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ABSTRACT

The Department of Energy (DOE) requested that the INEL perform experiments to study
the thermal failure characteristics of a simulated Savannah River Site nuclear reactor safety
rod and its surrounding thimble assembly. An electrically heated stainless steel rod
simulated a reactor safety rod located eccentrically or concentrically within a perforated
aluminum guide tube or thimble. A total of 37 experiments were conducted for a range of
power levels and safety rod / thimble relative orientations. Video tapes were made of the
four failure tests that were conducted to the melting point of the thimble. Although the
primary emphasis of the experiments were to characterize the melting of the thimble
qualitatively, experimental transient measurements included heater voltage and current,
heater surface temperatures, aluminum thimble temperatures, and ambient temperature.
Numerical studies were also performed in support of the experiments and data
interpretation. Two finite element models were created to model the heat conduction-
radiation between the stainless steel heater and thimble. The predicted temperatures were in
good agreement with the experimental results.



EXECUTIVE SUMMARY

Steady state and transient heat transfer experiments were conducted to study a simulated
Savannah River Site (SRS) reactor safety rod in contact with an aluminum guide tube
(thimble) while undergoing heating due to gamma energy absorption. Electrical resistance
heating was used to simulate the gamma heating. The simulated safety rod and thimble
duplicated the SRS safety rod / thimble geometry. The outer diameter of the simulated
safety rod was 2,39 cm. The thimbles used were sections of actual SRS reactor thimbles
with an average inner diameter of 2.72 cm and average wall thickness of 2.54 mm. The
heated length of the simulated safety rod was approximately 68.6 cm. Thimble sections
were 60.96 cm in length. Measurements were made for safety rod power levels ranging
from 26 to 1843 watts/m. Three melt failure tests were performed with the safety rod in
contact with the thimble, while one melt failure test was performed with the safety rod
centered within the thimble. Transient measurements included simulated safety rod voltage
and current, safety rod skin temperatures, thimble temperatures, and ambient temperature.
Video tapes were made of the four melt tests conducted.

The primary objective of these experiments was to provide qualitative information
concerning the mode and severity of failure by melting of an aluminum thimble in contact
with a SRS safety rod. This information is necessary to estimate the maximum safety rod
temperatures a thimble can sustain before melting. To support this objective, these
experiments were designed to provide qualitative, and limited quantitative, data on the
effects of combined thermal conduction, convection, and thermal radiation upon an
aluminum thimble in contact with a SRS safety rod undergoing gamma heating after a
hypothesized loss of coolant accident.

Results indicated that for the conditions of these specific experiments thimble melt failure
occurs at safety rod power levels of approximately 1380 watts/m or higher. Corresponding
safety rod and thimble temperatures at failure were on the order of 860 C and 620 C,
respectively. The mode of thimble failure by melting was fairly benign. Typically, molten
aluminum would flow to a cooler thimble location and resolidify. In some cases a small
quantity of molten aluminum would detach entirely from the thimble and fall below. The
portion of the thimble opposite the point of safety rod / thimble contact would distort but
not melt. In this manner the thimble would maintain some structural integrity and hence not



collapse. Furthermore, oxidized aluminum from the thimble showed a tendency to cling to
the stainless steel safety rod surface.

Numerical studies were performed in support of these experiments. Two finite element
models were created to model the heat conduction-radiation between the stainless steel
heater and thimble. The predicted temperatures for the heater and thimble were in good
agreement with the experimental results.

This report details the apparatus and instrumentation used, test procedure, data collected,
and numerical studies performed. Phenomenological explanations are proposed for the
experimental results.
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SAFETY ROD / THIMBLE MELT FAILURE
CHARACTERIZATION EXPERIMENTS

1. INTRODUCTION

Experiments were conducted to study the heat transfer and melt failure characteristics of a
simulated SRS nuclear reactor safety rod / thimble assembly. In the SRS reactor core a
portion of the gamma energy resulting from the decay of fission products is absorbed by
safety rods. The normal mechanism for removal of this energy from the safety rods is by
conduction and convection to the surrounding water in the moderator tank.

