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THE EFFECT OF LIGHT-WATER REACTOR FUEL ROD FATLURE ON THE
AREA AVATLABLE FOR EMERGENCY COOLANT FLOW FOLLOWING
A LOSS-OF-COOLANT ACCIDENT

P. L. Rittenhouse D. 0. Hobson
R. D. Waddell, Jr.

ABSTRACT

We have performed a series of temperature transient
burst tests on bundles of simulated light-water reactor fuel
rods. These experiments were conducted with rod internal
pressures ranging from 100 to 1200 psig and heating rates
from 10 to 100°F/sec. The major intent of this program was
to ascertain the degree of coolant channel blockage that
would be provided by fuel rod deformation and rupture during
the loss-of-coolant accident postulated for light-water reac-
tor systems.

The blockages measured in our multirod experiments were
somewhat lower than those which can be predicted on the basis
of swelling data for Zircaloy cladding tubes. This result is
explainable in terms of interference between simultaneously
deforming adjacent rods, some randomness of the axial position
of maximum deformation and rupture, and test configuration.

On the basis of our results we have proposed criteria,
related primarily to fuel rod internal pressure, for analysis
and prediction of blockages produced in the reactor core by
deformation of the fuel rods. Depending on reactor operating
history and conditions and the severity of the loss~of-coolant
accident, coolant channel blockages could range from essen-
tially zero in some cases to almost 100% over appreciable por-
tions of the core in others. .

INTRODUCTION

The most serious accidents considered credible in light-water reac-
tors (LWR's) are those associated with the breach of one of the many
pipes in the primary coolant system. These postulated accidents, the
loss-of-coolant accidents (LOCA'S), would result in loss of pressure and
expulsion of the reactor coolant. They could range in severity from a

small leak to a double-ended rupture of the largest pipe in the system.



On loss of the coolant, redistribution of the heat stored in the fuel
would raise the temperature of the fuel cladding quite rapidly. At a
somewhat later time the decay heat from the fission products would be
the dominant heat source and, if the temperature exceeds certain limits,
the exothermic reaction between cladding (Zircaloy) and steam would
also provide thermal energy.

Although the probability of any LOCA is considered to be small and
that of the most severe LOCA extremely small, their consequences could
be quite severe. Therefore, safeguards such as emergency core cooling
systems (ECCS's) are engineered into IWR's to provide temperature tran-
sient termination and post-accident cooling for the reactor core and to
minimize damage to the total reactor system. This is not to say, how-
ever, that no demage will result from a LOCA. FEven with the FCCS
operating near design capacity, portions of the reactor core may reach
temperatures sufficient to allow deformation (swelling) and rupture of
fuel rods. Deformation and rupture will occur when the stress provided
by the internal pressure of fission gases (generated and collected in
the fuel rods during normal operation) exceeds the yield and rupture
strength of the cladding tubes. For purposes of reference, the stress
on the cladding may be taken as about & times the internal fission gas
pressure. Pressures in boiling-water reactor (BWR) fuel rods are usually
below 200 psig even toward end of life; pressures in pressurized-water
reactor (PWR) fuel rods at end of life may be in excess of 2000 psig.
As examples, rupture temperatures of about 1700, 1400, and 1250°F are
associated with internal pressures of 200, 500, and 1000 psig, respec-
tively.l of course, during normal reactor operation the cladding is at
much lower temperatures and has considerably greater strength. Also,
the pressure difference across the wall of the cladding tube is balanced
or — most often — exceeded by the system Pressure. The LOCA removes
both of these limits and leads to cladding swelling and rupture.

When the fuel cladding ruptures the gaseous and volatile fission

products occupying the free volume within the fuel rods are released to

'R. D. Waddell, Jr., end P. L. Rittenhouse, High-Temperature Burst
Strength and Ductility of Zircaloy Tubing, ORNL-TM-32890 (March 1971).




the primary system and — as breach of the primary system was the event
that initiated the LOCA — to the reactor containment. The containment
is equipped with a number of fission product removal systems (i.e.,
sprays and filters) to prevent radioactive species from escaping to the
outside environment. Although retention of radiocactivity within the
reactor system, preferably within the fuel rods, is the major overall
concern for the accident, in this report we shall be more directly
interested in fuel rod deformation and rupture with respect to its
mechanics, its location within the core, and its effect on the failure
of adjacent rods and blockage of passageways for emergency coolant flow.

The deformation (swelling) of the fuel rods prior to rupture can be
considerable,?’? and it should be expected that the cross-sectional area
available for coolant flow (coolant channel area) through fuel bundles
will be restricted to some degree during the LOCA. Reduction in coolant
channel area as a function of fuel cladding swelling can be easily calcu-
lated. The original coolant channel area (AO) per fuel rod in an

undeformed assembly is

A, = p? - 4[H(na2/4)] = p? — naZ/4, (1)
where
p = fuel rod pitch or rod center-to-center distance on a square array,
and
d, = original diameter of a fuel rod.

As the fuel rods swell — and here we shall assume that each swells uni-
formly and equally about its center and at the same axial location or
elevation — the area for coolant flow, A, is reduced (A < A,). At any
time before adjacent rods touch — which occurs when the pitch, p, equals
the diameter, d, of the swollen rods — the fraction of original coolant

channel area blocked, F,, can be calculated from the expression:

A)

2p, 1. Rittenhouse, Progress in Zircaloy Cladding Failure Modes
Research, ORNL-TM-3188 (December 1970).

3D. 0. Hobson and P. L. Rittenhouse, Deformation and Rupture Behav-
jor of Light-Water Reactor Fuel Cladding, ORNL-4727 (September 1971).
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F, = (& — A) /Ay = | A, —<p2 _T‘;LZ }/AO =§<d2 - d§>/L\-O , (2)

[

d = diameter of swollen rods, and

> >
p=d=a,,

For fuel rod expansion with 4@ > p, one or more assumptions must be made
to permit calculation of F,. In our case we shall assume that at

A
F, = 1 (total blockage) the rod cross section will be square. The length,

A

£, of the sides of the square, will be identical to the fuel rod pitch,
P = £. An equivalent circumferential expansion (in percent) of the rods
at F, = 1 can be calculated from

A
4f — nd,
GC = 100 x (——&T> . (3)

For expansions such that 44 > nd > mp, both the coolant flow area, A,

and the equivalent circumference of the rods are easily found by graphical
methods. The results of determination of coolant channel blockage as a
function of the expansion of an array of rods are presented in Fig. 1

for BWR and PWR rods of nominal dimensions. WNotice that in both cases
adjacent rods touch at just over 30% expansion [Eq. (2) can be used up
until this point] and that total blockage is predicted at about 70%
expansion. Other methods of calculation have been tried and all predict
total blockage at expansions ranging from 60 to 75%. The method

described here seems the most reasonable and realistic.

Using Fig. 1 and the expansion results for single tubes tested under
temperature transient conditions,? we can generate the curve shown in
Fig. 2. This curve predicts coolant channel blockage as a function of
the maximum internal pressure achieved in the fuel rods prior to rupture.
The data range shown encompasses the effects of heating rate and
cladding wall-thickness variations.? With fuel rod internal pressures of
200 psig the blockage predicted is in the range 75 to 100%; at 500 psig,
40 to 65%; and at 1000 psig, 90 to 100%. These blockages must be con-
sidered as the maximum possible under the stated pPressures. Factors such

as nonuniformity of swelling, randomness of axial position of deformation,



ORNL~ DWG 71-12575

100 | | oe T
*.TOTAL
- BWR RODS: p=0.738-in. BLOCKAGE
s do=0.562-in !
3 80 v PWR RODS: p=0.563 —ir‘.
o] / dy=0.422-in.
; \
< / |
w /| -ADJACENT RODS BECOME
2 60 1) TANGENT 1
S
(@)
|
m
o
W 40
p=d
<L
I
(&)
=
E
< 20
(@)
o
(&)
)
) 20 40 60 80 10C

ec,CIRCUMFERENTIAL EXPANSION (%)

Fig. 1. Coolant Channel Blockage as a Function of Cladding Expansion.
The percentage coolant channel blockage (FA x 100) resulting from a speci-
fied circumferential expansion, ¢ , is shown for both BWR- and PWR-size
cladding. Fp versus €, is linear until adjacent rods touch (just over
30% expansion). Total blockage, F, = 1.0, is predicted at about 70%
expansion.
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Fig. 2. Coolant Channel Blockage as a Function of Internal Pressure.
These blockages were calculated on the basis of expansion data obtained in
tests with single rods at internal pressures from 50 to 1200 psig and
heating rates from 10 to lOO°F/sec. The data range reflects the effects
of heating rate and wall-thickness variations as well as normal
experimental scatter.



rod-to-rod interference, test and fuel assembly configuration, and irra-
diation should tend to result in blockages of lesser degree than shown
in Pig. 2. It is the purpose of this report to show these effects and

to derive new blockage curves related to these factors.

EXPERIMENTAL DETAILS

Temperature transient tube burst tests were conducted on bundles
of simulated fuel rods consisting of 13 Zircaloy tubes of BWR-size and
on both 16- and 32-rod assemblies of PWR-size cladding. All of the BWR-
size tubing (0.562 in. OD by 0.032 in. wall) was Zircaloy-4 purchased to
ASTM specifications from Amax Specialty Metals, Inc. (AMAX). Some of
the PWR-size cladding used was purchased from AMAX and the remainder was
supplied by Westinghouse, Babcock & Wilcox, and Combustion Engineering.
The outside diameter of these tubes (all Zircaloy-4) ranged from 0.420
to 0.439 in.; the wall thickness on all PWR tubes was nominally 0.027 in.

