jri)

x0ld{j,i)=x(3,1)
denl{j,i)=1.6603-1.9894e-3*tenc(3, i}
den2{j,i)=0.99683-1.3010e-4*temc{j,i}-2.4358e-6*tenc(j,i}**2
xxl=denl{j,i)*c(j,1}/{denl{j,i}*c{j,i)+den2{(j, 1) *(1.~-c{j,.1)))
cno3d=c(j,i})*denl (3,31} *1000./63.-4.*y2{j,i)*1000./238, /vfo
if {cno3.1lt.0.) cnol=0,
dens(j,i}=den2{5,1)+0.4277*y2(3,1)*1000./238./vf0+0.031*cno3
tenl=6.1388e~4+1.3951e-6*temnc(j, 1)
tcn2=1.3518e-3+2.7903e~6*temc(j, 1)
tenm{j,i)=tenl*xxl+ten2* (1. -xx1)
tenm{j,i}=0.5* (tecnm(j, i) +5.e-4)
caps=1.0104-(1.419-0.3*{temc(j,1)-20.)/80.) *xx1
1+{2.005-0.6*(temc(j,i)-20.)/80.) *xx1**2
2-11.147-0_3*(temc{3.1)~-20.)/80.) *xx1**3
rhep({j,i)=0.5*%1.25*0.52+0.5*dens (j, 1) *caps
rhep2(3,1i)=dens(j.,i) *caps
vis(3,1)=0.01002*10.**{(1.3272*(20.-temc(3j,1))-0.001053*
li{temc({j,i)-20.}**2)/(temc(j,1)+105.)}
alpha(j,i}=tenm(j,i)/rhcp(j, i)
diffy(3,11=8.314/96500**2*temp(j,1)*(1./1.+1./3.}/(1./69.5
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1+41./71.4)
diffc{j,i})=8.314/96500**2*temp(j,i)*{(1./1.+1./1.)/(1./349.8
1+1./71.4)
bz(j,i)={alpha{j,i)+2.*dpart*abs({vz(j,1)} *rhcp2{j,i) /rhep(j.i)}
1*dc/dz**2

bzy(j,i)=(diffy{(j,i}+2.*dpart*abs(vz{j,1i}) ) *dt/dz**2,
bzc(j,i}=(diffc{j,i)+2.*dpart*abs(vz{(]j,i}))*dt/dz**2

J=3+1

enddo

i=i+1

enddo

j=1

do while (j.le.m)
br(j,l)=(alpha(j,1}+0.4*dpart*abs(vz(j,1))*rhcp2(j,1l) /rhep(i,1))
1*de*d./dr**2

bri(j,1)=0.
bry(j,1)=(diffy(j,1}1+0.4*dpart*abs{vz{3,1)))*dc*4./dr**2
bryl(3,1)=0.

brc(j,l}=(diffc{j,1l}+0.4*dpart*abs{(vz(j,1)))*dc*4. /dr*=*2
brel(j,1)=0.
j=j+1
enddo
i=2
do while (i.le.n)
J=1
do while (j.le.m)
br(j,i)=(alpha(j,i)+0.4*dpart*abs{vz(j,1i)) *rhecp2(j,1)
1/rhep (5, 1)) *dt/dr*+2
bri{j,i)={alpha{j,i}+0.4*dpart*abs{vz{j,i})*rhep2(3, 1)}
l/rhep(j.i))y*dt/dr/rrl{i) /2.
bry(j,i)={(diffy(j,i)+0.4*dpart*abs(vz{j, 1)) )*dc/dr**2
bryl{3,i)=(diffy(3,i)+0.4*dpart*abs{vz{j, iy *dt/dr/xx1 (i) /2.
bre(j,i)=(diffc(j,i)+0.4*dpart*abs{vz{j,1)))*dc/dr**2
brel(j,i)={(diffc(j,i)+0.4*dpart*abs(vz(]j, 1)) ) *dt/dr/rrl{(i)/2.
j=j+1
enddo
i=i+l
enddo
¢ Calculate the average density at each level.
j=1
rrr=dr/2.
dsum=rrr**2*dens(j, 1)
i=2
do while {i.le.nnl)
rro=rrr
rrr=rrr+dr
dsum=dsum+ {rrr**2-rro**2}) *dens(j, i}
i=i+1
enddo
rro=rrr
rrr=rrr+dn/2.
dsum=dsum+ (rrr**2-rro**2) *dens (j, n}
zden{j)=dsum/rrr**2
j=j+1
enddo
¢ Calculate superficial veleocities. This calculation is performed using a
¢ Richardson iteration.
j=1
do while (j.le.m)
gzo(j,1)=0.
gzo(j,n)=0.
=i+l
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enddo