The experiments described herein consider the possibie results of a hypothetical loss of
coolant accident (LOCA) in which the water in the moderator tank drops to approximately
the twenty inch level and is replaced by air at atmospheric pressure. In the absence of
surrounding water, the mechanisms for removal of energy from the safety rods include
natural convection to the air, thermal radiation to the thimble and nearby fuel rods,
conduction at the attachment ends of the safety rod, and direct conduction to the thimble at
any points of safety rod/thimble contact. Thermal radiation, conduction, and convection to
the thimble will cause the thimble temperature to increase as the safety rod temperature
increases, possibly to the point where the thimble material begins to melt (the melting point
for Al 6063 ranges from 616 to 652 C[1]). However, as the thimble temperature rises, the
thimble material will also oxidize to some degree. The melting point for aluminum oxide
(ALO3) is approximately 2037 C [2]. |

The geometry of a SRS safety rod is detailed in Figure 1. The safety rods are 2.39 cm
outer diameter and are within an aluminum "thimble" of 2.74 cm inner diameter which
serves as a guide tube for insertion and withdrawal of the rod. The average gap between
the safety rod and the inner thimble surface is 1.78 mm when centered. Since the length of
the safety rod is approximately 3.96 m, any bowing of the safety rod or thimble may cause
the safety rod to contact the thimble in one or several positions along its length.

There were several objectives for these experiments. First, the experiments were to
measure what safety rod temperatures are necessary for thimble failure via melting.



Second, the experiments were to characterize the typical mode of thimble failure. Thimble
failure modes that have been hypothesized range from formation of droplets of aluminum to
the slumping of the entire thimble into the residual water in the moderator tank. Finally, the
experiments were designed to determine any dependency thimble failure may have upon
thimble position relative to the safety rod. Relative positions studied included contact along
a solid portion of the thimble, contact along a perforated portion of the thimble, and the
axially symmetric case of no contact (i.e., the safety rod centered within the thimble).

2. DESCRIPTION OF APPARATUS

The experiment consists of a custom built, electrical heater that simulates the safety rod and
several prototypical aluminum thimbles provided by the SRS. The simulated safety rod
consists of six concentric layers, as depicted in Figure 2. These various layers serve to
maintain electrical isolation between instrumentation and the heater, to approximate the
thermal mass of the prototypical safety rod, and to allow the stainless steel outer sheath to
be replaced (if necessary) while retaining the original heater.

More specifically, the inner Aremcolox ceramic core was sized such that the overall thermal
mass of the heater approximated that of a SRS safety rod. The dimensions of the
Aremcolox core are 1.55 cm outer diameter and 4.52 mm wall thickness. Aremcolox is a
machinable ceramic that, once fired, can resist very high temperatures. The actual heater is
an Inconel 600 tube, 1.91 cm outer diameter and 1.65 mm wall thickness. Inconel 600
was chosen since its electrical resistivity changes little with temperature. Alumina-titania
was chosen as a material to flame spray onto the Inconel to insulate the outer stainless steel
sheath from the Inconel heater electrically. However, alumina-titania does not readily spray
onto Inconel. Furthermore, there was concern that the alumina-titania would not withstand
the shear forces resulting from sliding the sheath on and off. For these reasons, a 0.0762
mm thick base coat of nickel-aluminum was sprayed first onto the Inconel, then a 0.254
mm layer of alumina-titania, followed by a 1.35 mm thick layer of nickel-aluminum. This
last layer was polished to 0.838 mm in thickness to maximize the area of thermal contact
and hence reduce the thermal resistance to the stainless steel sheath. The outermost layer of
the heater is a stainless steel tube with an outer diameter of 2.39 cm and a wall thickness of
0.124 mm. This is the same outer dimension and material as the SRS safety rods. A



narrow slot was machined along the length of the tube. This slot allowed the stainless st
tube to be opened slightly and slid over the heater. Once the stuinless steel sheath was in
place on the heater, stainless steel straps were spot welded across the slot to clamp the
sheath onto the heater.

The thimble consists of a 3.23 cm outer diameter, (.244 cm wall thickness aluminum alloy
type 6063 tube with perforations along its length. These perforations are comprised of four
staggered rows of 1.27 cm diameter holes along the length of the thimble. These holes
have an axial spacing of approximately 1.78 cm. The rows are positioned at 0°, 90°, 180°,
and 270° along the circumference of the thimble.

