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Abstract

The natural convection model of the consolidated system has been developed to make sure
the removal of decay heat generated in the spent fuel for the loss of forced cooling accident.
The numerical technique employed was based on the AD! scheme. The calculation of heat
generation rate in the spent fuel was performed by the ANS-79 decay heat model, and the
nonuniform surface heat flux is assumed with a chopped sine curve for the conservative decay
heat generation input. The sensitivity study was performed to examine the possibility of the
pool bulk boiling by varying the various parameters, i.e. inter—fuel spacing ratio, heat genera-
tion power, and radius of the fuel rod. The application results of this model show that the
natural circulation flow through compacted spent fuel bundles enables the pool temperature to
control in a safe and effective manner, after the required cooling time. The corresponding
acceptance criteria of the cooling time for rearranging the spent fuel rods were also found.
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1. Introduction

With the current limitation or slow expansion on
nuclear spent fuel reprocessing and the pre—allo-
cated interim storage size, the storage capacity of
spent fuels in the nuclear site pool requires the
increased space. To accommodate the growing
need of treatment capacity for spent fuel bundles,
existing storage racks have been enlarged and
adapted to higher densities by using the methods
such as reracking, maximum density rack, and rod
consolidation.[1,2] Among these at—reactor stor-
age expansion techniques, the rod consolidation
method might be a principal option for more effi-
cient utilization of existing interim spent fuel water
storage basins. It is to disassemble the spent fuel
assembly and treat the structural materials as low
level wastes except fuel rods, and rearrange the
fuel rods into more compacted state. Rod con-
solidation thus can double the effective storage
capacity with properly designed spent fuel racks.
One of the major fields for the implementation of
this advanced storage method is a site specific
feasibility or safety study. In order to verify the
means of increasing the interim storage capacity,
the safety assessment must be performed in the
various viewpoints including the areas of thermo-
hydraulics, structural capability, criticality, shielding
and so on.[3]

This study is interested in the thermo—hydraulic
standpoint, particularly decay heat removal capa-
bility by the natural convection flow, of the con-
solidated storage design in the spent fuel pool.
The safety function of the spent fuel pool and
storage racks is to maintain the spent fuel assemb-
lies in a safe array during all credible storage
conditions. It is also performed by the pool cool-
ing system, in all cases remains the same, that is,
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the spent fuel assemblies must be cooled and
covered with water during all storage conditions.
[4] A.S. Benjamin et al. analyzed a natural con-
vection to determine the heatup of spent fuel fol-
lowing loss of water in the typical storage system.
[5] M. E. Weech analyzed a natural convection
phenomena in the high density racks and mul-
ti-element baskets. [6] Recently, the thermal
analyses for the consolidated fuel rod storage
have been performed by several authors. [7-9]
The authors made an judgement on the capability
of the spent fuel storage systems whether to pro-
vide adequate cooling and the proper time re-
quired for most operating and accident conditions.

It is assumed that the accident can be initiated
from the failure of the pool cooling system and a
single active failure is not accounted for that case,
so the heat removal is achieved only by natural
convection flow in the pool. The heat generated
by the spent fuel is delivered to the pool water
and cause the pool temperature increase until the
generation of decay heat is balanced by the heat
dissipation from the rod surface and wall of the
pool. Because the other subchannel analysis
schemes, such as COBRA[10] or THINC[11]
series, are carried out by using the averaged
values to the critical parameters, they can lead
much uncertainties to predict the heat transfer
mechanism, so they are not adequate to evaluate
the impact of primitive variables in the compacted
rod arrays. The three—dimensional calculation is,
therefore, explicitly required. The evaluation of
the natural convection heat transfer was based
upon the coupled conservation equations of mass,
momentum, and energy for the typical fuel ele-
ment. A computational scheme was formed into
the TASFIS(Thermohydraulic Analysis in Spent
Fuel Interim Storage) code, which was developed
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for this study only, to simulate the PWR standard
spent fuel array system in any accident conditions.
The numerical calculation of TASFIS has been
performed by using ADI (Alternating direction—im-
plicit) scheme, which is probably the most popular
method for solving the incompressible flow prob-
lems.