factl=1./(2./dr**2+2./dz**2)

fact2=1./dz**2

k=1

do while (k.le.200)

i=2

do while (i.le.nnl)

fact3d=1./dr**2-0.5/rrl(i)/dr
factd=1./dr**2+0.5/rrl (i} /dr
factb=dpart**2*vfo**4/((1.-vEo}**2*200. ) *grav*rrl(i)/2./dr
gzn{l,i)=factl*{fact2*(gzo(3,i}-2.%gzo(2,i}+3.*gzo(1,1))
l+facti*gzo(l,i+l)+factd*gzo{l,i-1)
2+factb/vis(1l,i)*(dens{l,i+1l}-dens{1l,i-1})}

gznim, i)=factl* (fact2* (gzo{mmd, i} -2 .*gzo(mml, i)+3.*gzo(m, 1))
l+facti*gzo{m,i+l)+factd*gzo (m, i-1)
2+facth/vis(m,i) * (dens (m, i+1}-dens(m,i-1}})

3=2

do while {(j.le.mml)
gzni{j,i)=factl*({fact2*{gzo(j+1,i)+gzo({j-1,1
l+factd*gzo(j,i-1)+facts/vis(j,1)*{dens(
j=9+1

enddo

i=i+l

enddo

i=2

do while (i.le.nnl)

j=2

do while {j.le.mml)

gzo(j,i)=gzn(j, i)

j=j+1

enddo

i=i+l

enddo

k=k+1

enddo

i=2

do while {(i.le.nnl)
vr{l,i)={gzo(2,i)-gzo(l,1i})/dz/xrrl(i)
vr{m,i})={gzo(m,i)-gzoimml,i))/dz/rrl{i}
vz (l,i}=(gzo(l,i-1)-gzo{l,i+1))/2./dx/xxrl (i)
vz(m,i}=(gzo(m,i-1)~gzo{m,i+1)}/2./dr/xrl{i)

=2

do while (j.le.mml)

vr(j,i)=(gzol{j+l,i)-gzo(j=~1,4i))/2./dz/rrl{i}
vz(j.i)=(gzol{j,i-1)-gzo(j.i+1})/2./dr/rrl (i}

j=j+1 )

enddo

i=i+l

enddo

j=1

do while {(j.le.m)

vz(j,li=vzi{j,2)

vz(j,nl={gzo(j,nnl)-gzo(j,n})/dr/rrlin)

j=j+1

enddo

¢ Calculate mixing in the resin bed. This is modeled using an axial dispersion
¢ model for bubble column mixing.

j=1

do while (j.le.m}

vzm({j)=0.

k=j-1

do while (k.ge.l)

wi=exp(~-({dfloat(j-k}+dfloat{j-k-1))*dz/mlen2)

—

)+fact3*gzo(3,i+1)
J-dens{j.i-1)}}

r
s 1+

[Py
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if (zden(k).gt.zden(j)) then

vzm(j)=vzm(j) +dpart**2*vfo**4/((1.-vfo) **2*400.*vis(k,1})
1*{zden(k)-zden(j)} *grav*mlen*wf

endif

k=k~-1

enddo

k=j+1

do while (k.le.m)

wi=exp{- (dfloat{k-j)}+dfloat (k~-j-1))*dz/mlenl)