The active core lengths of the prototypical safety rods and thimbles are approximately 3.96
m. As shown in Figure 3, the thimbles used in these experiments are 60.96 cm in length
while the heated length of the heate: is 66.04 cm and overall length is 76.2 cm. The entire
heater / thimble assembly is housed inside a 1.2 x 1.2 x 1.2 m clear polycarbonate box.
The box serves to eliminate any drafts from affecting the measurements while providing
visual access to the experiment. A Halmar constant current power supply was used to
power the heater. Dual 00-sized cables from the Halmar power supply were attached to the
Inconel tube via large copper clamps. The heater is suspended by attaching the upper
copper clamp and ceramic insulators to the upper frame of the box. In this way the heater
is frec to expand and contract. |

Contact between the heater and thimble was maintained by spring-loading the thimble
against the heater. A wire was passed through the top and bottom perforations opposite
from the desired line of heater / thimble contact. These two wires were each passed
through ceramic blocks. The ceramic blocks serve two purposes, First, they ensure
electrical isolation between the thimble and the enrlosure frame. Second, they can pivot
and hence allow the thimble to freely expand and contract vertically. The blocks were
attached to 0.635 cm diameter aluminum rods. The opposite ends of the aluminum rods
pass through a frame mounted slecve, spring, and spring clamp. The clamp was
positioned on the rod such that the deflection in each spring was 1.59 mm. This
corresponds to approximately 2 1bg between the thimble and heater at top and bottom. This
force was the sarue for the first three thimble melt experiments. To prevent the heater from
bending due to the force of the spring-loaded thimble the bottom of the heater was allowed



to rest laterally against a ceramic block. In the fourth melt failure test, the heater rod was
maintained centered within the: thimble through the use of a series of centering screws.

3. INSTRUMENTATION

The measurements taken for these experiments included: voltage across the heater, current
through the heater, stainless steel skin temperature of the heater, and thimble temperature at
several positions on the thimble. Some of these time dependent measurements were
recorded continuously by a data logger (discussed in Section 4) while others were recorded
manually.

Heater and thimble temperatures were measured with standard grade Chromel-Alumel (type
K) 0.254 mm thermocouples. The heater thermocouples were attached to the stainless steel
heater surface by spot welding each thermocouple lead separately, forming an intrinsic
junction on the heater surface. The rear (opposite the area of contact between the heater and
thimble) heater thermocouples were strain-relieved by spot welding a strap to the stainless
steel across the insulated thermocouple leads. The thimble thermocouples were made by
first forming a 0.036" diameter ball junction at the end of each thermocouple. Then,
0.040" diameter by 0.040" deep holes were precision milled in the thimble from the outside
at the desired mounting position. The ball junction was placed in the hole and the
surrounding aluminum material peened against the junction, hence clamping the ball
junction in the thimble.

There were essentially five series of tests. The first series involved only the heater while
the last four series involved the heater and thimble. The instrumentation and measurement
locations varied with each series of tests. There were two reasons for this. First, it was
initially not known how the thimble would behave when melting. Second, the initial
proposed scope of the project in terms of instrumentation was expanded during the course
of the effort. Figures 4, 5, 6, 7, and 8 depict the measurement locations and relative
orientation of the heater and thimble for each series of tests. Measurement location

nomenclature is typically of the form "X#,8" where X represents the type of temperature

measurement (heater or thimble), # represents the axial location of the measurement (1 =



15.72 cm above the heater/thimble vertical centerplane, 2 = 5.24 cm above the
heater/thimble vertical centerplane, 3 = 5.24 cm below the centerplane, and 4 = 15.72 cm

below the centerplane), and 0 represents the circumferentail location of the measurement in

degrees displacement from the line of heater/thimble contact. In the case of no contact, 8

represents the circumferential location in degrees displacement from the point opposite the
slot in the heater sheath.

The instrumentation used for each test is listed in Table 1. Figures 4 through 8 are intended
to assist in understanding the table.

4. DATA ACQUISITION AND VIDEOGRAPHY

Most of the measurements listed above were recorded by an Omega OM-272 precisior
datalogger. This datalogger was connected to an IBM XT computer system via RS-232C
protocol. Measurements were updated on the IBM: monitor every two seconds and
recorded on the computer's hard disk every 15 seconds. The computer program for
communicating with the datalogger and storing the data was written in IBM BASIC.