The simulated fuel rods consisted of 2-ft lengths of the Zircaloy
cladding containing 16-in.-long quartz-encapsulated, tungsten heaters
rated at about 3000 W each. Commercially built heaters were used in the
tests with BWR-size rods and similar heaters were constructed in-house
for the PWR tests. The power leads to each heater entered through
1/4 in.-diam stainless steel tubes in each end of the test rod. These
tubes were welded to stainless steel fittings that threaded into Zircaloy
end plugs (see schematic in Fig. 3). The stainless steel tubes also
provided the ports for internal pressurization of the rods. Annesaled
copper gaskets were used to make pressure-tight seals between the
Zircaloy end plugs and the stainless steel fittings. The power leads
exited through Teflon seals in compression fittings on the stainless
steel tubing.

After the rods were constructed and tested for electrical continu-
ity, shorts, and leak tightness, they were assembled into bundles of the
desired number of rods. In all cases the rods were arranged in a square
array or grid with pitch characteristic of either a BWR or PWR fuel
assembly. A schematic of the bundle in position in the experiment con-

tainer is shown in Fig. 4. The container (preheat furnace) allowed the
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Fig. 3. Schematic of Simulated Fuel Rod
Construction. This figure shows the details of
heater, end plug, and pressure and power input
line construction.
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rods to be preheated to nominal reactor operating temperature (about

600°F) in an enviromment of argon slightly in excess of atmospheric

pressure.

The stainless steel tubes (containing the power leads and

providing the internal pressurization) connected to each of the simu-

lated fuel rods exited the container through split flanges on each end.

Grid spacers were used in all of the PWR tests and in the final BWR

experiment to provide alignment and positioning of the rods.

shows, schematically, the character of these grids.

ORNL-DWG 71-12580
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GRID-SPACER

[O.SBOin.
INNER SURFACE OF
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32-ROD TEST

3% in.

2Ygin.

39g in.

Fig. 5. Grid Spacer and Sleeve
Dimensions. The dimensions of the
fitted sleeve of the 32-rod tests are
shown as well as information on grid-
spacer construction.

pressures in our tests have ranged from 100 to 1200 psig.

Figure 5
They are assembled
by tack welding about 2-in. wide
by 0.014-in.-thick stainless
steel sheets into a square grid.
Tabs punched into the surface

of the stainless steel sheet give
automatic alignment (the proper
pitch) for the rods. Also shown
in Fig. 5 are the dimensions of
the fitted sleeve, sized to
duplicate the cross-sectional
area associated with 32 rods in
a PWR fuel assembly.

When the test bundle reached
the desired temperature, the rods
were filled to pressures charac-
teristic of those provided by
fission product gases. (Internal

Pressures

slightly greater than 2000 psig may be achieved in end-of-life PWR fuel

rods.)
shown in Fig. 6.
of the manifold.

Pressurization was accomplished using the manifold configuration
High-purity argon was bled to the four identical legs

Each leg contained eight ports and valves for pres-

surizing individual specimens. When pressurization was complete the

specimens were valved off and the transient burst test was initiated.

The desired temperature transient (a linear heating rate in the range 10

to 100°F/sec) was programmed by a Model FGE 5110 Data-Trak (Research, Inc.

instrument).

Power and temperature control were provided (see Fig. 7)
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Fig. 6. Schematic of Pressurization Manifold. The valves, lines,
and gages comprising the pressurizing manifold used in the multirod
tests are shown in this diagram.
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SERIES 6000
MODEL FGE
THERMAC LOAD
5110 —— ——
PROGRAMMER CONTROLLER (13 OR 32 RODS)
100 amp, 480V

t THERMOCOUPLE
FEEDBACK

Fig. 7. Programming and Control System. This simple diagram shows
the combination of programming, control, and feedback systems used in
obtaining transient heating conditions.

by a Series 6000 Thermac (Research, Inc.) rated at 100 A and 480 V. The
heaters are wired in parallel and were individually fused. The tempera-
ture transient was allowed to proceed until all the rods ruptured, until
the fuses protecting the silicon-controlled rectifiers of the Thermac
blew, or until a "scram" button was hit. All of these cases were

experienced.
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The instrumentation of a 13-rod bundle consisted typically of six
Chromel-P—Alumel thermocouples and four pressure cells; eight thermo-
couples and four pressure cells were used in the 32-rod tests. (Thermo-
couple and pressure cell positions will be described later for individual
tests.) Signals from the thermocouples and pressure cells were fed
through an analog computer (to remove noise) to a fast-response multi-
channel recorder. Thermocouple junctions were made by spot welding the
wires to tantalum pads attached (spot welded) to the cladding surface.
Tantalum tabs (about 1/5 the length of tubing circumference) were used
to strap the thermocouples to the rods.

After completion of the burst test the entire bundle was cast in
epoxy, sectioned at several (up to 14) axial positions, and the sections
polished. The method of measuring remaining coolant channel area
depended upon the test configuration. For instance, the cross section
of the container for the 13-rod tests was circular and of greater area
than that associated with 13 rods in a BWR fuel assembly. Therefore,
some amount of unrestrained bowing of the rods occurred. Because of this
the following procedure was used. The cross-sectional area of each of
the deformed rods was measured using a planimeter on photographs of the
sections. Referring to Fig. 8, it is clear that the area of each full
coolant channel, channels 1—4, is Ag (as defined earlier) and that of
the half channels, 5-12, is A0/2. To find the coolant channel area
reduction of one of the full channels, say channel 1, we would sum the

areas of deformed tubes 2, 4, 5, and 7 (a, + 8, + a, + a, = a) and

r -~ a — nd?
FA = i_Ao - (pZ - Z//T‘/Ao = C———f O> AO . (4)

The reduction in coolant channel area for the entire cross section, FA,

calculate FA as

is simply the weighted average of that for the individual channels and
half channels. In the 32-rod tests in which fitted sleeves were used
(see Fig. 5, p. 8), planimeter measurements of channel areas can be made
directly on all 21 full channels and FA calculated by

F,o= (8, = &)/Ay (5)
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where A’ i1s the planimeter mea-
surement of the coolant channel
area remaining. Again, FA for
the entire cross section (fA) is
the average of those for the
individual channels.

In some of the more highly
deformed cross sections, consider-
able distortion of the original
grid occurred (i.e., the grid area
GA’ of individual channels was

greater or less than the original

grid area given by p°). Planim-

. Fig. 8. Rod and Channel Iden- eter measurement of the new grid
tification. The circles represent
the 13 Zircaloy rods of the burst area permits calculation of a

test assembly. The four full coolant modified fractional area blockage,
channels are numbered 1 through 4

and the eight half channels 5 FA: as
through 12.
I . \
!G - (ﬂd2/4 | - A AL — A
AT\ 0
o= b : = - (6)
A r - A )
LGA - <%d§/ 1 0
RESULTS

The nominal experimental conditions and configurations of the
11 multirod tests are shown in Table 1. The first column gives the test
number, the second the nominal internal pressure (at about 600°F) of the
rods (pressure usually increased about 10% during the transient), and
the third the nominal heating rate (experimentally within +10%).
Columns 4, 5, and 6 of Table 1 refer to the test configurations.

Figure 9 is a schematic of the instrumentation layout for the 13-
rod tests. Tubes representative of each of the four unique positions in
the bundle were monitored for temperature and internal pressure. The

first position, rod 7, was fitted with a pressure cell and a thermocouple
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Table 1. Test Conditions and Configuration

Nominal Nominal Number
Test Internal  Heating of Rod Bundle Container Comments
Number Pressure Rate Type
. A Rods
(psig)  (°F/sec)

1 300 100 13 BWR Circuler® Three of the rods lost
pressure and did not
deform. Average rod
mmhuetamawhue(TQ,
1740°F.

200 100 13 BWR Circular TR = 1850°F.

400 100 13 BWR Circular TR = 1720°F.

400 25 13 BWR Circular Two rods lost pressure.
TR = 1770°F.

200 25 13 BWR Circular TR = 1790°F.

6 100 50 13 BWR Circular Two rods did not rupture
because of partial pres-
sure loss. TR > 2100°F.

7 200 10 32 PWR Circular T_ ~ 1800°F. Some
eutectic formation.

200 90 16 PR Square (fitted)® T, ~ 1800°F.°

700 10 32 PWR  Octagone T, ~ 1550°F. &
(fitted)

10 1000 25 32 PWR  Octagona T, ~ 1475°F. ¢
(fitted)

11 1200 25 16 PWR  Square (fitted) T ~ 1400°F. ¢

8'Cross section of container of greater area than that associated with 13 rods of BWR
configuration or, for test 7, with 32 rods of PWR configuration.

bFitted containers have cross-sectional area equivalent to that associated with the

simulated PWR assembly.
CTests to be analyzed by Combustion Engineering, Inc., Windsor, Conn.
dTwo rods unheated and unpressurized; eight rods did not rupture.

®Two rods unheated; 16 rods ruptured while 9 others deformed appreciably (20 to 50%)
but did not rupture; 7 rods deformed only slightly (O to 20%).

at the center of the heated length of the bundle. 'The second position
is a circle comprised of rods 4, 5, 9, and 10. One of these rods had a
pressure cell and two thermocouples — one 4 in. above the center of the
heated length and one 4 in. below. The third position, bolt circle con-
taining rods 2, 6, 8, and 12, was instrumented as the first position
and the fourth position (rods 1, 3, 11, and 13) as the second.