Even though the boiling is permitted under any
condition IV incidents, such as the complete loss
of forced cooling, one of the thermal design
criteria for the underwater storage and the design
concept for the abnormal maximum heat load are
to preclude the boiling of pool water, because
these faults have the possibility of the release of
radioactive material which exceeds the acceptable
amount of 10CFR100.[12] The temperature
fimitations of the pool water is thus used as a basis
for meeting this criterion. The limiting conditions
for the compacted spent fuel storage, by varying
the various major parameters, have been found to
confirm the safety assurance of the rod consolida-

tion method.
2. Theoretical Considerations

The simplified schematic diagram of the spent
fuel pool storage is depicted in Fig.1. As shown in
the figure, the fuel rod array is bounded on each
fuel assembly or rack of its lateral extremities by a
vertical wall of height L. The one function of the
vertical bounding walls is to create a pressure
head to induce a vertical upward flow through the
fuel rod channel, and the other is expressed with
the driving force coming from the temperature
difference between the channel and ambient wa-
ter. The flow rate is established by a dynamic
balance between the buoyancy force and the fric-
tion force.[13]

The fuel element arrays determine the geomet-
ric configuration in which TASFIS can model the
entire pool. The primary flow cell may be used to
represent the pool if one were interested in the
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ambient temperature and pressure of the medium.

The major assumptions for deriving the governing

equations are as follows ;

(1) The coolant is single phase and laminar flow
with Rayleigh Number (Rap)<10°.

(2) The coolant flow has an axially predominant
convection, thus only the axial velocity is
considered.

(3) The heat balance in the spent fuel pool by a
steady state calculation, is used to determine
the temperature evolution. The ambient
equilibrium pool temperature is assumed to
be a maximum value of 150°F, as recom-
mended in ANS-57.2, ANSI N210-1976.

(4) The Boussinesq approximation is valid[14],
thus the fluid is assumed to be incompressible
except for the buoyancy term in the vertical
direction.

(5) All other physical properties are constant, be-
cause these variations are negligible within

the acceptable ranges, except the density of
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Fig. 1. Schematic Diagram of Spent Fuel Pool
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the buoyancy term and the temper-
ature~dependent viscosity.

{6) The heat removal mechanism from the pool
storage and assembly walls is neglected due
to their small increment to the natural con-
vection. Thus, the modeling is only made to
the spent fuel rod geometry, which gives the
simplified boundaries and some conservative
results.

Clearly, since the fluid motion is caused by the
density variations, we must take into account the
temperature dependency of the density if we were
intended to analyze natural convection phe-
nomena. TASFIS can be applicable to liquid or
gas cooled systems as long as the above assump-
tion of constant fluid properties is valid. It is mod-
eled that the primitive variables, i.e. the density,
the axial velocity, and the pressure are splited into
two parts as an ambient part (subscript of a) and a
perturbed part (script of "} as follows;

o = pt p' (where po' < o)) (1)
v = v, + v f{vwhere v, 50) {2)
p = p + p (vhere Vp, € 0,g) (3

Under the above assumptions and the Boussinesq

equation of state from the following equation of

p'g =- p. BT-T)eg, @)
the governing equations were obtained as follows,
which describe the transient axial flow and heat
transfer in a viscous incompressible fluid occupy-
ing the flow cells. The viscous dissipation and
reversible work terms are ignored due to their

small affects.

Continuity Equation: gv'/9z = 0 (5)
Equation of Motion :
ov' v’
p——+ v/'—)
et 81
ap’ ov'
=- —+ 0,8 g(T-T) + u9°v' + vu—  (6)

1A oz

where

O u
o= u.[l*l/u.(—).(T'T.)]
8T

ou aT
Vu = (—/ —
oT 9z
Energy Equation :
27 o1
A ™)
T oz 0.0p
where

a =thermal diffusivity of the fluid
# =source term

Also by introducing the following dimensionless
numbers and variables,

=88 (To-T)L/viPr=v,/a,R=1/s,

Z

2/L, V=Iv/ v, o = (T - T)(T; - 1),

t=Tv/’, and P =p 8L/ U,
the governing equations have the dimensionless
forms as follows ;

8v/ 81 = 0 8
av av ap
—tV — = - —+6rwt 1+ Aw) VNV
ot Y4 9L
dw oV
+ A— — 9)
8l 9L
dw fw 1
—_— ¥V — = —TV’w + Y {10)
ot 8z Pr
where
du
/\=1//l. (=) = ﬂo/”-l'l
dw
¢ L?
w = i
#CTo=T,)

Note that the specified dimensionless parameters
are expressed as the coefficient of the non-
dimensional terms, and that they show the relative
importance of various terms in the equations. For
example, the introduced characteristic velocity, Va
/L, signifies that there is a relationship between
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the shear force term and the inertia force term,
and it implies the relative degree of order in the
axial region of length L.