Two video cameras were utilized to monitor and to record the tests involving actual melts.
Figure 9 depicts the relative locations of the cameras to the test sztup. Both cameras were
Sony model CCD-V801 video Hi8 8mm cameras. These cameras feature high resolution
of 400 horizontal lines, stereo sound, automatic focus and exposure, and 10:1 power
zoom. One of the cameras also featured a wide angle lens, This camera was mounted on a
remote controlied pan/tilt device. Since the original emphasis of these test was upon visual
observation, great care was taken to produce a video product that accurately represented the
tests. Once the videos had been made they were edited using a Sony RME700 professional
video editing system, color corrected using a Sony XV-C900 video multi color corrector,
and recorded onto VHS format using a Sony SLV-RS5 super VHS video cassette recorder.

e



5. TEST PROCEDURE

The conduct of each test followed a written procedure, included below.

W N =

o 3 O W

11.
12.
13.
14.
15.

16.
17.
18.
19.
20.

Rope off test area and erect all necessary warning signs.

Turn on warning beacon and trigger warning horn to alert all personnel.
Turn on computer and other associated equipment.

Turn on and set to pause the video cameras, if they are to be used.
Synchronize computer clock, datalogger clock, and video camera clocks.
Turn on video lighting.

Turn on main power d.sconnect to the Halmar power supply.

Turn on second power disconnect to the Halmar power supply.

Ensure that the current control potentiometer on the Halmar remote control
panel is set to zero.

Start recording data on computer and start video recording.

Turn on the Halmar power supply.

Adjust current delivered to heater from zero to the desired final value.
Maintain constant current delivery by adjustment of potentiometer.
Periodically record the manual measurements.

Upon conclusion of test, adjust heater power to zero and turn off the
Halmar power supply.

Turn off second and main power disconnects to the Halmar power supply.
Turn off video cameras and video lighting.

Turn off computer and other equipment.

Once the apparatus has cooled sufficiently, turn off warning beacon.
Remove warning ropes from area.

6. TESTS PERFORMED

Five test series were conducted. Each test series consisted of several individual tests

ranging from four for Test Series 1 to 13 for Test Series 2. The tests performed followed

the test matrix presented in Table 2. A description of the objective for each of the five test

series follows. The specific temperature measurements made varied slightly from test



series to test series, as explained previously, but was the same for all tests within a test
series.

The objective of Test Series 1 was to characterize the performance of the heater design and
work out any problems in the measurement techniques or data acquisition system. The
automated sampling rate for this test series was one scan of all measurement channels per
minute. This scan rate was increased for subsequent test series to one scan per 15 seconds.
Measurements for this test series included four heater surface temperatures, heater voltage
and current, ambient temperature, and the polycarbonate bo. inner surface temperature in
two locations.

Test Series 2 included a thimble in contact with the heater. The line of thimble / heater
contact was along a solid (i.e., non-perforated) portion of the thimble. Thirteen individual
tests were performed, including one melt failure test. These tests were designed to study
the temperature response characteristics of the thimble with this contact orientation relative
to the safety rod for various safety rod power levels. The initial tests allowed extrapolation
of the power level required for melting of the thimble. The power levels of the heater were
gradually increased to 95% of this estimated power level. The final melt test was
conducted at 105% of the estimated required power level, which yielded a transient up to
the melting temperature. Measurements included 8 thimble temperatures, 4 heater
temperatures, heater voltage and current, ambient temperature, and the polycarbonate box
surface temperature in two locations.

The objective of Test Series 3 was similar to that of Test Series 2. The contact orientation,
however, was along a line of thimble perforations to study any effect thimble rotational
orientation may have. Also, the method of supporting the thimble against the heater was
modified. Instead of passing a wire through aluminum tabs welded to the thimble the tabs
were eliminated and the wire was passed directly through adjacent perforations in the
thimble. This modification eliminated the failure of the tab welds at high temperatures
observed during Test Series 2. Eight tests were performed, again gradually increasing the
heater power until melting. Measurements were also similar, although the eight thimble
thermocouples were in slightly different locations.

One observation made during the second and third series of tests was a very large



temperature difference (> 200 C) from the heater to the thimble at the higher temperatures.
In these tests the heater thermocouples were mounted on the heater surface 180° opposite
the contact area. Thus an unknown fraction of this temperature variation was across the
heater and the remainder was due to thermal contact resistance between the heater and
thimble. Test Series 4 was conducted where two heater thermocouples were mounted as
close to the line of heater / thimble contact as possible. Also, four thermocouples were
mounted on the thimble 180° opposite from the line of contact. In this way temperature
variations around the heater and thimble were determined. |

The final or fifth series of tests involved a centered heater / thimble orientation. The
objective of Test Series 5 was to determine the heater power level necessary to melt a non-
contacting thimble. The measurements made were basically the same as for Test Series 4.