The temperature distribution in the 13-rod bundles during the tests
is typified by that measured in tests 2 and 3. Position 2 thermocouples
registered a 30°F temperature difference (axial AT) over an 8 in. span;

the highest temperature was approximately at the center of the bundle
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@ ROD NUMBER

® THERMOCOUPLES (TC'S)
TC-1 AND 4 AT CENTER OF HEATED LENGTH
TC-2 AND 5 AT 4in. ABOVE CENTER
TC-3 AND 6 AT 4in. BELOW CENTER

B PRESSURE CELLS (PC'S)

Fig. 9. Instrumentation for 13-Rod Tests. This figure shows the
position of thermocouple (TC-1 through TC-6) and pressure cell installa-

tion. Rods 4, 5, 9, and 10 are of equivalent position as are 2, 6, 8,
12, and 1, 3, 11, 13.

while the lowest was 4 in. above center. (The position of maximum
blockage corresponded to the highest temperature position in all tests
except those where the grid was centered in the hot zone.) The temper-
ature drop across these bundles (radial AT) from positions 1 to 3, was
about 15°F while that from positions 1 to 4 was about 60°F. Both the
axial and radial AT's changed with time during the experiments and those
quoted above are for a time approximately 1 to 2 sec before cladding
rupture.

The positions of the thermocouples in test bundles 7, 9, and 10
(32-rod tests) are given in Fig. 10. 1In each case, temperatures were
monitored over at least 8 in. of bundle length. Test 7 (nominal heating
rate of 10°F/sec) had an overall bundle average heating rate of 8.0°F/sec.
Heating rate in the center of the bundle, as indicated by thermocouple 2,
was 8.6°F/sec. The radial temperature gradient, from center to outside
of the assembly of rods, approached 200°F at a temperature of 1700°F

whereas the axial temperature gradients were somewhat less, as shown



'_.I

4

ORNL-DWG 71-12582

r1 J
dd o
N
b

N

O0O0O®
O0COC0OOGO

OO@OHGO®

OO@!

OO®O®O
O®OO

® TEST NO.7 O TEST NO.9 & TEST NO.1O

TC-2 AND 4 ARE 3in. TC-1, tA, AND 4 ARE 2in. TC-1, 2, AND 6 ARE 3in
BELOW CENTER OF GRID BELOW CENTER OF GRID BELOW CENTER OF GRID

TC-1 AND £ ARE 7in. TC-2 AND 6 ARE 2in. TC-3 IS 7in. BELOW
BELOW ABOVE CENTER

TC-3 AND 6 ARE fin. TC-3 AND 5 ARE 6in. TC-4 IS AT CENTER
BELOW
ABOVE TC-5 1S 2in. ABOVE

TC-7 IS 2in. BELOW

Fig. 10. Thermocouple Positions in the 32-Rod Tests. The rods to
which thermocouples were attached and the axial position of the thermo-
couples are shown for tests 7, 9, and 10.

in Table 2, and most of the temperature difference was in the 3- to 7-in.
interval below the center of the grid spacer.

The average heating rate during test 9 (determined from thermo-
couples 1, 2, 4, and 6) was 8.2°F/sec (see Table 3). (Extrapolation of
the linear portions of the heating curves back to the starting tempera-
ture gives the time corrections listed in the table footnotes.) Because
of the "dead" or unheated rods (7 and 9) the temperature distribution
across the bundle was skewed slightly (e.g., the temperature on rod 25
was higher than that indicated on rod 13). Radial temperature gradients
in the bundle, as shown in Table 4, were somewhat lower than those for
test 7. The axial gradient in the 4-in. length spanning the grid spacer
was only 30°F, but the temperature 6 in. below the grid was quite low.

Tables 5 and 6 give the temperature history and gradients in
test 10. These data show that the temperature uniformity in this test
was by far the best of any experiment run. This was not accidental but
the result of improvements in heater construction and positioning within

the tubes.
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Table 2. Temperature Gradients in Test Bundle 7
Gradients,®sP °F
Time Redial Axial
(sec)
ATy ATy ATy AT, AT, ATy AT, ATy AT, ATy, ATy,
0° 43 422 14 <43 -39 79 40 43 -1 —oo -36
5 +11 +28 —-18 =51 40 97 =57 —-68 ~42 ~11 —29
10 0 2 <=l -30 40 86 46 6 4 =26 ~40
BOd +58 +56 0 0 0 =56 56 -—112 58 +58 +58
45 +72 +83 +21 +4 +H0 18 58 130 47 +91 4112
60 486 +122 +95 +40  +8l 413 68 154 32 472 +167
70 +81  +134 +108 +51 +92 +25 —67 =148 =14 +65 +173
80e +83 +160 +138 +62 +108 +40 —68 -—151 +9 453 +199
20 +83 +162 +112 +65 +83 +25 -58 141 +21 +54 +163
100  +83 +144 +126 +79 493 +61 32 115 429  +49 +176
llOf +68  +168 +164 +88 +122 +66 -36 =104 +62 +26 +190
1200 +86 +198 +94 —-18 -104  +9%4 0

Par, = (TC-5)—(1C-6), ATs
ATy = (TC-2)—(TC-3)
(Tc-5)=(Tc-4), ATy,

a
ATy is temperature difference between TC-2
for thermocouple positions).

and TC-4 (see Fig. 10

(rc-4)—(TC-6)

ATy = (TC-3)—(TC=6), AT, = (TC-1)—(TC-5).

= (7C-1)—(TC-2), ATe = (TC-1)—(TC-3),
ATg = (TC-4)—(TC-3), ATy =

ATqg = = (TC-1)-(TC-4).
CAverage center line temperature at time zero, Tco’ equals 770°F.
dp 1135°F.
o C45
ch9o = 1440°F.
TC120 = 1710°F.
Table 3. Temperature History of Test Bundle 9
Temperature, °F, and Heating Rate, °F/sec,
Time to the Indicated Temperature
(sec) a
TC-1 TC-2 TC-3 TC~4 TC-5 TC-6
0 545 545 525 575 545 555
20 612 600 545 655 555 600
3.4 2.8 1.0 4.0 0.5 2.2
40 720 723 555 768 575 705
4. b 4.5 0.8 4.8 0.8 3.8
60 871 895 586 930 620 863
5.5 5.8 1.0 5.9 1.2 5.1
80 1030 1060 630 1085 668 1000
6.1 6.4 1.3 6.4 1.5 5.6
100 1186 1205 720 1222 725 1135
6.4 6.6 2.0 6.5 1.8 5.8
120 1380 1382 820 1380 820 1304
7.0 7.0 2.5 6.7 2.3 6.2
130 1460 1492 910 1440 892 1355
7.0 7.3 3.0 6.7 2.7 6.2
135 1525 b 1545 1000 1525 940 1437
7.3 7.4 3.5 7.0° 2.9 6.5
140 1497 1572 d 1060 1492 980 1490 e
7.3 3.8 3.1 6.7

a.

b

Position of

Linear rate

Cr .
Linear

dLinear rate

e .
Linear

extrapolates to 15 seec.
extrapolates to 9 sec.

extrapolates to 13 sec.
extrapolates to 13 sec.

thermocouple (TC) is as given in Fig. 10.
of 8.3°F/sec
rate of 7.7°F/sec
of 8.6°F/sec
rate of 8.3°F/sec
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Table 4. Temperature Gradients in Test Bundle 9

Time Radial Gradient,a °F Axi%l
(sec) Gradient
ATy AP (°F)
0 —30 -10 0
20 —43 0 +12
40 —48 +18 -3
60 ~59 +22 2
80 -55 +60 30
100 —36 +70 -19
130 +20 +137 —32
135 0 +108 —20
140 +5 +82 -30

%QT is temperature difference between TC-1 and TC-4 at
AT, = (1C-2)—(TC-6). See Fig. 10 for thermocouple positions.

®(peo1)=(TC-2).

Table 5. Temperature History of Bundle 10

Temperature, °F, and Heating Rate, °F/sec,

%ime) to the Indicated Temperature
ec
rc-1% TC-2 7c-3° -4 TC-5 TC-6 TC-7
0 572 621 599 639 626 647
10 680 707 675 753 729 798
10.8 8.6 7.6 1.4 10.3 15.1
20 1080 1080 1015 1080 1080 1173
25.4 22.9 20.8 22.0 22.7 26.3
30 1296 c 1296 1296 1296 1284
24.1 c 23.2 21.9 22.3 21.2
39 1517 1490 1514 1511 1476
24.2 22.8 22 .4 22.6 21.2
41 1576 d 1576 d d
24.6 22.8
8position of thermocouple (TC) is as given in Fig. 10.
b

Thermocouple 3 became detached from tube surface prior to test rum.
cTherm.ocouple 2 was lost at about 28 sec.

dTherm.ocou.ples 4, 6, and 7 were lost at about 40 sec.
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Table 6. Temperature Gradients in Bundle 10

. Radial Axial
Time Ama ATb
(Sec) (OF) (OF)

0 75 -6

10 -118 =73

20 -93 0

30 +12 0

39 +41 +3

41 0

aTemperature difference between TC-1 and
TC-7.

bTemperature difference between TC-1 and
TC-5.

Tables 7 and 8 show reduction in coolant channel area for individual
channels, FA’ and the averages for the cross sections examined, FA. The
maximum.fA observed, 0.84, was in test 6 (100 psig) and the minimum, 0.21,
in test 3 (400 psig).

Comments on Individual Tests

Test 1 was run with an internal pressure of 300 psig (at 600°F) at
a nominal heating rate of 100°F/sec (measured as about 95°F/sec). Three
of the 13 rods (rods 1, 11, and 13) lost pressure during the experiment
and, therefore, neither deformed appreciably nor ruptured. Average fail-
ure temperature of the remaining ten rods was about 1740°F with the rods
at an internal pressure of 315 psig. Posttest views of the deformed
bundle and three cross sections are given in Figs. 11 and 12,
respectively.