if (zden(k).lt.zden(ij}} then
vzm{j}=vzm{j)+dparc**2*vfo**4/ ({1l.-vfo) **2*400.*vis (k, 1))
1*({zden(j}-zden(k)) *grav*mlen*wf

endif

k=k+1

endde

j=j+1

enddo

Revision 0

¢ Calculate total amounts of plutonium and plutonium adsorbed. Renormalize to

c ensure that the total amount of plutonium is conserved.
pua=0.
puf=areat* (lup*sy2l+ldown*sy22)
pusn=areat* (lup*sy21+ldown*sy22)
i=1
do while (i.le.n)
pua=pua+0.5*dz*areal{i) *{(£{1,i)+E{m, i))
puf=puf+0.5*dz*area(i) *(fx(1l,i)+fx(m, 1))
pusn=pusn+0.5*dz*area (i) *(y2(1,1)+y2{m, 1))
i=31+1
endde
j=2
do while {j.le.mml)
i=1
do while (i.le.n)
pua=pua+dz*f(j,i) *area(i)
puf=puf+dz¥*fx(j,i) *area(i)
pusn=pusn+dz*y2{j, i) *area(i)
i=i+1
enddo
3=j+1
enddo
fpu=(pusno-pua+pu
sy2l=sy21*fpu
sy22=sy22*fpu
i=]
do while {(i.le.n)
=1
do while (j.le.m)
y20ld(j, i} =y20ld(i.i}*fpu
y2{j,i)=y2(j, i) *fpu
j=3+1
enddo
1=i+1
enddo
c Write transient temperatures and velocities to output files.
time2=time2+dt
time=time2/60.
if {abs({nint(time/30.)-time/30.).1lt.dt/2./1800.) then
¢ Write headers for output files.
write (1,*) *TIME {(MIN)}',tab, ‘POS (CM}*‘, tab, 'LOAD',tab,
1'TCEN (°C)',tab,'TMID (°C}',tab, 'TOUT (°C)*
write (6,*) 'TIME (MIN)',tab, 'LENGTH (CM)', tab, 'ELU (VF}', tab,
1'ADS (G/CC)',tab,'LIQ (G/CC)*,tab, 'TOT (G/CC})’
write (10,*) 'TIME (MIN)', tab, 'LENGTH (CM)}',tab, 'IND', tab,
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1'VFA' ,tab, 'VFAM’'
j=1
write (1,102) time,tab,-1.,tab,0.,tab,stemle, tab,stemlc,
ltak, stemlc
de while {(j.le.m}
poszn=length* (j-1)/(m-1}
write (1,102) time,tab,poszn,tab,f(j,1l)}),tab,tenc(]j, 1), tab,
ltemc(j, %), tab,temc(j,n)
102 format (£9.4,al1,f10.5,al1,€7.5,3(al,
write (6,400} time,tab,poszn, tab,cl(
ltab, £x{j,1}
400 format (f9.4,al,£10.5,4(al,f£9.5}}
write (10,500) time, tab,poszn,tab, ind3(j,1), tab,
1y2(3,1),tab,y2max{j, i}, tab,cmx2 (3, 1)
500 format (£9.4,al,£10.5,al1,i2,3(al,£9.5})
j=j+1
enddo
write {(1,102) time,tab,-2.,tab,0.,tab,stem2c, tab,stem2c, tab,
lstem2c
endif
¢ Find highest temperature.
temch=0.
3=1
do while (j.le.m)
i=1
do while (i.le.n)
if (temch.lt.temc(j,i}} then
temch=temc{j, i)
endif
i=i+1
enddo
j=j+1
enddo
if (abs{ninc{time/2.)-time/2.).1t.dt/4./60.}
lwrite {2,301} time,tab, temch, tab, pua,tab,puf
301 format (£11.4,al,£f10.5,al,£11.%,al,£11.5)
¢ Increment transient calculaticn loop.
s=s+1
enddo
Cc Write temperature profile to output file.
write (7,*) stemlc
write (7,%*) stemZc
j=m
do while (j.ge.l}
i=n
do while (i.ge.l)
write (7,%*} temc(3j,1i)
i=i-1
enddo
i=2
do while {i.le.n)
write (7,*) temc{j,i)
i=i+l
enddo
j=j-1
enddo
¢ Write total plutonium concentrations to output file.
write (21,*) 1000.*sy2l
write (21,*} 1000.*sy22
j=m
do while (j.ge.l}
i=n
do while {(i.ge.l)