7. RESULTS

Various temperature measurements were made during all 37 tests. However, it should be
emphasized that the primary product of this effort was intended to be a composite video
tape of the various melt failure tests. The experimental apparatus and measurement system
was not designed for a precise, quantitative heat transfer study. Furthermore, the
emissivities of the safety rod and thimble used in these tests probably differ from the actual
reactor safety rods and thimbles and hence the various temperatures for a given power level
will differ. This should be kept in the mind of the reader during the following discussion
of the measurement results.

Table 3 presents a summary of the steady state voltage, current, and temperature
measurements for the 37 tests conducted. Note that for the melt tests, steady state values
are replaced by the various temperatures when melting is first evident. The ensuing
discussion of experimental results will describe:

. axial temperature characteristics of the safety rod

. axial temperature characteristics of the safety rod in contact with a thimble

. axial temperature characteristics of the thimble while in contact with the
safety rod

Ve



. azimuthal temperature variations of the safety rod and thimble

. melt failire test results
. steady state temperature diffe.ence from the safety rod to the thimble
. power chatacteristics of the safety rod and thimble.

7.1  Axial temperature characteristics of the safety rod

Figure 10 presents the axial temperature profile for the simulated safety rod during Test
Series 1. No thimble was present during this test series. Thus, the safety rod represents a
vertical heated cylinder with a length to diameter ratio of 28.7. The total electrical power
input has been divided by the total heated length of the simulated safety rod (0.686 m) to
yield power per unit length (Watts / m). The temperature "error" bars account for the
estimated experimental uncertainty in the thermocouple, thermocouple extension, and the
data logger. The axial temperature variation along the length of the simulated safety rod
was less than 25 C. At the higher temperatures the temperature variation was within the
estimated error of the measurements. The local Rayleigh number is defined by:

_ p?gpz}(T-T.,) p

Ra, r
p2
where
p - air density evaluated at T
g - acceleration due to gravity
B - volumetric coefficient of thermal expansion (1 / T..)
z - height along heated length of temperature measurement location
T - steady state temperature of heater at L
Teo - steady state ambient enclosure air temperature
H - air viscosity evaluated at Te,

Pr - Prandtl number evaluated at T...

The Rayleigh number varied from 1.7 x 108 for the lowest measurement location and



lowest power level to 6.7 x 109 for the uppermost measurement location and highest power
level. The decision to evaluate the air properties at T., was based upon the recommendation
of Siebers, Moffat, and Schwind [1985]. Based upon this definition of the Rayleigh
number, it appears that the Rayleigh numbers for the bare safety rod data span the transition
region from laminar to turbulent natural convection if the safety rod is considered a flat
plate with a sharp leading edge. This observation is useful for interpreting the change in
temperature profile with input power. As the input power to the simulated safety rod is
increased, the peak of the axial temperature profile moves down the rod. This change in
temperature profile may possibly be explained by a corresponding downward movement of
the transition region.

7.2 Axial temperature characteristics of the safety rod in contact with a
thimble

Figures 11 through 14 are comparable plots of the axial safety rod temperature variation for
the test series where a thimble was present. Again, the variation in temperature remained
less than 25 C for all tests with the higher temperatures typically appearing in the lower half
of the safety rod. However, no apparent trend in temperature profile is evident. If one
considers the error bands in the data, the temperature profile can be considered uniform for
almost all the tests. Furthermore, thermal expansion of the simulated safety rod and
thimble caused physical distortions and hence whether there is a continuous line of contact
between the safety rod and thimble along their lengths becomes questionable, especially at
the higher temperatures.

