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ABSTRACT

This paper presents the results of a scoping study to examine the effects of core
blockage on core flow resistance, core mass flow, and fuel cladding surface temperatures
during a postulated loss-of-coolant accident blowdown transient in a pressurized water
reactor. Results for a steady state bounding analysis and transient calculations for a cou-
pled system with a blocked core are presented and discussed.
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SCOPING STUDY OF THE EFFECTS OF CORE BLOCKAGE
ON LOSS-OF-CQOLANT ACCIDENT SLOWDOWN BEHAVIOR IN A PWR

Current analyses for postulated loss-of-coolant accidents (LOCA) indicate that
a large break in a pressurized water reactor (PWR) coolant inlet line between a reactor
coolant pump and the reactor vessel would produce the highest core cladding tempera-
tures and the greatest potential for nuclear fuel 'damage. For the inlet break location,
these analyses show a significant reduction in the coolant mass flow rate through the
core and a reduction in the heat removal capabilities of the coolant. Heat energy from
delayed fission, fission product decay, and sensible heat stored within the fuel rods
can then cause a rapid temperature rise in the zircaloy cladding. As the tempera-
tu re r i ses , Juel^ rod internal pressure increases while the external pressure declines..
If the cladding temperature exceeds 1200 to 14Q0°F this increasing pressure~differ-
ential across the cladding, together with the decreasing strength of zircaloy, may cause
the cladding to swell and vent,. This swelling would block part of the available coolant
flow area within the core and could further reduce the available coolant flow during the
blowdown. The blockage may also inhibit the flow of emergency core coolant into the
core during reflooding.

With the exception of a few recent analyses'aJ, blowdown analyses have been per-
formed using models which neglect the effects of cladding swelling and core blockage.
The purpose of the study reported in this paper is to examine the effects of partial
core blockage on blowdown behavior. The areas considered are: (1) the effects of core
blockage on the overall resistance to core flow, (2) the influence of blockage oa the core
mass flow, and (3) the effects of blockage on a coupled system analysis of a blowdown
transient.

The study consists of two parts: (1) a steady state bounding analysis which estimates
maximum effects of any postulated amount of core blockage on overall core flow resis->
tance and coolant flow rate, and (2)a coupled-system blowdown transient analysis using the
HELAP3 codelDl to simulate a transient with a 90% reduction in core flow area.

