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ABSTRACT

The M0XY/ SCORE computer program is used to evaluate the potential
effect on peak cladding temperature of selective cooling that may result
from a nonuniform mass flux at the core boundaries during the blowdown
phase of the LOFT L2-4 test.
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SUMMARY

The purpose of this study is to evaluate the potential effects on
peak cladding temperature that may result from a spatially nonuniform
mass flux at the core boundaries during the blowdown phase of the LOFT
L2-4 test.

A direct approach to fulfill the goal of this study would involve
the comparison and evaluation of the results of two computer
calculations which simulate (1) a L2-4 test with uniform boundary mass
flux distribution, and (2) a L2-4 test with actual boundary mass flux
distribution, respectively. Unfortunately, this approach is not
feasible because of the lack of test data that could provide actual
flow distribution at the boundaries.

The alternate approach adopted in this study, is to carry out a
sensitivity study of the L2-4 test peak cladding temperature as a
function of the degree of flow nonuniformity at the core boundaries.
The M0XY/ SCORE computer program was used for this purpose.

The results of this study indicate that the effect of the flow
nonuniformity at the core boundaries will be neutralized by a strong
radial flow redistribution in the neighborhood of core boundaries.
The implication is that the flow nonuniformity at the core boundaries
has no significant effect on the thermal-hydraulic behavior and
cladding temperature at the hot plane.
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I. INTRODUCTION

Computer program calculations provide a means to predict the fuel
rod thermal response for the proposed loss-of-coolant experiments to
be conducted as part cf the first LOFT nuclear test series. These

predictions serve as a basis for evaluating fuel reusability after
each test and identifying conditions which may lead to potential
cladding failure and release of radioactive materials.

An important part of these calculations, particularly for the
more severe (high power) tests, is related to three-dimensional (3-D)
coolant behavior in the core region and radiation heat transfer from
the fuel rods. A previous study with the M0XY/ SCORE computer
program has shown that the crossflow in the core region does not
influerce peak cladding temperature by more than 25 K; however,

radiation heat transfer effect is predicted to lower the peak cladding
temperature by as much as 100 K. This study utilized coolant boundary
conditions at the upper and lower core boundaries as calculated by
RELAP4/M005 and further assumed the specified upper and lower core
coolant cc .: ions to be uniform.

It has been hypothesized that nonuniform coolant mass flux may
exist at the core boundaries, particularly at the top of the core when
reverse flow occurs. As a result, selective cooling may occur for the
central module fuel rods.

To evaluate the potential selective cooling that may result from
a nonuniform mass flux at the core boundaries, additional M0XY/ SCORE
calculations have been performed and the results are documented in
this report. Section II discusses the boundary conditions which were
chosen and utilized for the previous MOXY/ SCORE calculations. It also
provides other information which is common to both previous and
current M0XY/ SCORE calculations. Section III discusses how the
boundary conditions were chosen to evaluate the effects of coolant

0*
hs-, :s -
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nonuniformity at the core boundaries. Section IV presents the results
from calculations using nonuniform boundary conditions and compares
them with those of the previous calculations. Sectica V sunnarizes
conclusions and recommendations. Finally, Appendixes A & B are

devoted to the discussion of the boundary conditions pertaining to
current M0XY/ SCORE calculations.

02
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II. BACKGROUND INFORMATION

The current study is a complement to a previous study
dealing with the potential influence of crossflow and radiation heat
transfer on LOFT LOCE behavior. Relevant information about the
previous study is reviewed in this section, as follows:

( a) As a prerequisite to any MOXY/ SCORE calculations, one must

specify, at the core boundaries, the temporal and spatial
dependence of certain combinations of fluid axial velocity,
fluid pressure, and fluid internal energy (see Table B-I of
Reference 3.) An important restriction is that fluid axial
velocity and pressure cannot be specified at the same
boundary. As a result of these constraints and other
considerations (explained in Appendix A), a particular set
of boundary conditions was chosen for the previous
M0XY/ SCORE calculations. These boundary conditions are

(1) fluid axial velocity and internal energy at the bottom
of the core and (2) fluid pressu : and internal energy at
the top of the core. It was assumed that these boundary
conditions are functions of time only and are spatially
independent. These assumptions were made to simplify the
original analysis and because of the lack of test data that
could provide information regarding any potential spatial
depe,dence of these boundary conditions.

(b) Four M0XY/ SCORE calculations were carried out in the
previous study. They are:

(1) 3-D calculation with the radiation heat transfer
mechanism turned on.

f) O ' >.g

t

3



LIN lill-61 * *

(2) 3-D calculation with the raciation heat transfer
mechanism turned off.