In test 2 the heating rate was again about 95°F/sec. The internal
pressure was 200 psig at 575°F and 205 psig just prior to rupture at
1850°F. All rods ruptured. Cross-sectional views of the bundle are
shown in Fig. 13.

Both tests 3 and 4 were run with an internal pressure of 400 psig
(575°F). Heating rates for the two were about 100 and about 25°F,
respectively. Rupture of the rods in test 3 occurred at about 1720°F
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(power to the bundle shut down).4
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Control was manually switched to

another thermocouple and the transient was continued until the fuses

protecting the power supply SCR's blew.

The total time at temperature

above 1800°F was sufficient to cause a eutectic reaction between the

Zircaloy cladding and the stainless steel grid and subsequent flow of

the eutectic downward through the bundle.

The rods were extremely

embrittled in the region of the grid and it was impossible to mount and

section the bundle as in the other tests.

Therefore, values of coolant

channel blockage were obtained by measuring the diameters of the individ-

ual rods at 1/2 in. intervals along their length.

“In all tests after test 7, an alternate control thermocouple was

installed.
primary thermocouple faulted.

Test 8, as noted in Table 1,
p. 12, is being examined by
Combustion Engineering.

In test 9, the first of the
"high-pressure” tests (700 psig),
power was shut off immediately
after the four pressure cells
The
order of rupture was rod 14 fol-
lowed by rods 27, 8, and 32.

This order is consistent with
When

indicated cladding rupture.

location within the bundle.
rod 14 ruptured, the temperature
on an adjacent rod (TC-1 on rod

13) was 1550°F; the maximum tem-

perature reached was about 1600°F.

When the bundle was examined, it
was found that only 24 of the
rods had ruptured (see Fig. 19).

Some of these were heard to

This thermocouple would be automatically utilized if the

ORNL-DWG 71-12583

DOHRE
DROORO®
HORRRE
ORI
ROORR®

DRRE

DEFORMED (AT LEAST 50 % EXPANSION)
AND RUPTURED, 24 RODS.
@ DEFORMED ~50% BUT DID NOT RUPTURE, 2 RODS

DEFORMED <20% AND DID NOT RUPTURE, 6 RODS
(RODS 7 AND 9 WERE NOT INTERNALLY HEATED).

Fig. 19. Deformation and Rup-
ture in Test Bundle 9. This sche-
matic describes the behavior of the
individual rods tested at 700 psig,
10°F/sec.
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rupture after the power was shut off. Two of the rods, 7 and 9, were
intentionally not internally heated. Rods 2 and 10 came very close to
failure, and it is likely that only a few additional seconds of power
would have resulted in their rupture. Rods 4, 17, 24, and 25 deformed
very little, probably because of partial loss of internal Ppressure.
Photographs of the two most highly deformed cross sections are shown
in Fig. 20.

Examination of test 10, cross sections of which are shown in
Fig. 21, revealed that only half of the rods had ruptured (see Fig. 22)
and that nine others had deformed 20 to 50%. The violence of the rup-
tures forced premature shutoff of the power. It is quite likely, also,
that heaters in unfailed rods were damaged by the ejection of gas,
lavite, quartz, and tungsten from adjacent rods that ruptured.

Test 11 is being examined by Combustion Engineering.

Coolant Channel Blockage Distribution

Figures 23 through 25 show coolant channel blockage, EA’ as a
function of distance along the test bundle. The data used for the
curves are shown in Tables 7 and 8, pp. 18 ang 19, respectively.
Remember that in test 6 a grid spacer spanned the center 2 in. of the
bundle. This accounts for the double peak in the blockage curve
(Fig. 24.).

As a basis for comparison among the tests, let us consider the
length of bundle which experienced blockage of fA > 0.5. This is shown
in Table 9. 1In three of the tests (3, 4, and 7), ?k was < 0.5 and in
the remainder of the tests the length of blockage with EA > 0.5 varied
from 1 to 6 in.

Figure 26 shows the distance over which the positions of meximum
expansion of the tubes occurred in three of the 13-rod tests (tests 2,
4, and 5). The distribution in test 1 was similar to that in test 5
while that in test 6 had two separate peaks. Only in test 3 was the
distribution random along the heated length of the bundle. Similar
plots are shown in Fig. 27 for the 32-rod experiments. In Fig. 28 we
show the number of rods with circumferential expansion in excess of 50%

for each axial position.
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EXPANSION) AND RUPTURED, 16 RODS

DEFORMED 20 TO 50%
BUT DID NOT RUPTURE, 9 RODS

@ DEFORMED ONLY SLIGHTLY (O TO 20%)

® DEFORMED APPRECIABLY (50 TO >100%

AND DID NOT RUPTURE, 7 RODS
(RODS 1 AND 17 WERE NOT INTERNALLY HEATED)

Fig. 22.
Test Bundle 10.
behavior of the individual rods tested at
1000 psig, 25°F/sec.

Deformation and Rupture in

This schematic describes the
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Fig. 23.
Tests 1 through 3.

Coolant Channel Blockage in

Coolant channel blockage, F

is shown as a function of position along the

bundle.

Distance is given in inches above (+)

and below (—) the midpoint or center of the

bundle length.
Test 2:

200 psig, 100°F/sec.

Test 1: 300 psig, 100°F/sec.

Test 3:

400 psig, 100°F/sec.
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Coolant Channel Blockage in Tests 4 through 6.
Test 4: 400 psig,

Fig. 24.
shown as a function of position along the test bundle.
25°F/sec. Test 5: 200 psig, 25°F/sec. Test 6: 100 psig, 50°F/sec,
grid spacer centered at zero position.
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Test 9: 700 psig, 10°F/sec. Test 10:

Test 7: 200 psig, 10°F/sec.
1000 psig, 25°F/sec.
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Table 9. Comparison of Blockage
in the Multirod Tests

S

Bundle
Test Le?gth Maximum
Number _ Wwith F
F ' 0.5 A
(in.)
1 2 0.50
2 3 0.59
3 o) 0.21
4 0 0.28
5 1 0.56
6 6 0.84
7 0 0.49
9 1 0.52
10 2 0.68
ORNL-DWG 70-6882
10 — TEST NUMBER 2 {0 - TEST NUMBER 4 {0~ TEST NUMBER 5
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Fig. 26. Histograms of Maximum Deformation.

These histograms

show the distance over which the positions of maximum expansion of

individual rods occurred in tests 2, 4, and 5.
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Fig. 27. Maximum Deformation Histograms
for Tests 9 and 10. These histograms show the
number of tubes that experienced their maximum
amount of swelling at a given axial position
(the zero position is at the center of the grid
spacer). Because some tubes did not deform
appreciably, the "number of tubes" does not sum
to 32.
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DISCUSSION

The Effect of Bundle Size on Test Results

The choice of the bundle size (length and number of rods) used in
our multi-tube tests was strongly influenced by equipment availability,
performance, and cost. Because the total cost (equipment, material, man-
power, etc.) associated with the tests increases in a nonlinear fashion
with the number of rods used, it was desirable to hold the bundle size
to a minimum. Use of full-length (12-ft) rods was obviously not essen-
tial for our purposes. Instead, our tests simulate the hot zone (center
2-1Tt length) of the fuel rods. Selection of the number of rods in the
bundle is not quite so straightforward and, regardless of the number used,
it must be possible to extrapolate the results obtained to predict the
behavior of fuel rod assemblies. Our analysis of the effect of the
number of rods used in a test bundle on the results obtained began with
four assumptions: (l) All of the Zircaloy tubes are perfect (i.e.,
they are of uniform wall thickness and have uniform mechanical proper-
ties). (2) Deformation and rupture temperatures are related only to
internal pressure and heating rate. (3) The probability that a tube
will rupture when any part of that tube reaches the appropriate rupture
temperature is unity. (4) All tubes are internally heated with "perfect”
heaters (i.e., the radial flow of heat is circumferentially uniform and
identical at all positions along the length).

According to the assumptions given above, the position of rupture
in a single tube undergoing a thermal transient should be oriented
randomly with respect to the circumference of the tube. 1In a two-tube
array the probability for rupture is a maximum, for both tubes, at the
point of closest approach of the tubes. (This point is presumably hotter
because less heat can be radiated from this point than from any other on
the circumference.) The burst characteristics of tubes in larger bundles
would be modified similarly. Some examples of this are shown in Fig. 29.
The seven different arrays of tubes illustrate, qualitatively, the like-
lihood for rupture as a function of position on the circumference. In

the first four groupings (through four rods), each tube in the array is
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Fig. 29. Bundle Configurations and Directional Rupture Probabili-
ties. Bundles containing 1 to 25 rods are shown. The probability that
the rupture opening will be at a particular circumferential rosition is
shown for one rod type (filled) of each array. The probability distri-
bution becomes almost uniform for the innermost tubes of the largest
arrays, but not those in the outer rows.

equivalent to its neighbors. The 9- and 16-tube arrays contain three
types of tubes (relative to their probability distribution for rupture
position) and the 25-tube bundle has six types. The circumferential
temperature distribution becomes increasingly complex as more and more
tubes are added. In the limit, where a tube is in the middle of an
effectively infinite array, its likelihood for rupture is again randomly
distributed circumferentially.

From the foregoing it can be postulated that the potential for

maximum preburst expansion of a tube can be realized only with a single
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tube or with a tube in the center of a large array. (In the latter case
the expansion will probably be restrained by interference with adjacent
rods.) In every other instance the temperature distribution around the
circumference will be nonuniform and plastic deformation will begin and
rupture will occur at the hottest point. The strength of the wall at
all other lower temperature positions will be greater and deformation,
therefore, less. The full potential for swelling will not be realized.
Such behavior is analogous to the effect of wall thickness variation on
tube expansion5 (i.e., a tube containing a thin spot in its wall ruptures
with less expansion than would a more uniform tube) .