The study is intended to be scoping in nature; that is, the intent is to identify
trends and important parameters and to estimate magnitudes rather than to provide
an accurate prediction of specific quantities. Hence, various simplifying assumptions
are made. The study considers only uniform, coplanar, core-wide blockage. A one-
dimensional axial representation of the core flow path is used. Emphasises oa the blow-
down portion of the transient; however, some of the results of the study may apply
to the reflooding portion also.

~~~ ' STEADY STATE ANALYSIS"

During steady state operating conditions in a PWR, the reactor core is a signi-
ficant flow resistance in the primary system. Approximately one-fourth to one-third
of the available pump head is jost between the lower and upper plenums .within the,
reactor vessel. Following an inlet break, primary coolant can flow to the break from
either plenum without passing through the core. The amount of coolant which does
flow through the core is controlled by the fluid conditions in the inlet and outlet plenums
and the flow resistance of the core. Core blockage would increase the core flow re-
sistance.

A simplified steady state analysis was made to estimate the effect of core blockage
on overall core flow resistance. The following were assumed:

tal Vendor analyses documented in rebuttal testimony of ECCS hearings,
Ity version MOD 31 with two-phase multipliers and FLASK pump model was used,

2



(1) Fully developed turbulent flow exists, which implies a constant resistance coef-
ficient for any given fluid conditions.

(2) The blockage can be approximated by a smooth sudden contraction in a flow
channel.

(3) The vena contracts area for the smooth contraction is the unblocked flow area
at the region of constriction.

(4) The initial unblocked core flow resistance remains unchanged by fhe blockage.,

The pressure loss across an unblocked reactor core is given by

_APO = _ — = J L _ (1)

where

-ij?o - pressure loss for unblocked core

KQ ~ unblocked core resistance coefficient

p = fluid density

V = fluid velocity

G = mass flux

gc = gravitational conversion constant.

The pressure loss across the blocked region, based on the preceding assumptions,
is given byl2l

_ ^ c -J - c 2 p g c

where

-APC = pressure loss across constriction

Cc = Ac/Ao

Ac = initial unblocked flow area at constriction

Ao = unblocked flow area

Kc = constriction resistance coefficient.

The overall pressure loss is assumed to be the sum of the pressure losses for the
unconstricted core and the constriction as given by

total

A ratio of blocked core resistance coefficient to unblocked core resistance coeffi-
cient can be obtained from Equations (1) and (3):

blocked Ko * Kc
K * ~ K ~ — W '
unblocked o
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To evaluate this ratio, KQ and KQ must be known. From Equation (2),
1 - I ) 2 (5)

where Cc is the ratio of constricted flow area to unconstricted flow area. Thus, the
blockage resistance coefficient, K<>, is a function of the blocked and unblocked flow
areas and can be evaluated for a known or assumed blockage condition. The unblocked
resistance coefficient, KQ, is a function of the reactor design and can be determined
from Equation (1) for steady state reactor conditions. With the preceding assumptions,
KQ is constant and is independent of blockage for any reactor. The ratio of blocked
to unblocked resistance coefficients is then a function of the blockage flow area and
the reactor design. This ratio is constant for any blockage condition and reactor design
over the range of validity of the initial assumptions.

The pressure losses for the blocked and unblocked cases are functions of the
resistance coefficients and the mass velocities, as given by Equations (1) and (3).
Placing a constriction in a fluid flow path will cause two basic effects: (1) the flow path
pressure loss will tend to increase, and (2) the mass flow rate through the flow path
will tend to decrease. The first bounding case to be considered is that of the maximum
pressure loss, which will occur when the mass flow rate is a maximum. The maximum
mass flow rate is that for the unconstricted condition. For this maximum case the pres-
sure loss ratio can be found by combining Equations (1) and (S) and assuming ideitical
average mass fluxes and fluid conditions for both cases:

AP K
o o

<6>

Thus, for maximum mass flux conditions, the pressure loss ratio equals the resistance
coefficient ratio.

Similarly, the second bounding case considers, for a constriction of any given size,
the minimum flow. This miaimum flow will occur when the pressure loss across the flow
path is a minimum. A lower bound for tbis pressure loss is the pressure loss occurring
for the unconstricted case. Expressing Equations (1) and (3) in terms of mass flow
rate gives 0

-"total
where

Wo - mass flow rate in unconstricted channel

Wc = mass flow rate in constricted channel

Go = mass flux in unconstricted channel "based on Ao

Gc ~ mass flux in constricted channel based on Ao.

Equating Equations (7) and (8) and canceling like terms gives

Ko V - <Ko + Kc> W c 2 •



Solving for the ratio of constricted flow to unconstricted flow yields

(10)

Thus a relationship giving the maximum flow reduction corresponding to the minimum
or unrestricted pressure difference has been derived in terms of resistance coeffi-
cients. The coefficients are a function of blockage and core design.

'- To evaluate the effects of blockage in a PWft core, the relationships given by
Equations (6) and (10) have been evaluated for a three-loop PWR system. The results
are shown. in~£j0u£&~l.. Two curves are shown as functions of the fraction of core area
blocked. Curve-A~{i«Ha Equation {6)] gives the resistance coefficient ratio or the con-
stricted to vmconstrictod pressure loss ratio for a constant maximum mass flow. Curve
B [from Equation (10)] gives the constricted to unconstricted flow ratio, for a constant
minimum pressure difference. .

The effect of core blockage on core flow resistance is_ given in Figure 1. From
Curve A for 60% or less blockage, the ratio of constricted to unconstricted resistance
given in Figure 1 is less than 1.1 and the blockage is but a small part of the overall
core flow resistance. When the area fraction blocked is greater than 80%, the blockage
becomes the dominant core flow resistance. Curve A also defines the maximum pressure
drop ratio for a constant maximum mass flux condition. For the constricted condition
in which both the flow decreases and the pressure drop increases, the ratio of con-
stricted pressure drop to unconstricted pressure drop would be between a value of 1.0
and the value given by Curve A for any blockage.

The influence, of blockage on core flow is also shown in Figure 1. Again the maximum
flowreductionttBla channel occurs if the constriction reduces flow without increasing the
minimum pressure difference. The minimum ratio of constricted flow to unconstricted
flow for this case is shown by Curve B in Figure L If both the flow reduction and pressure
drop increase were to occur, the flow ratio would be above Curve B but below a value
of 1.0. From Curve B of Figure 1, blockage area fractions of 70% or less reduce the
overall flow by less than 10%, and a blockage of 90% reduces the core flow by a maximum
of 50%. These results indicate lhat core-wide coplanar blockage of 70% or more of the
available flow area would have to occur before the overall mass flow through the core
would be reduced 10% or more by blockage.

The accuracy of the steady state results is necessarily limited by the simplifying
assumptions which were made, that is, steady state conditions, idealized constriction