1)

F
j Jtab,f(3,1),tab,y2(3,1),

9.4
1)
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write (21,*}) 1000.*fx(j,1i)
i=i-1
enddo
i=2
do while (i.le.n)
write (21,%*) 1000.%fx(j.,i)
i=i+l
enddo
3=i-1
enddo
c Write solution plutonium concentrations to cutput file.
write (22,*}) 1000.*sy21
write (22,*) 1000.*sy22
j=m
do while (j.ge.l)
i=n
do while (i.ge.l)
write (22,*) 1000.*y2(3,1)
i=i-1 .
enddo
i=2
de while (i.le.n)
write (22,*) 1000.*y2(3j,1)
i=i+1
anAAn

j=3j-1
enddo
c Write densities to output file.
write (23,*) denst
write (23,*) densb
j=m
do while (j.ge.l)
i=n
do while {i.ge.l}
write (23,*) dens(j,i}
i=i-1
enddo
i=2
do while (i.le.n)
write (23,*) dens(j,i}
i=i+1
enddo
j=3-1
enddo
¢ Write axial velocities to cutput file.
j=m
do while (j.ge.l)
i=n
do while (i.ge.l)
write (16,*) 10000.*vz{j,1i)
i=zi-1
enddo
i=2
do while (i.le.n}
write (16,*} 10000.*v=z{j,1i)
i=i+l
enddo
j=3j-1
enddo
¢ Write radial velocities to output file,
j=m
do while {(j.ge.l}
i=n
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do while (i.ge.l}

write (15,*) 10000.*vxr(3,i}

i=i-1

enddo

i=2

do while (i.le.n)

write (15,*) 10000.*vr(j,i)

i=i+l

enddo

j=j-1

enddo
¢ Write modified stream function profile to output file. The stream function
¢ is modified by multiplying by the radius. This medified function gives a
¢ profile of the velocity multiplied by the radius.

j=m

do while (j.ge.l)

i=n

do while {(i.ge.l)

write {(17,*) 10000.*gzo(j,i)

i=i-1

enddo

i=2

do while {(i.le.n}

write (17,*} 10000.*gzeo(j,1i}

i=i+1

enddo

j=3-1

enddo

stop

end

subroutine feeder (j,i,m,dy2,dc,df, ffac)
¢ Compute changes in the plutonium concentrations during feeding or washing.

implicit double precision (a-z)

integer i,j.m,ind, ind3

dimension c(200,100),¢c01d(200,100),£{200,100), fold{(200,100),
1x(200,100) ,x01d(200,100),¥2(200,100),y2014(200,100),

2denl (200,100),ind3(200,100), cmx2 (200,100),

3y2max (200, 100)

commen /elutl/e,cold, £, fold, x,xold,y2,y2c0l
2y2max, y2max2, cmax2, ind3, cmx2, cfeed, dt, ta
3dpart,dz,xg,vfi2,vfo,ind

if (xecld(j,i).1lt.1.) then

if (xold(3j,i).gt.1.d4-3)
lxte=xo0ld(j,i)+dt/tau*xcld{j, i} **2/{log((1l.+x0ld(j,i))/
2(1l.-xold({j,i)))-2.*xo0ld(3.i})

if (x0ld(j,i).le.l.d-3.and.xo0ld(j,1i).gt.1l.d-8)
Ixtes=xold{j, i) +dt/tau*l.5/xold (3, 1)

if (xte.gt.l.) xte=1.

if (xte.lt.xold{(j,i}) xte=xold{j.,i)

df=ffeed* (xte-xold(j,1i))

endif

if (x0ld{(j,i).ge.l.) then

df=0.