Let us consider for a moment the temperature distribution in a
25-tube bundle. With equal power inputs to each rod, the highest temper-
ature will be on the center rod, rod 1, as shown in Fig. 30. The graph
on the right of the figure shows, schematically, the temperature history
for three rod positions. It is assumed that at high temperature, where
radiation is the dominant heat transfer mechanism, the tubes nearer the

outside heat up less rapidly than those toward the center of the bundle.

5D. 0. Hobson and P. L. Rittenhouse, Deformation and Rupture Behav-
ior of Light-Water Reactor Fuel Cladding, ORNI~4727 (September 1971).
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Tube 3, as shown in Fig. 31, sees hotter tubes, 1 and 2, on one side
and cooler tubes (4, 5, and 6) on the other. The resulting circumferen-
tial temperature gradient leads to heat transfer by conduction within
the wall of the tube. The magnitude of the gradient should be related
to the overall heating rate of the bundle.
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Fig. 31. Radiative and Conductive Heat Transfer in a 5 X 5 Array.
Temperatures and heat transfer components in the 25-rod bundle are
illustrated. The relative magnitudes of the radiative and conductive
components of heat transfer are indicated by the lengths of the
appropriate dashed and solid lines, respectively.

In the above we have assumed that the tubes are perfect and will
rupture at temperatures related solely to internal pressure and heating

rate when any part of the tube reaches the appropriate temperature. At
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best these assumptions are approximate. All real tubes are less than

perfect, with wall thickness variations, strength variations, flaws,
sEratches, and other compromising attributes. Also, we know that in
all cases the heating of the tubes will be less uniform than assumed.
In short, the preceding arguments are complicated by many factors.

Regardless of the shortcomings of our assumptions, analysis and
intercomparison of the data obtained in our tests and extrapolation of
these data to predict the behavior of fuel assemblies requires some
common base. We have attempted to establish this by assigning to each
coolant channel a relative measure of applicability or realism with
respect to the blockage it should experience. This measure, the channel
coefficient (CC), is dependent only on thermal environment. To specify
this coefficient, we first assigned an efficiency to each rod based on
its number of nearest and next-nearest neighbors. Each rod in an infi-
nite array of similar rods would possess an efficiency of unity (i.e.,
there would be no net radiative heat transfer to or from its neighbors).
For our purposes we have assumed that a rod with four nearest and four
next-nearest neighbors also has an efficiency of unity. This is not
strictly true (as evidenced in Fig. 29), but it is a sufficient approxi-
mation for a first look at the problem.

We can now define the efficiency of a rod with four nearest and

four next-nearest neighbors as
Efficiency = 4wy + 4w = 1.0 , (7)

where Yy is the contribution of a nearest neighbor rod to efficiency and
Yoy is that of a next-nearest neighbor rod. To solve this equation for

Wi and iy ve let

WNN = WN<AN/dNN) s (8)

where dN is the center-to-center distance between nearest neighbor (fuel
rod pitch) and dNN is the distance between next-nearest neighbors, v/sz'
Solving, we find that Wy = 0.1465 and iy = 0.1035. The channel coef-

ficient, Cc’ is obtained simply by averaging the efficiencies of the four

rods surrounding the channel.
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Coefficients for the 21 channels of the 32-rod bundle and the four
full and eight half channels of the 13-rod assembly are shown in Fig. 32.
In the larger assembly, the coefficients range from 0.76 for the eight
corner channels to 1.00 for the centermost channels. Coefficients in
the smaller bundle are either 0.79 or 0.41. The bundle coefficient, Bc’

is obtained by averaging the channel coefficients.

os)
e]

}]
>~1s

¢ /n (9)

i=1

where m is the number of channels. For the 32-rod bundle

5(1.00) + 4(0.97) + 4(0.82) + 8(0.76)
B = = 0-87
¢ (5 +4 + 4 +8)

and for the 13-rod test

%(0.79) + 8/2(0.41)
B, = 7 8/2) = 0.60.

It is interesting to examine the effect of bundle size on Bc'
Figure 33 shows this dependence as a function of the number of rods in
a square array. BC increases from 0.40 for the single channel of a
2 X 2 array to 0.95 for the 196 channels of a 15 X 15 bundle. For all

square arrays larger than 2 X 2, Bc is given by

B, = [(n—=1)% + 4(n — 1)(0.82) + 4(0.68)]/(n + 1)? . (10)

The number of rods in the array is given by (n + 2)° for n = 1, 2,
and the number of channels is (n + 1)2. 1In Eq. (10) the first term in
brackets, (n — 1)?, is the number of channels with ¢, =1, 4(n — 1) is
the number with Cc = 0.82, and the third term shows that there are four
corner channels, regardless of bundle size, with CC = 0.68. 1In all
square arrays of size 3 X 3 or larger, only these three coefficients —
C. = 1.00, 0.82, or 0.68 — will be found.

The 7 X 7 array (Bc = 0.88, 16 channels with C_ = 1) is of partic-

ular interest since this is the size of the BWR fuel bundle. The Cc's
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1-5 1.00
6-9 0.97
10-13 0.862
® 14-21 0.76
Fig. 32.

(1) and eight half (5-12) channels are shown.

Channel Coefficients for the 13- and 32-Rod Arrays.
four types of full channels (1-5, 6-9, 10~13, and 14-21) are shown.
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Fig. 33. Effect of Bundle Size on the Bundle Coefficient. The
bundle coefficient, Bc, is given as a function of the number of rods in
square arrays ranging in size from 2 X 2 to 15 X 15. Increasing the
number of rods from 4 to 16 (channels from 1 to 9) doubles Bo; going
from 25 to 225 rods (16 to 196) increases B by about 15%. B = 1 as
the number of rods, (n + 2)?, + o, ¢ ¢

for this array are shown in Fig. 34(a). Corner channels have Cc = 0.68,
side channels have Cc = 0.82, and the remainder of the channels have a
coefficient of unity. In examining a real fuel bundle, consideration
must be given to power peaking in the fuel rods. Figure 35 shows Cc's
calculated for two conditions of maximum local power peaking. (All Cc's
shown in Fig. 35 are normalized with respect to the highest Cc calculated
in the bundle.) The details of the power distributions examined are
relatively unimportant for our illustrative purposes because these dis-
tributions change continually during reactor power operation. However,

in both cases examined the effect was to increase the coefficients of
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Fig. 34. Fuel Assembly Channel Coefficients (BWR and PWR). (a) The
7 X 7 array of the fuel assembly of a BWR is shown, and the C 's for the
three types of channels are given. C 's for individual chann€ls will be
modified by local power peaking in £thé rods. (b) The effect of an
unfueled rod in a PWR bundle on Cp is illustrated. C, is significantly
reduced, from 1.0 to 0.65 (assuming all Ce's would be 1.0 if all rods
were fueled), in the four channels surrounding the rod.

ORNL-DWG 71-12530

090 089 091

091 100 0.98 094 094 082
090 100 099 096 093 0.78
090 095 089 082 080

089 099 090 082 080

09| 094 082 072
094 098 082 068
090 094 OE!O 085 080
090 095 080 074

074 082 072 080 075
068 07 674 Q.69

0
+

Fig. 35. Modified BWR Fuel Assembly Channel Coefficients. This
figure shows individual coefficients, Cc's, calculated for two conditions
of maximum local power peaking. One grdup of C 's is underlined to dif-
ferentiate the two conditions. All C ‘s are no%malized with respect to
the highest value of C_calculated (i?e., maximum calculated C
normalized to 1.0). ¢
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the channels on the left and top of the figure and to reduce those

toward the center of the bundle. The Bc's are also slightly changed,

falling from 0.88 to 0.85 and 0.83 in the two cases examined, respectively.
The coefficients of channels surrounding an unfueled rod in a PWR

fuel bundle were also considered. The coefficients of the four channels

immediately surrounding this rod [see Fig. 34(b)] are reduced from 1.0

to 0.65 and those of the next closest eight channels from 1.0 to 0.94.

A complete analysis of coefficients throughout the PWR bundle has not

been performed but it is expected that Cc's will vary considerably

because about 10% of the rods in the 15 X 15 fuel assembly are not fueled.

Relationship Between Coolant Channel Blockage and Cc

If there is any merit to the concept of channel coefficients, we
should find that coolant channel blockage, FA, is a function of CC and
increases as Cc increases. However, we should not expect any such rela-
tionship to be unique (i.e., it will be different for every combination
of internal pressure and heating rate). The existence of a relationship
between EA and Cc is suggested strongly by data such as shown in Fig. 36
for test 7. Two curves are shown; one is the average of the FA's for
the five center channels (1-5) with Cc = 1.0 and the other is for chan-
nels 14—21 with Cc = 0.76. In the channels with the higher coefficient,
the experimentally observed maximum blockage is greater by a factor of 2
and is 50% greater than the maximum average blockage, FAmax'

If we plot an averaged EA (at axial position of maximum blockage)
versus CC, we obtain the curve shown in Fig. 37. The four values of CC
plotted are those associated with the channel grouping shown earlier in

Fig. 32; the F,'s are the averages of those for these groupings — EA

A
can be represented (as shown in Fig. 37) as —0.75 + 1.42 C,- At the
position of next highest blockage, FA =~0.68 + 1.20 Cc' As we move

further away from the position of maximum fA, FA becomes more and more
independent of Cc' (This latter statement is generally true in all the
tests examined.)