7.3  Axial temperature characteristics of the thimble while in contact with
the safety rod

Figures 15 through 18 depict the axial temperature variation for the thimble in Test Series 2
through 5. As with the safety rod, the variation in temperature remained less than 25 C for
all tests. However, the higher temperatures were typically in the upper half of the thimble.
Again, no apparent trend is evident in the temperature profile data and considering the error
bands in the data and conceivable distortions in the line of contact between the safety rod
and thimble, the temperature profile can be considered almost uniform.
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7.4  Azimuthal temperature variations of the safety rod and thimblie

In the later phase of testing it was decidea Jesireable to measure the azimuthal variation of
temperature of the simulated safety rod and thimble. This measurement was prompted
from the observation of a very large temperature variation (up to and greater than 200 C)
from the safety rod to the thimble. Furthermore, numerical studies were performed to
study the heat transfer characteristics analytically. These stucies are discussed in Appendix
A found at the end of this report. The temperature drop between the safety rod and thimble
will be discussed further later in this report. However, note that in prior tests (Test Series
2 and 3) the simulated safety rod temperatures were measured opposite from the line of
contact between the safety rod and thimble. The thimble temperatures, however, were
measured along the line of contact. Thus, it became of interest to determine what fraction
of the safety rod / thimble temperature drop was attributable to a temperature gradie: it
azimuthally around the safety rod.

Figures 19 and 20 depict the front-to-rear differences in temperature for different axial
locations and power levels for the safety rod and thimble respectively in Test Series 5. The
~alues are represented as the differences from the overall average for that particular power
level. Superimposed upon these plots are the estimated errors in temperature measurement,
shown as diverging straight lines rather than as error bars to simplify interpretation. Note
that Test Series 5 was the centered safety rod / thimble configuration. Thus, in the absence
of thermal distortion of the geometry one would expect no azimuthal variation of
temperature, Careful inspection reveals several trends in the data. First, in general the
front and rear temperature measurements parallel each other as the input power is varied.
This observation is as one would expect. Second, the rear (i.e., along the slot in the
stainless steel heater sheath) of the simulated safety rod is higher in temperature than the
front by as much as 12 C. This rear-to-front temperature difference in the simulated safety
rod is much less than the observed temperature drop from the safety rod to thimble. Third,
in contrast to the simulated safety rod temperature differences, the front of the thimble is
higher in temperature than the rear, in one case by as much as 48 C, although more typical
values are less than 10 C. This is supported by results from Test Series 4. Figure 21
depicts the front-to-rear thimble temperature variations for Test Series 4. In this test series
the thimble was in contact with the safety rod and front to rear thimble temperatures varied
by 14 C or less.
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After the fifth test series, the simulated safer rod was disassembled to attempt to explain
the second and third points listed above. The outer nickel-aluminum coating and the inner
surface of the stainless steel sheath were inspected, the nickel-aluminum with a microscope
and the stainless steel sheath with a borescore. Discolorations and variations in the
surfaces indicated that contact, and hence hea! transfer, between the nickel-aluminum and
stainless steel was best along each side of the split in the stainless steel sheath.
Furthermore, the leads of the thermocouples mounted on the rear of the safety rod were
routed upward parallel to and between the safety rod and thimble. This partial blockage of
the safety rod / thimble gap may have influenced any natural convection occurring in the
gap. These same thermocouple leads may have affected the radiative heat transfer to the
thimble by acting as a radiation shield, with the result being that more heat was transferred
to the front of the thimble than the rear.

7.5 Melt failure test results

Table 4 presents a summary of the melt failure test findings. The melt tests were the last
tests in Test Series 2 through 5 (test numbers 2.13, 3.8, 4.5, and 5.7). Figures 22 through
25 present traces of temperature versus time for the four actual thimble melt failure tests
conducted. Solid symbols on the plots represent safety rod or heater temperatures while
op=n symbols represent thimble temperatures. Sudden catastrophic decrez ses in indicated
transient thimble temperature values imply thermocouple detachment froin the aluminum
thimble. Figure 26 presents a photograph of the melted thimble resulting from the melt
failure test of Test Series 3.

The power setting used for each melt was determined beforehand via extrapolation of that
test series temperature versus power data. At test ime equal to zero, the input power to the
simulated safety rod was increased from zero to the desired extrapolated value. The time
required for any softening or melting to begin was dependent upon the input power to the
safety rod, as can be seen in Table 4. As the thimble approached its melting point, the
aluminum would begin to soften. Since the thimble thermocouples were attached to the
thimble by inserting the thermocouple junction into a hole in the thimble and peening
thimble material against and over the junction, softening of the thimble material around the
thermocouple would often allow the thermocouple to detach itself from the thimble. In the
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first melt, this caused all but one of the thimble thermocouples to detach before any actual
melting was evident. Care was taken in subsequent tests to minimize any tension in the
thermocouple leads. Thus, the melt failure test in Test Series 3 and 4 retained more thimble
thermocouples. In spite of this effort, unfortunately, all the thimble thermocouples in the
Test Series 5 melt failure test detached from the thimble.