Initially, the fuel rod surface and the fluid are
assumed to have an ambient temperature T,,
same as the inlet water temperature, and are sup-
posed to have zero velocity (no motion). The
boundary conditions relevant to the rod bundle
arrays are symmetric as shown in Fig.2. Owing to
the symmetry, only the domain of 0<#<¥§, is
selected, and it is called a primary flow cell. The
transformed boundary conditions applied to the
governing equations are given as follows, where
the continuity equation is originally satisfied at in-
let and outlet nodes.

1) the symmetric and adiabatic boundaries :

ov/06 =0, 6w/ 86 =0, at 6 =0,60
ovV/dl =0, 2w/9% =0, at 7=1
R 8V/8R = (8V/56) tam and

R Ow/0R=(8w/86) tan&, atR-=seh
2) no slip walls:

vV =0, at R = ro/S
3) surface teat flux(Fourier’'s heat conduction

Equation) :

dw/6R = -q"(6,0)/k, at R = ro/S
4) constant inlet temperature :

T, =0, atz=0
5) no pressure variation :

P =0, atz=0,1

3. Numerical Scheme

The differential equations were transformed into
the finite difference form by integrating over a
control volume surrounding each node or center
point. This approach facilitates the expression of
finite differences in more than one dimension and

on curvilinear meshes. The nonlinear term in the
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S : half pitch
D :Diameter
re :redius
90 :angle

Fig. 2. Cross Section of a Three-rod Portion of
Bundle Having an Equilateral Triangular
Arrangement
(Cross—hatched area Represents a Primary
Flow Cell.)

equation of motion was linearized by adapting the
Briley—McDonald method which is supposed to
have the second order accuracy. Also the convec-
tion term in the energy equation was represented
with the scheme of upwind differentiation in order
to get the positive coefficients within the matrix
algorithm. [17]

The surface points in the primary flow cell was
shifted one-half an increment for the adequate
boundary conditions. To specify the values of the
first derivative at the boundary, r=r, and r=S/cos
8, artificial points outside the region were
assumed. A staggered grid for the pressure com-
ponent was used, so that the pressure difference
between two adjacent grid points gives the natural
driving force for the velocity component located
between these grid points. Forward differences for
time derivatives and the second-order central dif-
ferences for the spatial derivative of temperature
and velocity were used. The resulting finite—differ-
ence equations were solved using the ADI method
developed by Douglas and Peaceman for conduc-
tion and adopted later by H. S. Chu et al.[16], K.
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Aziz et al.,[17] and A. J. Chorin.[18] The ADI
method for the equations may be written in the
form of three-step TDMA(Tri-Diagonal Matrix
Algorithm) as;

[A) [a)=[®] 11

where [A] and [®] represent the matrix and
source terms, respectively, which contains the
calculated variables of the previous step. These
three-step ADI schemes, which was implemented
in TASFIS code, are second—order accurate and
are unconditionally stable.

To solve the incompressible Navier—Stokes
equation in primitive variable forms, the first step
of the numerical iteration scheme is to find the
guessed pressure such that the resultant transient
velocity field will progressively get closer to satisfy
the continuity equation. Either the artificial com-
pressibility method developed by Chorin or the
SIMPLE (Semi-lmplicit Method for Pressure Linked
Equations) procedure by Patankar and Spalding
[19] is very useful for this purpose. The SIMPLE
procedure, adopted in this numerical scheme, is
based on a cyclic series of guess—of—correct op-
erations to solve the goveming equations. In this
procedure, the actual variables were written as

p=p +p v=v+v’ (12)

where p and p’ is called the guessed pressure
and pressure correction term, respectively. Next,
the pressure corrections were related to the veloc-
ity corrections by approximated dimensionless
forms of the equation of motion, which results in
the Poisson equation for the pressure correction

because of the continuity constraint as follows :
oV’ /ot=-aP/3Z (13)

with the boundary condition P’=0 at inlet and
outlet nodes. From the Eq. (13) we developed an
iteration scheme with a under-relaxation para-
meter. Note that if the estimated velocity vector

satisfies continuity at every point, the pressure cor-

13

rection term goes to zero at every point, thus we
terminate this iteration if the predetermined
accuracy were obtained.