(3) 1-D hot channel calculation.

(4) 1-D peripneral channel calculation.

The results of these calculations were compared and used to

evaluate the effects of crossflow and radiation heat
transfer. Among these calculations, (1) provides the most

realistic solution and will serve as the base case for the
current calculations. This calculation, from now on, will
be designated as Run #1.

(c) The basic geometric model for Run #1 is identical to that
for the current calculations. It cao Se described as
follows:

(1) Figure 1 depicts the flow channels and Figure 2 shows
the axial levels assumed to represent the LOFT reactor
Core.

(2) Referring to Figures 1 and 2, the fluid cell (FC) which
is located at the n-th axial level in flow channel
no. m will be designated as FC m-n. (FC m-0 and
FC m-16 denote fluid cells at the lower and upper
boundary axial levels, Jespectively.) Similarly, the
corresponding fuel rod heat slab (FRHS) will be
designated as FRHS m-n.

.
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III. ANALYSIS APPROACH

In this section, the method by which spatial nonuniform coolant

mass flow conditions were modeled in the M0XY/ SCORE calculations will
be discussed. The first approach considered was to apply
nonuniformities directl- co the boundary conditions. The second

approach considered was to extend the computational grid into the
upper plenum, which would calculate any possible nonuniformities. In
considering this approach to performing the analysis, the geometrical
complexities of the upper plenum were found to make specifying an
unequivocally uniform upper boundary condition quite
dubious - furthermore, the many changes in area and flow direction
would have been difficult to model. Finally, a larger computational
grid would have increased the expense of the analysis. Constraints on
time and uncertainty in modeling the complex fluid behavior in the
upper plenum regions led to the decision to not use this approach.
The approach chosen was to apply the nonuniformities to the boundary
conditions. The means by wtiich this un accomplished is discussed.

Because spatial nonuniformity was the parameter of interest, the
problem was constrained by the conditions of maintaining he temporal
dependence of total mass flow rate across the upper and lower
boundaries as nearly equal to that of the base case as possible.
Limitations o,1 boundary conditions that can be used in a MOXY/ SCORE

calculation made it impossible to meet this constraint while changing
the spatial dependence of mass flux at the upper boundary. However,

these conditions could be met at the lower boundary. (The reader is
referred to Appendix A for a detailed discussion of this topic.)

Since the basic concern about the effect of spatially nonuniform
boundary conditions was whether it would have significant effect on
calculated fuel rod temperatures at the hot axial level, it was judged
that nonuniformities at the bottom boundary would have as much effect

7
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on fuel rod temperatures at the hot axial level as would
nonuniformities at the top boundary. Therefore, to minimize time and
expense in the analysis, spatial nonuniformities were applied to the
boundary conditions at the bottom of the core durinc downflow.
Otherwise, the boundary conditions were the same as for the brse
case.

Below is defined the method for specifying the variation of axial
velocity distribution (which will result in the variation of coolant
mass fi n .)

If one defines: (core inlet = the bottom of the core)

v (t) = unperturbed (base case) inlet axia' vilocity inj

the i-th flow channel at time t, and

v (t) = perturbed inlet axial velocity in the i-th flow
channel at time t.

Then the unperturbed total volume rate will be equal to the perturbed
total volume rate at the bottom of the core if

16 16 ,

[ vj(t) = [ 5 (t)v
i=1 i=1 (3-1)

The equality between unperturbed and perturbed total volume rates
doe:, not generally imply the equality between unperturbed and
perturbed total mass rate. However, for the current calculations, the
density across the bottom core boundary is essentially flat, so the
equal volume rate condition implies constant total mass rate at the
bottom of the core. (The results of M0XY/ SCORE calculations vindicate
this assumption.) In other words, Equation (3-1) is the condition
that the temporal dependence of total mass rate will not be varied.

r- 3
Iy4.
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Because unperturbed inlet axial velocities are spatially
independent, Equation (3-1) can be rewritten as:

16 .

[ 4 (t) = 16 v(t) (3-2)
v

i=1

with v(t) = v (t) for i=1,.. 16. Equation (3-2) is t's basicj
constraint condition for axial velocity perturbation.