An unexpected problem arose in the first melt failure test (test 2.13) with the method of
attachment between the thimble and the supports. Aluminum tabs had been welded to the
thimble at the top and bottom. The support rods were then attached to these rods via
ceramic insulating blocks. As the melting temperature was approached, the tab welds
failed, allowing the thimble to slide down along the safety rod onto the lower electrical
power attachment bracket and simply lean onto the safety rod.

In Test Series 3 and 4, the thimble was attached to the ceramic insulating blocks by passing
stainless steel wire through a thimble perforation at the top and bottom of the thimble. With
the improved method of support in Test Series 3 and 4, as the aluminum thimble would
soften, the thimble would also distort. Typically, the top and bottom of the thimble would
remain in contact with the safety rod while the middle of the thimble would bow away from
the safety rod. Furthermore, the force imposed by the support rods to hold the thimble in
contact with the safety rod would stretch the upper and lower attachment points of the
thimble. Due to the improved thimble / safety rod contact at top and bottom, the top and
bottom sections of the thin:ble were the first to show evidence of melting for the melts in
Test Series 2, 3, and 4. In Test Series 5, the thimble was initially centered. However, at
the higher temperatures, the thimble bowed and contacted the safety rod near the middle.
Thus, in this case, melting was first observed near the middle of the thimble.

In all cases, melting only occurred where there was contact between the thimble and safety
rod. The softening of the thimble improved the contact between the thimble and safety rod
and allowed the thimble to act more as a extended surface, resulting in enhanced heat
transfer from the safety rod to the surrounding atmosphere. This in conjunction with the
heat of fusion necessary to actually melt the aluminum would lower the safety rod
temperature, as can be seen in Figures 22 through 25.
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Due to the high temperatures, the aluminum typically would form an oxide skin. Molten
aluminum would then drain from beneath the oxide skin to a cooler section of the thimble
where it would resolidify. The remaining skin would chemically attack the stainless steel
of the safety rod and attach to it. The regions of resolidification as well as the remaining
oxide skin can be seen in Figure 26. Some pitting of the stainless steel surface resulted
from the chemical attack of the oxide upon tiie stainless steel. Very little aluminum, and
only in two of the four melt tests, detached entirely from the thimble. The section of
thimble material opposite the line of contact served as a support, preventing the thimble
from collapsing. The attachment of the oxide skin to the stainless steel surface also
provided some support for the thimble, although it is difficult to determine the magnitude of
this additional support. A more complete understanding of the melting phenomena can be
obtained from viewing the video tapes made of the fovr melt tests.

7.6  Steady state temperature difference from the safety rod to the thimble

The thimble material is designated as reactor grade Aluminum Alloy 6063. This particular
alley of alvminum has a melting point range of from 616 to 652 C [1]. The melt tests
revealed that the thimble showed evidence of meliting in the temperature range of 618 to 630
C where the temperatures are averaged along the thimble. The corresponding average
safety rod temperatures ranged from 840 to 858 C. The very large temperature drop from
the safety rod to the thimble was an important finding of this work. Figure 27 depicts the
temperature arop from the safety rod to the thimble for different safety rod temperatures.
This temperature drop can be represented as a linear function of the safety rod temperature
by the equation:

(Tsr - Tt) = 0.2666 Tsr - 4.17

where the Tggr represents the safety rod temperature in Celsius and Tt the thimble
temperature in Celsius. In other words, the thimble averaged only 73% of the safety rod
temperature rise for these tests. Note that for the centered melt, the temperature of the
safety rod is only slightly higher (20 to 30 C) than for the contact melts. There was no
appreciable difference between contact with a line of perforations versus contact with a
solid portion of the thimble. The explanation for these observations probably resides in the
degree of contact between the safety rod and thimble. Inspection of the simulated safety
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rod and thimble after some of the higher temperature tests revealed that the safety rod and
thimble would bow due to variations in thermal expansion. It is likely that this bowing
during a test changes the thermal contact resistance by varying the amount of contact
between the safety rod and thimble from a line to several point contacts. The points of
contact were probably at the top and bottom thimble attachment points. In this manner, the
direct thermal conduction from the safety rod to the thimble is reduced. Furthermore, this
explains why most melting occurred at the top and bottom of the thimble. Utilizing many
attachment points on the thimble may have alleviated this problem. However, it may be
argued that the scenario of point contact between the safety rod and thimble is probably
more prototypical than a long line of contact.