Decay heat, generated by spent fuel elements,
varies strongly with the cooling time after its re-
moval from the core, as well as the operating
conditions and burnup experienced in the
core—i.e. fuel cycle and neutronic energy spec-
trum. The major decay sources are fission pro-
ducts and the actinides, however, during cooling
times less than few hundred years, the latter con-
tributes much less to the decay heat than the
former. The ANS-79 method was adopted to
obtain the decay heat power with arbitrary reactor
operating histories. [20] To characterize the varia-
tion of decay power along the axis of fuel rod, a
chopped sine curve having a peak-to-average
variation of 1.5 was assumed. It is considered that
all rods in a fuel assembly have the same decay
power variation ; decay heat generated in the fuel
rods is transferred radially to the coolant. The
mean surface heat flux from fuel rod to coolant is
related to the decay heat generation rate and is
necessary as initial condition for the numerical
iteration scheme. However both the fuel rod sur-
face temperature and the surface heat flux have
the function of circumferential and axial position
due to their dependency on coolant velocity.

Because the radial heat conduction is greater
than the axial conduction by several orders of
magnitude, the axial conduction for the oxide fuel
was neglected. The steady state energy equation
with a negligible circumferential heat conduction
for fuel rod was also utilized to overcome the
required mesh generation in the solid region. To
calculate temperatures, velocities and pressures at
a new time step from the values at the previous
time step, the following computational cycle was
followed.

1) Initialization : When the appropriate meshes are
generated in primary flow cell and the artificial

boundaries, and the grid sizes are settled, the



14

calculations are staried with initial conditions of
uniform inlet temperature, no motion, and no
pressure condition, as well as the uniform heat
flux.

2) The new temperature field is computed by
solving in tridiagonal form the finite approx-
imations of equations for the three time steps.

3) The surface temperature is computed from the
boundary condition, i.e. Fourier s heat conduc-
tion equation. Using the calculated surface
temperature, the center-line temperatures are
obtained from the heat conduction formula in
solid region. With the new center-line and sur-
face temperatures of rod, the heat flux can be
recalculated and they are normalized based on
the mean heat flux.

4) With the calculated temperature field, the new
velocity field is computed from the three—step
tri-diagonal forms.

5) The pressure correction equation with the new
velocity field is solved. The velocity and press-
ure from the iteration scheme is also adjusted
until the convergence criteria is satisfied.

6) The new corrected temperature, velocities and
pressures with the starting values are replaced
for the next time step cycle. It is repeated the
above whole process from Number 2 to Num-
ber 5 until the steady state values are

obtained.
4. Results and Discussion

Various parametric study for the natural con-
vection flow in the rod consolidation method was
successfully performed. Even though the ADI
schemes are unconditionally stable, an optimum
time size is generally necessary to solve the cou-
pled, nonlinear problems and must be found to be
satisfactory. The global discretization error would
depend to a certain extent on how to treat the
nonlinear terms and the number of iteration per-
formed at each step. It is found desirable to reg-
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ulate the time size to avoid numerical oscillations,
as Rayleigh number Rap, i.e. the hydraulic
diameter D, , increased as remarked by Chu.[16]
It is defined in the following form.