endif

df=ffac*df

dy2=dy2-df

if {y2(j,i}+dy2.1t.0.) then

dy2=-y2(j, 1)

df=dy2+y2(3j, i)

endif

dc=dc+4.*dy2*63./238./vfo/denl(j, i)

if (cold(j,i)+dc.lt.0.) de=~cold{j,i}

oy

A-44




WSRC-TR-99-00027
Revision 0

return
end

subroutine crite (j,i,m)
€ Determine if solution is saturated with plutonium.

implicit double precision (a-z)

integexr i,j.m,ind, ind3

dimension ¢ (200,100),cold{200,100),£(200,100},feld(200,100),
1x(200,100),x01d(200,100),y2(200,100) ,y203d{200,100},
2denl(200,100),ind3 (200,100} ,cmx2{200,100},

3y2max(200,100)

cormmon /elutl/c,cold, £, fold, x, xcld,y2,v20ld,denl,
2y2max, y2max2, cmax2, ind3, cmx2, cfeed, dt, tau, tau?, ffeed, anl,
3dpart,dz,xg,vEi2,vio, ind
cnold=cold(j,i)*1000./63.*denl{j,1i)
cpu=y20ld(j,i) *1000./238. /vfo

cpu2=0.

if (cno3.le.cmax2} then

cpuZ=y2max2

else

aa=l.

k=1

do while (k.le.8}
aa=aa-(2.9%aa**3*(l.-aa)*cno3-2.9*%*4*0_26*
1/{3.*2.%%aa**2* (1. -aa) *cno3-2.%*aa**3*cno3
244, *2,9%*4*( 26% (1.-aa)**3-4.*aa**3)
k=k+1

enddo

cpu2=cno3/aa-1./2.9/(1l.-aa)

endif

yv2max({j,i}=vifo*0.238*cpu2

if (cpu.ge.cpu2) then

ind3(3,i)=1

else

ind3(j,i)=0

endif

ab=1.

if {cpu.gt.l.d-8) then

k=1

do while (k.le.5}
ab={(1/3*ab**{4./3.)*cpu**{1./3.}+0.26%*(1./3.})*2.9)/
1(4./3 . *ab**{1./3.)*cpu**{1./3.)+0.26**(1./3.)*2.9)
k=k+1

enddo

endif

if (1.-ab.gt.l1.4-8)

lcno32=ab*cpu+ab/2.9/(1.-ab)

if (cno32.gt.cmax2.and.cpu.gt.y2max2) cno32=cmax2
cx2(j,i)=1.-cno3/cno32

if {(emx2(j,1).1t.0.) cmx2(3j,i)=0.

if {cmx2{(j,i).gt.1.) cmx2(j,i}=1.

return

{(l.-aa)**4-aa**4)

(92 ]
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.13384

COoO00 OO0 W

48,24
0

56
1.0
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36000
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WSRC-TR-99-00027

Sample Output Listing for Thermal Analysis during a Flow Stoppage

TIME (MIN)

0.0000
2.0000
4.0000
6.0000
8.0000
10.0000
12.0000
14,0000
16.0000
18.0000
20,0000
22.0000
24.0000
26,0000
28.0000
30.0000
32.0000
34.0000
36.0000
38.0060
40.0000
42.0000
44.0000
46.0000

fU.uuuy

25
26
28
29
31
32
34
35
36
37
39
40
41
42
43
44
45
46
46
47
48
48
49
50
50
51
51
52
52
52
53
53
53
54
54
54
54
54
55
55
55
55

TMAX (°C)

.22047
.93949
.46193
.B6569
.28179
.68002
. 04205
.3635¢
.65562
.89207
-(8942
.23867
. 32405
.37786
.37710
.31755
.20343
.06065
.86528
. 61947
.32548
.98560
.60221
.19265
. 74232
.25312
.72684
.16518
.56972
.94194
.28325
.59492
.87821
.13431
.36438
.56574
.75289
.91620
.07611
.22506
.35980
.48226
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(GM)

.37012
.49574
.49574
.49574
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
.49584
-49584
.49584
.49584
.49584
.49584
.49584
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