In examining FA-Cc relationships in tests 9 and 10, it must be

remembered that in each of these experiments two of the 32 rods were
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Fig. 36. Coolant Channel Blockage for Two Types of Channels in
Test 7. Blockage, Fp, averaged for channels 1 through 5 (C = 1.0) and

channels 14 through 21 (C = 0.76) is shown along the bundlé length. At
the position of highest blockage, 4 in. below the center of the grid, FA
in the channels of higher coefficient, C = 1.0, is twice that in those

with C = 0.76.
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Fig. 37. Variation of Channel Blockage with Channel Coefficients
in Test 7. Measured values of blockage (F ), averaged for each of the
four types of channels, are shown as a function of the C 's associated
with these channels. The equation given in the figure 1§ that of the
least squares straight-line fit of the data. The blockages shown are

those for the cross section with maximum FA'
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This, of course, resulted in chan-
These

intentionally not heated internally.
nel and bundle coefficients different from those in test 7.
modified coefficients are shown in Fig. 38. Grouping of channels was
performed to obtain four "average" values of Cc for each test. These

values are used in the FA versus CC plots that follow.
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RODS { AND 17 UNHEATED
IN TEST NO. 10, 5. = 0.81

RODS 7 AND 9
UNHEATED IN
TEST NO.9,8, = 0.73

c.'s FOR
TEST NO.9

C.'S FOR TEST NO. 10

TEST NO. 9 TEST NO. 10

CHANNEL CHANNEL

NUMBER c, AVERAGE ¢, NUMBER c. AVERAGE ¢,
1,3,4,5,8,9 091 TO 1.00 0.93 1,2,4,5,6,9  0.97 T0 1.00 0.98
11,42,13 18, 3,7,8 0.88 TO 0.94 0

19,20, 21 0.76 TO 0,82 0.77 1042 .13 14 ' 9!
2,6,7,17 0.59 T 0.70 0.64 15,19,20,2{  0.73 T0 0.82 0.77
10,14,15,16 0.36 T0 0,44 0.40 11,16,17,18 050 TO 0.64 055

Fig. 38. Channel Coefficients in Tests 9 and 10. In both of these

tests two of the 32 rods were not heated.
of many of the channel coefficients as shown in this figure.

This resulted in modification

Figure 39 shows variation in channel blockage as a function of chan-

nel coefficient averaged for the two most highly blocked cross sections

in test 9.

As in test 7,

F

A

however, is substantially lower.

increases with Cc'

The rate of increase,

The EA versus CC plots for two cross sections of test 10 are given

in Fig. 40.

These sections, 10 and 11, had blockages of 0.68 and 0.59,

respectively. Two other sections with equally high fA's (8 and 9) showed
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Fig. 39. Variation of Channel Coefficients in Test 9. Blockage
data from the two most highly distorted cross sections of test 9
(F 0.50 and 0.52, respectively) are plotted versus the appropriate
mdélfled channel coefflcients given in Fig. 38.
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Fig. 40. Variation of Channel Blockage with Channel Coefficients
in Test 10. Blockage data from two cross sections of test 10 are shown.
Channel coefficients are those shown in Fig. 38.

much more scatter in data and produced FA versus CC curves with a slightly
negative slope. This is the only instance in which such a trend was
observed and, in the cross section just above 8 (section 7), the slope

was again positive. We believe that this isolated occurrence is related
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to the fact that only half of the rods ruptured and, of the remainder,
that seven did not deform appreciably.

In Fig. 41 we show FA versus Cc plots for all of the 13-rod tests.
Although the statistics of these six tests are certainly poorer than
those of the three tests with 32 rods (4 full channels and 8 half chan-
nels as opposed to 21 full channels), the results seem quite consistent.
The magnitude of FA decreases with internal pressure (from 100 to
400 psig) but its rate of increase with Cc is relatively unaffected by
pressures from 100 to 300 psig. Also shown in Fig. 41 are the curves
presented earlier for the 32-rod tests. Only in the case of test 7 is
there some worry about the consistency of the results. The fact that
this test (200 psig, 10°F/sec) yields a lower FA is not so worrisome
(it perhaps fits in the progression with tests 2 and 5) as the large
difference in slope of its curve as compared to those of tests 2 and 5.
This difference (1) may be real, (2) may reflect a fundamental differ-

ence in bundle configuration, (3) may be related to the analysis of

ORNL-DWG 71-12596

1.0 ’
psig °F/sec /
o8 100, 50 TEST NO.10 (1000,25) —
——
e —-—
s -
/
=X P
/ PO —’1,
0.6 —
- 7
g /‘
Fy \ TEST NO.9(700,10),/
”

f:j 7
0.4 300,100 -

A ‘ TEST NO.?(ZOO,‘I/O)//

400,25 —®

—{)— ’I O

0.2 ——200.100
)
0.3 0.4 05 0.6 07 0.8 0.9 1.0

Ce

Fig. 41. Variation of Channel Blockage with Channel Coefficients
in the 13-Rod Tests. This figure shows the effect of channel coeffi-
cients on blockage in tests 1 through 6. Nominal test conditions asso-
ciated with each test are given. The curves shown previously for the
32-rod tests (7, 9, and 10) are also given to allow comparison of all
the data.
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half versus full channels, (4) may reflect the restraining influence of
the grid spacer used in test 7, but not in tests 2 and 5, or (5) may be
related to the difficulties encountered in the experiment and described
earlier. None of these possibilities can be totally discounted without

further experimental work.

Relationship Between Coolant Channel Blockage
and Test Conditions

In the Introduction we predicted coolant channel blockage as a
function of maximum internal pressure of the rods during a temperature
excursion. The range of FA or ﬁk predicted 1s shown again as»the Cross-
hatched region of Fig. 42. The solid curve in the same figure is the
representation of our experimentally determined blockages (FA). We can
see that the form of this curve follows that predicted extremely well
but that the magnitude of the experimental blockage, FA, is quite a bit
lower. This latter observation is not surprising because of the many
factors discussed earlier (i.e., axial randomness of position of maximum
rod swelling and rupture, rod-to-rod interference, the effect of Cc’ ete.).
A curve of similar form (the dashed-line curve in Fig. 42) which more
closely approaches the predicted range of FA can be obtained by extrapola-
tion of the FA versus Cc plots (see Fig. 41) to Cc = 1.0. This curve,
however, still falls on the low side of the predicted range. Some of
the remaining difference between experiment and prediction is certainly
the result of failure randomness and interference (e.g., at about 400 psig,
where failure position was observed to be quite random over the length
of uniform temperature, the difference between experiment and prediction
is quite large). In other instances, however, the comparison is com-
plicated by the "incompleteness" of failure (i.e., two of the rods in
test 6 did not deform and rupture and in tests 7 and 9 a substantial
fraction of the rods did not fail). Had "complete" failure occurred

both the "experimental" and "extrapolated” curves in Fig. 42 would be
higher at the 100 psig and greater than 700 psig regions.
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Fig. 42. Comparison of Experimental, Extrapolated, and Predicted
Channel Blockages. The average blockage in the most highly blocked cross
section, maximum Fp, is shown as a function of rod internal pressure.

The circles, the data points from the multirod tests, define the "experi-
mental” curve; the extrapolated curve wa.s obtalned by extrapolating EA
versus C, plots to C, = 1.0. The "predicted range" is that shown
earlier in Fig. 2. Data from two in-reactor tests (referenced in text),
FRF-1 and -2, are also given.

Two additional bits of information are contained in Fig. 42. These
are the data points for experiments FRF-1 and -2 (ref. 6). These 7-rod
experiments were run in-reactor under conditions similar to those of the
tests we have been discussing. Dissimilarities between the two types of
experiments included the use of nuclear heating and a steam environment
in the FRF tests. The value of fA obtained in both of the in-reactor
tests approximates the lower limit of the predicted range and exceeds

that of the out-of-reactor experiments.

Coolant Channel Blockages in Reactor Fuel Assemblies

As noted in the Introduction, the internal fission gas pressure in

the vast majority of BWR fuel rods never exceeds about 200 psig and many

®R. A. Lorenz, "Fuel Rod Failure Under Loss-of-Coolant Conditions in
TREAT," Nucl. Technol. 11(4), 502-520 (August 1971).
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of the rods will be at lower pressures. (The details of the pressure
distribution will, of course, depend on the operating history of the
core.) Cladding temperatures of 1800°F and above are therefore neces-
sary to cause significant swelling deformation and subsequent rupture
of the fuel rods. If these temperatures are reached in a 7 X 7 fuel
assembly as the result of a LOCA, coolant channel blockages of

fA = 0.6 are to be expected. The distribution of the blockage across
the fuel assembly will probably be skewed because of the effect of

local power peaking on the coefficients, Cc's, of the individual coolant
channels. On the whole, however, the effect of power peaking should be
to "randomize" the blockage across the assembly [i.e., the distribution
of Cc's is randomized by the existence of power peaking as shown by
comparison of Figs. 34(a) and 35.]

It should not be expected that the presence of steam will signifi-
cantly reduce cladding burst ductility and the resultant fA with internal
pressures much above 100 psig. This is witnessed by the results of
FRF-2 (see Fig. 42). Steam embrittlement should, however, be a factor
at very low internal pressures or with very slow heating rates to maxi-
mum transient temperature.

Internal pressures in PWR fuel rods may range from the lowest to
twice that of the highest we have considered. Therefore, rupture tem-
perature may be as low as 1000°F. In a practical sense, with pre-
pressurized fuel rods, deformation and rupture of the cladding will
probably occur over a range of temperatures from 1000 to 1700°F (400 psig
and above internal pressure). This suggests that in lower pressure fuel
assemblies F may be as low as 0.2. However, at pressures much above

A
400 psig, F, increases quite rapidly. At 1000 psig F, is, as a very

unconservative estimate, about 0.7 (see Fig. 42). Th?s value is stated
as being unconservative because the only data we have in this pressure
range is from test 10 in which only half of the rods ruptured.