D.=2r, [(S/1)>tan 6,/6.—1] (14)

The axial temperature profiles at the surface of
the fuel rod and the coolant with mean value are
shown in Fig.3. The maximum surface and bulk
temperature of the fuel rod are at the exit of the
channel. The temperature difference between this
mean surface temperature and the bulk tempera-
ture will be used in defining the local convective
heat transfer coefficient. The significant compari-
son was carried out between the triangular and
rectangular array under the same conditions. The
effluent temperature of the triangular type of the
fuel rods is higher than that of the rectangular
type by about 15C. This is due to the fact that
the dependence of the heat transfer results upon
geometrical parameters, especially the hydraulic
diameter. As the ratio of hydraulic diameter to rod
diameter, D./2r, as defined in Eq.(14), is in-
creased from 0.334 for triangular array to 0.541
for rectangular array, for the case of S/r,=1.1

and the same radius, the power density of the

90

T
= ame e AVERAGE SURPACE TEMPERATURE
BULK TEMPERATURE

80 }—

TEMPERATURE ( °C)

70

SPACING RATIO = 1.1 ‘1
PRANDTL NUMBER = 2,72
POWER = 100 W/ROD

1 |

° /3 21/3 L
AXIAL DISTANCE

60

Fig. 3. Axial Bulk Temperature and Average Sur-
face Temperature Profiles. (a) Triangular

Array (b) Rectangular Array
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latter is decreased by the factor of 0.62 than that
of the former. It was proved because the cross-
—sectional area of the fluid holding an equal
amount of one fuel rod heat generation is repre-

sented as follows ;
A, = 72 (D,/2r,). (15)

Thus from the Eq.(15), it can be predicted that as
the hydraulic diameter or the radius of fuel rod
increased, the effluent temperature will be de-
creased. At the normal condition with the func-
tioning of cooling pumps, the employment of the
triangular array for the rod consolidation design
will be very likely desired because of its higher
heat transfer characteristic, and the storage capac-

2.5 T T T
v 2.0 T 74 = 30°
— -~
= P
v W < Py

1.54 - 9 = 23.8 —

7
7
1.0 d Pr = 2.72 —
’° - 18° r.=0.392 cm
c.s - v = 2.60 cm/s —
¢ 1 ] |
1.0 1.05 1.1 1.15

RADIAL DISTANCE (r/r,)

Fig. 4a. Radial Velocity Distribution with Spacing

Ratio of 1.0
2.0 T T T T T
e = 30°
1.5 = o -
v Z= 70 = 16.7
—_— d
v e = 0o°
1.0f— -1
Pr = 2.72
r, = 0.392 cm
0.5 r .
v = 4.59 cm/s
0 I | | | |
1.0 1.1 1.2 1.3 1.4 1.5

RADIAL DISTANCE (r/r,)

Fig. 4b. Radial Velocity Distribution with Spacing
Ratio of 1.3
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ity can be more achieved than the rectangular
array for the typical LWR fuel assembly. But as for
the accident condition, as indicated in Fig.3, the
latter will be desirable because of its underheating
effect of the system.

The calculated velocity contours with respect to
the spacing ratio are shown in the Fig.4(a) and
Fig.4(b) for Prandtl number of 2.72. As shown in
figures, the relative velocity to the average flow
velocity at any radial and angular points is found
in the domains. It is known that the value of
relative velocity is independent of the variation of
the decay heat generation. As indicated in figures,
the wide variations are more revealed according
to the decreasing spacing ratio, which suggests the
need of the three-dimensional calculation imman-
ently as long as the spacing ratio is decreased.

Fig.5 is a plotting for the ratio of the peripheral
heat flux to the mean heat flux versus the angular
position at mid-length of fuel rod. Its result was
compared with the analytical solution by E. M.
Sparrow [21] through the consideration of same
boundary condition. The result was accomplished
with the assumptions of fully developed flow and
heat transfer, for an open bundle. He adopted the

I i
2 TRIANGULAR ARRAY —
PRANDTL NUMBER = 2.72
- -+~ Present Work
Sparrow et al.
:
o
=~ =
4 -
1 b —_——
0 10 20 30

9 ( degree )

Fig. 5. Peripheral Variation of Local Wall Heat Flux
at Midlength of Fuel Rod, Compared with
the Result of Ref. 20
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boundary conditions of uniform wall temperatures
in the circumferential direction and uniform wail
heat flux in the axial direction. The admissible
agreement between TASFIS and analytical solu-
tion was obtained. It can be seen from Fig.5 that
the largest heat transfer occurs at =307, loca-
tion of the most open area for flow, because of
the geometrical characteristic.