If y and z denote (.. ordinates of channel no, i (seej j
Figures 1 and 3), the distance between channel no. i and channel no.1
is + z To specify the shape of the perturbed.

axiai velocity distribution, it is assumed that (v'(t) - vj (t))
will be proportional to dy + z This assumption.

coupled with Equation (3-2) implies that (see Appendix B)

x j ( t ) = ( 1 - 0.416 d + z j ) x (t) + 0.416 dyj j yj +zj, i=1,2,.. 16, (3-3)
with

6

v. (t)1x (t) = i = 1,2,.. 16. (3-4)j
_ (t)v

According to Equation (3-3), the inlet axial velocity
perturbation is completely specified if x (t) is given. Ifj
x (t) = 1, Equation (3-3) implies that x (t) = 1 forj j
i=1,2, . . 16, i .e. , there is no perturbation. With reasons given
previously, it will be assumed that x (t)=1 when flow in in thej

normal direction at the core inlet. According to Figure 4, flow
reverses when 0.339 sec < t < 2.673 sec or t > 11.536 sec. Three

M0XY/ SCORE calculations (which will be designated as Run #2, Run #3,

and Run #4 respectively) were carried out and were characterized by:

8 () I ,',1 '

9
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(a) Run #2: x (t) = 1.2 for 0.339 sec. < t < 2.673 sec. andj
t > 11.536 sec.

(b) Run #3: x (t) = 1.6 for 0.339 sec. < t < 2.673 sec. andj
t > 11.536 sec.

(c) Run #4: x (t) = 1.6 for 0.339 sec. < t < 2.673 andj

x)(t) = 2.0 for t > 11.536 sec.

Except for the inlet axial velocity distribution, all input data for
Runs #2, #3, and #4 are identical to Run #1 (the values of x (t)j
(i=1, 2 ...,16) as given by Equation (3-3) for x (t) = 1.2,1.6

1

and 2.0 are shown in Figures 20, 21 and 22, respectively).

The results of Run #2, Run #3, and Run #4 will be compared with
those of Run #1 in next section. The comparisons will show that the
effect of nonuniform boundary flow distribution on peak cladding
temperature is very small. As a matter of fact, the effect is so

small that it is expected the effect will still be negligible even if
xy(t) is much larger than those assigned to current calculations.
It is due to this observation that no calculation with higher value of
x1(t) was performed.

\i

ctq
.

12
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IV. RESULTS AND ANALYSIS

The comparison and evaluation of Run #1, Run #2, Run #3 and
Run #4 will be given in this section. The notation established in
Item (c) of Section 2 will be used throughout.

It was found that the differences between the results of the
M0XY/ SCORE calculations are ger.erally small. Because Run #4

represents the largest perturbation compared with Run #1 (the base
case), only the results of Run #1 and Run #4 will be presented and
comparea. The presentation will be further limited to thermal-
hydraulic properties related to flow Channel No.1, since the peak
cladding temperature occurs in that channel.

Figures 5, 6, 7, and 8 depict axial velocities at FC 1-0, FC 1-1,
FC 1-2 and FC 1-3 for Run #1 and Run #4. It is seen that the effect
of the inlet axial velocity perturbation is limited to the first few
axial levels. Figure 9 depicts Y-velocities at FC 1-1 for Run #1 and
Run #4. (The crossflow resistance correlations are given in Table A-I
and A-II of Reference 3. For this study, Model Option is "0".) Inlet
axial velocity perturbations apparently cause a sharp increase of

crossflow which, in turn, leads to a rapid resoration of the original
(unperturbed) axial velocity distribution at higher axial levels.

The implication of this phenomenon is that the axial velocity
perturbation at the core inlet will not have a strong effect on the
LOFT core bulk thermal-hydraulic behavior.

Figures 10 19 provides the comparisons (between Run #1 and

Run #4) of several thermal-hydraulic parameters at FC 1-9 (where the
peak cladding temperature occurs). These parameters are:

(1) Axial velocity
(2) Fluid quality

O bI v

13
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(3) Fluid density
(4) Fluid temperature
(5) Fluid pressure

(6) Convective heat transfer mode
(7) Convective heat flux
(8) Radiation heat flux
(9) Metal-Water-Reaction heat flux
(10) Cladding outside surf ace temper 1ture.

The comparisons given in Figures 10-19 indicate that the effects
of inlet axial velocity perturbations become appreciable only af ter
coolant becomes superheated (at t=17 seconds). It should be noted,
however, that Equation (3-1) will no longer quarantee that the given
temporal dependence of total mass rate will be maintained after the
vapor fraction at the bottom of the core becomes high. In other
words, after t=17 seconds, one might have seen the effects of the
variation of the temporal dependence of total mass rate rather than

these of mass flux distribution at the bottom of the core.

c e 9, I', 7
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V. CONCLUSIONS AND RECOMMENDATIONS

A preliminary study of the consequences of axial velocity
perturbation at the bottom of the core has been completed. The

principle conclusions of this study are:

(1) The effect of the flow nonuniformity at the bottom of the
core is neutralized by a strong flow redistribution in the
lower two or three axial levels (the entire core is divided
into 15 axial levels). The implication is that the flow

nonuniformity at the bottom of the core has no significant
effect on the thermal-hydraulic behavior (includes cladding
temperature) at the hot plane. Because the degree of flow
nonunif srmity specified in M0XY/ SCORE calculations is rather
large, this conclusion should be valid even if actual
condition of flow nonuniformity is applied.