As stated earlier and shown in Fig. 34(b), there should be areas
of much reduced Cc — and, therefore, of reduced blockage — around
unfueled rods in a PWR fuel assembly. About 10% of the rod positions
in the 15 X 15 assembly are not occupied by fueled rods and these could

serve as focal points for relatively unrestricted emergency coolant flow.
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An important but unanswered question is the magnitude of fA at
pressures of greater than 1000 to about 2000 psig. The predicted range
of fA shown in Fig. 42 (up to 1200 psig) should most certainly turn
downward above about 1500 psig because ductility at rupture will decrease
with temperature below about 1400°F. However, even with about 2500 psig
internal pressure the expected rupture temperature is 1000°F and circum-
ferential expansion should be in the range of 60%. This expansion could
produce, theoretically, an fA greater than 0.9.

It is an understatement of considerable magnitude to say that the
accurate prediction of coolant channel blockage in a ILWR core resulting
from a LOCA is difficult. As intimated earlier, the blockage that
occurs will depend on:

1. internal fission gas pressure,

2. maximum temperature achieved (i.e., whether the temperature reached
is sufficient to result in swelling and rupture of the cladding),

3. fuel assembly geometry (i.e., channel coefficients), and, possibly
heating rate.

The first of these, fission gas pressure, depends on other factors
such as the period of operation of the fuel assembly, operating condi-
tions, and whether the rods were prepressurized. Internal pressure may
vary from rod to rod in an individual assembly as well as across the
reactor core. The distribution of pressures will change with operating
time, operating conditions, and fuel management.

The maximum temperature reached by the cladding is important because
it determines, for any given internal pressure, whether the fuel rods
will swell and rupture. It is likely that the maximum temperature will
vary across the reactor core and within individual assemblies. The tem-
perature and temperature distribution following the LOCA blowdown will
depend on all those factors which influence internal pressure and on the
LOCA conditions (e.g., break size, depressurization and coolant loss rate,
heat removed during the blowdown period, and ECCS response).

We have considered at some length in the body of this report the
effect of channel coefficients on blockage. This, in effect, may be
thought of as an additional temperature permutation. Temperature gradi-

ents around the circumference of a rod or temperature differences between
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adjacent rods should lower, at least locally, the potential for coolant
channel blockage. 1In our analyses we considered only the effect of
channel environment (i.e., the number of adjacent rods, whether or not
the rods were fueled, and local power peaking), but there are other
factors (e.g., fuel shifting and rod bowing) that may have a similar
effect on temperature or enviromment and resultant channel blockage.

Although we believe that heating rate has an effect on blockage we
have not, with the limited number of tests run, been able to develop a
good, quantitative relationship between the two. Fast heating rates
tend to raise the temperature at which swelling begins and rupture occurs.
This, of course, could either increase or decrease rupture ductility
depending on internal pressure. We know that internal pressures that
cause the cladding to rupture at temperatures in the two-phase @ + B
field result in relatively lower ductility.7 If the internal pressure
under consideration, at a given heating rate, causes rupture of the
cladding at a temperature toward the upper end of the & + B field but
still in the ductility trough, increasing the heating rate should result
in a higher rupture temperature (in the all B field) and greater cladding
ductility and channel blockage. On the other hand, decreasing the heating
rate for conditions that give a rupture temperature at the lower end of
the & + B field should decrease rupture temperature to the all o field
and again give rise to greater blockage. For rupture temperatures well
away from the & + B field (corresponding to internal pressures below
200 psig and above 1000 psig), heating rate should have a considerably
smaller effect on duectility and blockage.

An additional complication, one that we have not dealt with in this
report, is the effect of irradiation on ductility. In the FRF tests
mentioned earlier there seemed to be little or no effect, but in both

tests fuel burnup and cladding irradiation levels were very low. Single

’D. 0. Hobson and P. L. Rittenhouse, Deformation and Rupture
Behavior of Light-Water Reactor Fuel Cladding, ORNL-4727 (September
1971).
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rod tests of cladding with higher irradiation levels® 1! have shown no
gross differences between the behavior of irradiated and unirradiated
material. In general, a slight reduction in rupture ductility is noted.

With all factors considered and on the basis of present knowledge,
what value should be taken as the maximum coolant channel blockage under
specified conditions? First, we must realize that any analysis of
blockage must be performed as a function of position in the reactor core.
It is perhaps most convenient in a thorough examination to break down
the analysis into individual fuel assemblies. Of course, it will not be
necessary to lock at each of the assemblies but at some number considered
representative of the core in terms of power, temperature, age, etc.
(i.e., many of the fuel assemblies will be, for all practical purposes,
equivalent). For each assembly considered an estimate of internal pres-
sure is required as well as its LOCA temperature history. The blockage
results predicted will be modified somewhat by factors mentioned earlier
such as "test configuration" and power peaking. (Channel blockage
results of a simplified examination of a reactor core are given in the
Appendix.)

Most importantly, assuming the temperature attained is sufficiently
high to cause cladding swelling and rupture, what should be taken as a
conservative, but realistic, maximum blockage for various levels of fis-
sion gas pressure in the fuel rods? Referring again to Fig. 42, we can
see that an overly conservative estimate of blockage, fA = 0.65 in all
cases, is given by the upper limit of the "predicted range." This, from
earlier discussion, wogld apply for pressures to 2500 psig. As seen in

Fig. 42, both the "extrapolated" (F, extrapolated to c, = 1.0) and

F
A
"experimental" curves fall, in general, below the lower limit of the

8D, 0. Hobson, M. F. Osborne, and G. W. Parker, "Comparison of
Rupture Data from Irradiated Fuel Rods and Unirradiated Cladding," Nucl.
Technol. 11(4), 479490 (August 1971).

°E. F. Junke and J. F. White, Physical-Chemical Studies of Clad UO
Under Reactor Accident Conditions, GEMP-731 (April 1970).

10performance of Zircaloy-Clad Fuel Rods During a Simulated Loss-of-
Coolant Accident: Single Rod Test, Vol. II, WCAP-7379 (September 1969).

11M, F. Osborne and G. W. Parker, The Effect of Irradiation on the
Failure of Zircaloy-Clad Fuel Rods, ORNL-TM-3626 (January 1972).
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Predicted range. Even though it is expected that blockage should not,
because of other factors discussed earlier, reach the full potential
predicted from single rod test data, there were several problems in our
experiments that probably resulted in a measured blockage lower than
true. At present we suggest that any analysis of blockage be based on
no less a conservative estimate than the lower limit of the predicted

FA versus internal pressure range.

CONCLUSICNS AND RECOMMENDATIONS

We have performed a series of multi-tube transient burst tests to
obtain a sound basis for predicting the coolant channel blockage that
would occur in a LWR core should the assumed LOCA be experienced. IT
the temperature attained in the LOCA transient exceeds the rupture tem~
perature of the Zircaloy fuel cladding under the existing state of stress,
the expansion of the fuel rods prior to rupture can be given as a func-
tion of the fission gas pressure that produced the given stress. A
value of maximum theoretical blockage can, in turn, be calculated from
the particular expansion obtained. The tests we have run allow us to
specify the amount of blockage, primarily as a function of internal pres-
sure, for pressures ranging from 100 to about 1200 psig. Although we
predict blockages for pressures greater than 1200 psig, we acknowledge
that the experimental data necessary for such a prediction does not, in
reality, exist. Instead, these predictions are based on the general
trend of materials behavior as a function of rupture temperature.

A large number of factors, including interference between simulta-
neously deforming adjacent rods, axial randomness of failure position,
and test configuration, have the effect of producing a degree of blockage
lower than that calculated. Variations in temperature and internal pres-
sure of the rods in a fuel assembly also complicate the picture, though
generally tending to reduce the magnitude of the blockage.

With regard to coolant channel blockage in reactor fuel assemblies,
the following can be stated.

1. In BWR assemblies, blockage should be essentially nonexistent

if the maximum temperature achieved in the LOCA transient is less than
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1800°F. Assemblies in which this temperature is exceeded will have

coolant channel blockages, FA's, of 0.6 and above depending on internal
Pressure, temperature gradients, local power peaking, etc.

2. If only prepressurized PWR fuel assemblies are assumed, deforma-
tion and rupture temperatures will be, depending on internal pressure,
in the range 1000 to 1700°F. These temperature limits correspond to
internal pressures of greater than 2000 psig and about 400 psig, respec-
tively. Blockage, FA’ will be less than 0.5 for the lowest pressure
(400 psig), will increase to about 1.0 at 1200 to 1500 psig, and then
decrease to about 0.5 at pressures consistent with the approximately
1000°F rupture temperature.

3. The distribution of F

A
will depend on the distributions of internal pressure and temperature

in the core, regardless of reactor type,

in the core. The variation of EA within a fuel assembly will depend on
variations in internal pressure, temperatures and temperature gradients,
local power peaking, and proximity to fuel channel walls and unfueled
rods.