Fig.6 and Fig.7 show the effluent bulk tempera-
ture and average velocity with regard to the decay
heat generation from a typical fuel rod having fuel
inner radius of 0.392 centimeter. Fig.6 shows the
effluent temperature, with spacing ratio of 1.1, can
be exceeded 100C when the heat power is 220
watts (W) per unit fuel rod. Fig.7, the case of the
closest compacted state, also indicates that the
effluent bulk temperature will be 100C when the
heat power is 42 W per fuel rod. The minimum
coverage of 10 feet pool level above the fuel

110
T I ! I {
TRIANGULAR ARRAY
PRANDTL NUMBER = 2.72
ROD RADIUS = 0.392 CM -

-
o
=]

|

EFFLUENT TEMPERATURE (°C)

0
(=]
I
|
W
AVERAGE FLOW VELOCITY (CM/SEC)

80

] ] ] | |

o 50 100 150 200 250 300
DECAY HEAT POWER (WATTS/ROD)

Fig. 6. Effluent Bulk Temperature and Average
Flow Velocity vs. the Decay Heat Power
(Spacing Ratio=1.1)
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assembly, as requested in reference 4, is required
to protect plant personnel during fuel loading and
transfer operations. If the top of the spent fuel
assembly were located with the sufficient depth
from the surface, the boiling temperature of the
effluent water would be increased to 107C. For
that effluent water temperature, the decay heat
power of the spent fuel will be 63 W per unit rod
as shown in Fig.7. From the comparison between
Fig.6 and Fig.7, we can predict that the effluent
bulk temperature is abruptly decreased as the
spacing ratio is increased. Fig.8 will be used to
confirm this prediction. The bulk boiling occurs
from the compacted state in atmospheric condi-
tion at about the decay heat of 63 W per unit rod
is loaded with spacing ratio of 1.02. Fig.9 shows
the effluent bulk temperature and average velocity
with regard to the radius of fuel rod. It was men-
tioned previously that the effluent bulk tempera-
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I T ] I
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PRANDTL NUMBER = 2.72
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(-]
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& 1o Ju 8
= <
g 2
8 .
& e =
= a [+]
& < 3
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100 }— 7 e
o / w
» :
s &
<
‘/
/ -2
’
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/
90 |- Vs
,
4
i 1 I ] L
0 25 50 75 100

DECAY HEAT POWER (WATTS/ROD)

Fig. 7. Effluent Bulk Temperature and Average
Flow Velocity vs. the Decay Heat Power
(Spacing Ratio=1.0)
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Fig. 9. Effluent Bulk Temperature and Average
Flow Velocity Concerning About the Varia-
tion of Fuel Rod Radius

ture is decreased as the increase of the spacing
ratio or the radius of fuel rod. Fig.9, as well as
Fig.8, shows that this prediction has a sufficient
evidence.

The fraction of decay power to normal full pow-
er with regard to the cooling time was calculated
by using of ANS-79 model to provide the insights
on the sufficient cooling times. From the above
results, the required cooling time to preclude the
bulk boiling in the pool with rod consolidation will
be obtained for the actual design cases. For exam-
ple, it is considered that the triangular arrays of
most compacted state are loaded after the refuel-
ing at Kori-3/4 NPPs with a rated power of 2775
MWt. From the adoption of the standard fuel de-
sign data with fuel rod radius of 0.392 cm, the
required cooling time to prevent the bulk boiling
at the normal pool capacity would be about 162
days for the rod consolidation system.

5. Conclusion

In order to assess the cooling capability in the
consolidated spent fuel pool for laminar, buoyan-
cy induced flow, the implicit finite difference
equations have been formulated, which im-
plemented in the own~developed code, i.e. TAS-
FIS. Some characteristics for the heat transfer
mechanism were found with the parametric study
on the configurations of the fuel rod and the stor-
age types, which are as follows ;

* It is confirmed that the three dimensional cal-
culation will be required as long as the inter-
—fuel spacing ratio for the compacted storage is
decreased.

* The triangular type of arrays in the most com-
pacted state, as well as with the small radius of
fuel rod, are more likely to initiate the bulk
boiling in the spent fuel pool with the natural
circulation than that of the rectangular type.

* The acceptance criteria required for the mini-
mum cooling time were achieved for the pre-
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vention of the pool bulk boiling in the com- A Matrix Term in the Tri-diagonal Matrix For-
pacted spent fuel storage system. mula

®  Source Term in the Tri—diagonal Matrix For-
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