(2) The cause behind the large flow redistribution mentioned in
(1) is likely to be tae large radial gradient of core power
distribution. l' it is indeea the case, a large flow
redistribution will also neutralize the effect of the flow
nonuniformity at the top of the core.

This study represents a first attempt toward the understanding of
the hypothesized phenomenon of selective cooling due to nonuniform
flow at the core boundaries. If a more thorough study on this
phenomenon 1s needed, it is recommended that:

(1) The computer program TRAC be used to carry out a 3-D

thermal-hydraulic analysis of the entire LOFT reactor vessel
under LOCA conditions. At the vessel fluid boundaries,
uniform fluid conditions will be specified.

,

Q '
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(2) TRAC also be used to carry out a corresponding 1-D
calculation with the identical boundary conditions. The
comparison between the results of these twa calculations
should provide a better understanding tow <.rd the effects of

nonuniform flow at the core boundaries.

'M Q3
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APPENDIX A

B0UNDARY CONDITION SPECIFICATIONS
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APPENDIX A

B0UNDARY CONDITION SPECIFICATIONS

As a prerequisite to any M0XY/ SCORE calculation, the user must

specify, at the core boundary, the temporal and spatial dependence of
certain thermal-hydraulic n,rameters. According to Table B-I of
Reference 3, these parameters are fluid axial velocity, pressure and
internal energy. A further restriction is that fluid axial velocity
and pressure cannot be specified at the same boundary (otherwise one
would have a set of mathematically inconsistent boundary conditions).
As a result of these constraints, the user can specify the boundary
conditions only in the following combinations:

(a) fluid axial velocity and interrat energy at one core
boundary; pressure and internal energy at the other,

(b) pressure and internal energy at both core boundaries,

(c) velocity and internal energy at both core boundaries.

Among these combinations, both (b) and (c) have a serious
drawback. If one specifies boundary conditions according to (b) und
(c), generally, the thermal-hydraulic conditions within the reactor
core will vary substantially if a slight chan;' in boundary conditions
occurs. In other words, a slight error in the specification of
boundary conditions might mean a large error in the results of the
calculation. This drawback is easy to understand for (b). Generally,
the system ptr.ssures at the top and the bottom of the core are much
larger than the pressure drop within the core (the ratio is in the
order of 1000:1). A slight error in the specification of syste.m
pressures at the core boundaries obviously will cause a large error of
the pressure drop within the core and thus generate a large shift of
thermal-hydraulic conditions within the core.

- p) ?,e t s. ,
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Because one does not. have absolute confidence on the acc eacy of
the given boundary conditions, (a) is picked over (b) and (c). One
further decides that fluid axial velocity should be specified at the
bottom of the core because the assumption of uniform axial velocity
distribution is valid there.

The M0XY/ SCORE computer program doas not allow the specification

of the temporal and spatial dependence of fluid density at core
boundaries. As a result, the temporal deper dence of total mass rate
at a core boundary cannot be specified. It is completely determined
by other boundary conditions and internal thermal-hydraulic
calculations.

.
,

c.
C , k '

(
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APPENDIX B

B0UNDARY ALAL VELOCITY DISTRIBUTION

The derivatioe of equation (3-3) is given in this appendix.

Firstoneassumesthat(vj(t)-vj(t))willbeproportionalto

2+z 2 (refering to Figures 1 & 3). In other w eds,yj j

2
vj(t)-vi(t)=K(t) /j2 + z$ i=1,2,...,16 (B-1),

with K(t) a function of t only. Equation (B-1) implies that
16 16

2+z 2K(t) f,1 yj j =(j{1vj(t))-16vi(t) (B-2)

Equation (B-2) ar.J (3-2) further imply that

_

(t) (1 - X )(t)) (B-3)K(t) = 16
2

.[ +z$
1=1

-

(t) = _{ (t)
vwith

X (B-4)
V (t)

Equation (3-3) is the resul' of Equations (B-1) and (B- 3) and the fact

16 = 0.416 (B-5)

yj +zj
1=1

Finally, the values of X (t) (i=1, 2, ..., 16) as given byj
Equation (3 3) for X (t) = 1.2, 1.6 and 2.0 are shown in Figures 20,

1

21 and 22, respectively.

"I Q 3 fj
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