We strongly urge that further experiments be performed to corrobor-
ate the results obtained to date and the criteria that we recommend,
based on these results, for analysis of coolant channel blockage in a
IWR. As it is obvious that experiments at higher internal Pressures
are needed, the experimental program should include single rod transient
burst tests on PWR-size cladding with internal pressures from 1200 to
2500 psig. These tests (about 20 should be sufficient) would inexpen-
sively and quickly scope the high-pressure burst and deformation behavior
of the cladding and permit calculation of a maximum theoretical blockage.
Multirod tests of PWR-size cladding should also be run. The test condi-
tions chosen should be based on the single rod test results for pressures
up to about 2500 psig. Although our multirod experiments can be modified
to eliminate or minimize the problem of "incomplete" failure, the
straightforward — but more expensive — approach is to go directly to in-
reactor experiments in which the rods are nuclearly driven through a
simulated LOCA transient. If experiments of this type prove to be exces-
sively expensive or if consideration of time becomes important, a

combination of in- and out-of-reactor tests can be used to advantage.
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APPENDIX

Simplified Coolant Channel Blockage Analysis

The three examples that follow are given to show the type of
results that may be obtained by examination of coolant channel blockage
for specific LOCA conditions. A number of assumptions are made in these
examples, both because they simplify the examination and because
detailed information is lacking.

First, consider a temperature distribution across a PWR core at a
time some 20 sec after initiation of a LOCA. This is given in Fig. A-1
for an approximately 1100 MW(e) PWR. For the "beginning-of-life" condi-
tion the "hot spot" temperature on the fuel rods reaches as high as
2150°F at 20 sec. We shall assume that this temperature distribution

is symmetrical about the center of the core.
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Fig. A-1. Temperature Distribution in a PWR Core Immediately Before
Reflooding. The profiles shown are for the midplane of the core 20 sec
after a double-ended inlet pipe break in beginning- and end-of-life PWR
cores. Profiles were calculated by Idaho Nuclear Corporation. [Ref.,

J. C. Haire and G. F. Brockett, Technical Description, Simulated
Emergency Flow Effects Tests (SEFET) Project, IN-1387 (June 1970).]
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Instead of examining individual fuel assemblies, we will divide the
core into an arbitrary number of zones. These zones, for our case, are
6-in. radial increments from the core center to its periphery. Thus,
zone 1 extends 6 in. in radius from the center of the core; zone 2
extends from the zone 1 boundary to 12 in.; zone 3 is from the zone 2
boundary to 18 in., etc. Each zone has associated with it an average
temperature obtained from the "beginning-of-life" curve of Fig. A-1
(see Table A-1).

For example A we assume that the temperatures shown in Table A-1
are the maximum attained during the LOCA. Further, we assume that the
internal pressure of fission gases is identical in all rods of the core.
Six different levels of internal pressure, from 100 to 1100 psig, are
considered. The lower pressures might be representative of the
"peginning-of life" core in which the fuel rods are not prepressurized
while the higher pressures would be typical of fuel rods prepressurized
to various initial levels. The different pressure levels might also be
considered as resulting from different operating periods but still early
in life.

Fuel rod rupture temperature as a function of internal pressure is
shown in Fig. A-2. From this plot we can determine whether the
temperature-pressure combination associated with each "core zone" will
cause fuel rod deformation and rupture. If rupture is indicated, we
can go directly to Fig. 42 (p. 49) and select the coolant channel
blockage, FA’ given by the lower boundary of the "predicted range." If
the temperature reached by the zone is less than, but within 50°F of,
the rupture temperature, we assume that half of the potential blockage,
fA/2, is produced. (This is the case for zone 4 at 100 psig in
examples A and B of Table A-1.)

Figure A-3 shows coolant channel blockage, FA’ as a function of
distance from the center line of the core. The "data points" are the
fA's obtained for each of the core zones. For example, at 100 psig fA
for zones 1, 2, and 3 is 1.00, falls to 0.5 for zone 4, and is zero for
zones 5 through 12. The potentially most severe blockage is indicated
at 1100 psig where, over an area some 6 ft in'diameter about the core

center (zones 1-6), FA = 0.95. The lower temperature, 1150°F, of the



Table A-1.

Core Blockage Calculations

Core Average
Zone® Tem?g;?ture 100 psig 300 psig 500 psig 700 psig 900 psig 1100 psig
A¢ B2 ¢ A B c A B c A B c A B c A B c

1 2150 1.00 1.00 1.00 0.52 0.52 0.52 0.42 0.42 0.42 0.55 0.55 0.55 0.81 0.81 0.81 0.95 0.95 0.95
2 2150 1.00 1.00 1.00 0.52 0.52 0.52 0.42 0.42 0.42 0.55 0.55 0.55 0.¢1 0.81 0.81 0.95 0.95 0.95
3 2140 1.00 1.00 1.00 0.52 0.52 0.52 0.42 0.42 0.42 0.55 0.55 0.55 0.81 0.81 0.81 0.95 0.95 0.95
4 2050 0.50 0.50 1.00 0.52 0.53 0.53 0.42 0.43 0.43 0.55 0.52 0.52 0.81 0.76 0.76 0.95 0.9 0.92
5 1850 0 0 0 0.52 0.57 0.57 0.42 0.44 0.44  0.55 0.44 0.4 0.81 0.64 0.64 0.95 0.85 0.85
6 1550 0 0 0 0 0 0 0 0.23 0 0 0.42 0.40 © 0.49 0.95 0.34 0.e7
7 1150 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
g 1150 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 1550 0 0 0 0 0 0 0 0 0.23 0 0 0.42 0.40 0O 0.49 0.95 0.34 0.67
10 1600 0 0 0 0 0 0.34 0O 0 0.45 0.28 0 0.42 0.81 0.25 0.50 0.95 0.70 0.70
11 1175 0 0 0 0 0 0 0 0 6] 0 0 0 0 0 0 0 0 0
12 < 1000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

a. . . .
Radial increment from center line of core

b

®In calculation A, the internal pressure of the fuel rods was assumed constant across

;3 twelve 6-in. increments.

Average "hot spot" temperature of cladding in "core zone" for calculations A and B.

For calculation C, temperature was increased 10%.

the core.

dIn calculation B, internal pressure was assumed to be proportional to the "core zone" te
at 2150°F (2610°R); 88 psig in "zone" 5 at 1850°F (2310°R) ~ 100 psig X 2310°R/2610°R =

®In caleculation C, the
in caleculation B.

"core zone” temperature was assumed to be 10% greater than shown in column 2.

Internal pressure was that used

mperature [e.g., 100 psig in "zones" 1 and 2
88 psig].
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Fig. A-2. Rupture Temperature of Zircaloy Fuel Rod Cladding. This
curve gives the rupture temperature of Zircaloy cladding as a function

of internal pressure in the fuel rods. The data were obtained in temper-

ature transient burst tests. [Ref., D. O. Hobson and P. L. Rittenhouse,
Deformation and Rupture Behavior of Light-Water Reactor Fuel Cladding,
ORNL-%4727 (September 1971).]
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Fig. A-3. Coolant Channel Blockage Across the Reactor Core:
Example A. Blockage, FA’ is shown as a function of distance from the
center of the core for six internal pressures (assumed constant core
wide) from 100 to 1100 psig. Each data point represents a core zone.
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next two zones (7 and 8) is insufficient to cause rupture or significant
deformation and FA falls to zero. 1In the next two zones (9 and lO), how-
ever, the temperatures are 1550 and 1600°F, respectively, and rupture
can occur (fh = 0.95). Based on the total cross-sectional area of the
core, only about half experiences this blockage of FA = 0.95. However,
the portion of the core that is affected is that most in need of emer-
gency cooling water (i.e., the higher temperature portions). Referring
again to Fig. A-3, it is seen that both the 100- and 900-psig conditions
also produce considerable blockage. Internal pressures of 300, 500, and
700 psig result in blockages expected to be more acceptable in terms of
emergency coolant flow and passage.

Example B is given in an attempt to be somewhat more realistic.

In this instance it is assumed that the internal pressure of the fuel
rods is directly proportional to the maximum, "average hot spot," temper-
ature of the core zone. Therefore, if the pressure is 100 psig in zone 1
(2150°F or 2610°R), it is 100 psig X (2310°R/2610°R) = 88 psig in zone 5,
100 psig X (2010°R/2610°R) = 77 psig in zone 6, etc. This assumption on
the proportionality of pressure and temperature has the effect, in
general, of reducing the blockage predicted. At 300 and 500 psig, how-
ever, fA in zones 4 and 5 is increased slightly (see Table A-1 and

Fig. A-4).

Finally, it is interesting to note the effect of increasing the
zone temperature. In this case, example C, we have assumed that the tem-
perature of each of the zones is increased by 10% over that shown in
Table A-1. Internal pressures assumed are those used in example B.
Figure A-5 shows that the higher temperatures assumed result in, when
compared with example B, higher blockages but, with a few exceptions,
not so high as given in example A. (Zones 1, 2, and 3 show identical
results for all the examples.)

A similar exercise can be performed for the "end-of-life" condition.
Figure A-1 shows that the temperatures at this stage are much reduced
and more uniform across the core. However, internal pressures would cer-
tainly be in the range 2000 psig and above, and it is probable that all
rods except those at the periphery of the core ( zone 12) would rupture.

It is likely, then, that ?A would be 0.5 to 0.6 all through the core.
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Fig. A-4. Coolant Channel Blockage Across the Reactor Core:
Example B. Blockage, TA’ is shown as a function of distance from the
center of the core for six conditions of internal pressure. The internal
pressures indicated as maximum are those for the highest temperature core
zone. The pressure in other zones is proportional to the temperature.
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The examples that have been shown are not intended to represent the
situation in any specific reactor, reactor type, or any particular LOCA.
Many simplifying assumptions were made in this analysis; details of
Pressure and temperature distributions need to be considered in an
analysis of the "real" situation. However, our examples do demonstrate
the effects of pressure and temperature on blockage and give approxima-
tions of the blockage conditions that may be experienced should a LOCA

occur.
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