geometry, constant resistance coefficients, and one-dimensional axial flow. Also, the
relationships used apply strictly for single-phase fluids; however, a similar develop-
ment considering two-phase effects would give the same ratios as for single-phase
fluid if the two-phase effects in the blocked channel and the unblocked channel are
assumed to be the same. In spite of these limitations, the basic trends and order of
magnitude of the blockage effects are believed to be correct and thus permit a general
estimate of blockage effects.

COUPLED SYSTEM ANALYSIS WITH 90% BLOCKAGE

Although the steady state results may permit an estimate of the magnitude and
trends of blockage effects on core flows and pressure losses, they do not show the block-
age effects on the interdependent coupled phenomena during blowdown or the integrated
blockage effects over the blowdown transient. To examine blockage effects under tran-
sient blowdown conditions requires that two analyses be performed, one without block-
age effects and the other including blockage effects. A recent blowdown analysis!3!
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had been performed for a three-loop PWR using the RELAP3 code. The rnodel used
was the same as that used for the steady state analysis. The results of this analysis
were used as a base case without core blockage. A similar analysis was then performed
using nearly the same reactor analytical model and computer code. The only difference
in the analytical model was that the input flow resistance in a core Junction was increased
to simulate a 90% reduction in core flow area. This flow area reduction was programmed
to occur at 2.8 sec in the transient. This time is comparable to the time calculated
by RELAP3 for cladding temperatures to reach the 1200 to 1400°F range in the hottest
core regionfel. Blockage is expected to begin in this temperature ranged t and since
the KELAP3 temperature represents a radial average temperature for the core, the time
obtained from the RELAP3 results would roughly represent the time when core-wide
coplanar blockage might occur, The results of these two analyses with and without block-
age were then compared.

One parameter indicative of the blockage effects on overall system biowdown_is_
the system pressure transient. Upper plenum pressures are typical of system pres-
sures and are shown for the two eases in Figure 2. Little difference is evident between
the calculated pressure transients for the cases with and without blockage,. The
small but observable differences begin at about 10 sec after the break with the cal-
culated pressure transient for the unblocked case decreasing below that for the blocked
calculation. A difference, which is not readily apparent in the pressure curves, is the
time required for the primary system to reach pressure equilibrium with the contain-
ment. The blockage case required about 2 sec longer to reach equilibrium than did the
unblocked case. These results are consistent with the behavior expected when a flow
path toward the break has been restricted; that is , a higher pressure and a longer time

required to expel tfie primary coolant.

~- Even though large differences^ were not observed for system pressure behavior
as a result of blockage, blockage effects could be significant in fhe core region. Of pairticu-
lar interest is the coolant mass flow rate through the core. Typical of the calculated
core flow rates are the flows calculated for the core inlet at the bottom of the core
and core outlet at the top of the core. The core inlet flows for the two cases are shown in
Figure 3 and similar outlet flows are given in Figure 4. The basic differences between the
blocked and unblocked core flows occur between about 6 and 13 sec in the blowdown tran-
sient for both the inlet and outlet core flows. Flow through the core is negative, or down-
ward in direction, during this period, and the results show a significant reduction in
the magnitude of this downward core flow for the blocked case. The case with 90% core
blockage shows adownwardcore flow of roughly 50% of that for the unblocked case. This
flow reduction is of the _order shown by the steady state results for 90% blockage.

The hot channel temperatures were not computed for the two cases; however»
the RELAP3 analysis does include a calculation of the cladding surface temperature for
three axial core nodes input in the system model. In Figure 9 cladding surface tempera-
tures for the axial node representing the center one-third of the 12-ft core length
are shown for both the blocked and unblocked cases. The results provide some indica-
tion of Hie effects of blockage on the cladding surface temperature. The temperature
curves are essentially identical for about the first 6 sec into the transient. At about
this time the initial maximum temperatures are reached and a temperature decrease
is calculated for both cases. These temperature results show that even with 90% blockage
the coolant flow is calculated to be sufficient to terminate the initial temperature rise
and to reduce the temperatures during blowdown..

After the initial temperature peak occurs, the blockage case gives a higher tempera-
ture transient than the unblocked case. This behavior is consistent with the calculated
core flows shown earlier. Higher temperatures at the beginning of reflooding would, there-
fore, be anticipated for the blocked case compared to the unblocked case.

The temperature transient i s shown later in Figure 5.
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FIG.2 CALCULATED UPPER PLENUM PRESSURES WITH AND WITHOUT BLOCKAGE.
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FIG. 5 CALCULATED CLADDING SURFACE TEMPERATURE FOR MIDDLE CORE VOLUME
WITH AND WITHOUT BLOCKAGE.

Another effect of blockage which could cause aa additional increase in cladding tem-
perature at the start of reflooding occurs during refill of the system by emergency
core cooling water. The effect is shown in Figure 6 which gives the calculated liquid
mass in the downcomer annulus for both the blocked and unblocked cases. Behavior
is similar for both cases to 15 sec in the transient. Then the downcomer begins to
refill for the unblocked case while the similar refill for the blocked case occurs 2 to
3 sec later. Hence, blockage would be expected to delay core refill and reflood by a
similar time interval, and somewhat higher cladding temperatures might occur during
reflooding as a result of this delay.
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CONCLUSIONS

ANC-A-986-H

The steady state analysis indicates that the cross-sectional flow area of a PWR
reactor core must be reduced by at least 60 to 70% by cladding swelling and blockage
before the blockage can reduce the overall core flow by 10% or more.

Transient coupled-system analysis for postulated 90% blockage following an inlet
break shows (1) blockage does not affect the first peak in cladding temperature but
causes slightly higher cladding surface temperatures during refill, (2) blockage signi-
ficantly reduces the core flow during part of the period of downward flow through the
core, and (3) blockage prolongs blowdown and delays refill and reflooding slightly.

Overall, the stuCy shows that uniform coplanar blockage must be severe (greater
than 70%) before significant effects are calculated in the LOCA analysis.

Because of the limited scope of the study, some blockage effects were not con-
sidered. For example, uonuniform blockage configurations, effects of blockage on re -
flooding, and fuel densification effects were not considered in this study. ;
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