7.7  Power characteristics of the safety rod and thimble

The steady state temperatures of the thimble and safety rod for all tests as function of input
powers are represented in Figure 28. Note that the relationship between the power
requirements and thimble / safety rod temperature is that of a power law. The power per
unit length required for initiatinig rielting in the thimble is simply an extrapolation of this
relationship. Finally, Figure 29 compares the power requirements for the bare safety rod
with those for a safety rod within a thimble. The conclusion that can be derived from this
figure is that the thimble hinders rather than augments heat transfer from the safety rod in
the air environment of these experiments. This supports the previous observation that
direct conduction to the thimble (i.e., any fin effect the thimble may serve) was minimal for
these tests. The qualification "for these tests" is important since bowing of the safety rod
and thimble reduced the contact to that resembling point contact rather than a line of direct
contact. A further hindrance to heat transfer from the safety rod results from the small
annular gap between the thimble and safety rod reducing the convective heat transfer
compared to the case of a bare, unenclosed safety rod.

8. CONCLUSIONS AND RECOMMENDATIONS
Several important conclusions about the performance of the simulated safety rod,

interactions between the thimble and safety rod, and thimble melting characteristics can be
deduced from this effort. The simulated safety rod repeatedly withstood temperatures in
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excess of 860'C with no noticeable degradation. Axial variations of the safety rod
temperature while inside a thimble were less than 25 C for all tests and thus the temperature
profile of the simulated safety rod could be considered uniform. As with the safety rod, the
axial variation in temperature of the thimble also remained less than 25 C for all tests. A
large temperature difference from the safety rod to the thimble was measured. At
temperatures approaching the melting point of aluminum this temperature difference was in
excess of 200 C. Azimuthal temperature differences in the safety rod and thimble were
found to be on the order of 12 C or less. The explanation for the large safety rod / thimble
temperature drop probably resides in a lessening in contact between the safety rod and
thimble due to thermal distortions or "warping" of the safety rod and thimble. This
warping tended to change the contact from that of a line to more that of point contact.

The actual melting characteristics of the thimble were mostly rather benign. At high
temperatures, the aluminum surface would form an oxide layer. As the aluminum beneath
melted, it would drain beneath the oxide layer and flow to a cooler section of the thimble
where it would resolidify. The oxide skin left behind would chemically attack the stainless
steel surface of the safety rod and attach to it. Very little aluminum detached from the
thimble. Melting only occurred in areas of safety rod / thimble contact. Portions of the
thimble opposite from the area of contact retained their integrity and served as a support,
preventing thimble collapse or slumping. This is illustrated in Figure 26. The measured
temperature at which the thimble melted fell within the melting range of the aluminum alloy
6063. Corresponding safety rod temperatures necessary to melt the thimble were in the
range of 840 to 858 C. Power requirements for melting ranged from 1389 Watts / m to
1843 Watts / m. It is anticipated that the necessary temperatures and power requirements
for thimble melt failure in an actual reactor would differ to some degree due to differing
material emissivities.

In interpreting the results of these tests and applying the results to the prototype situation,
several experimental limitations should be considered. First, in an actual reactor loss-of-
coolant accident, a steam environment would exist around the safety rod and thimble. The
presence of moisture would change the radiative and convective heat transfer characteristics
between the safety rod and thimble as well as the oxidation rate of the thimble material,
both of which could change the melt characteristics of the thimble. This effort used a dry
air environment.
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In the reactor, there is some heat generation within the thimble itself due to gamma heating
of its aluminum alloy. This direct heat generation within the thimble was not simulated in
these experiments. Thus, it is not known what effect this heating has upon the melting
characteristics of the thimble.

Finally, due to the distortions in the simulated safety rod and thimble at elevated
temperatures, a line of safety rod / thimble contact could not be maintained throughout the
tests, By use of many thimble support points, it may be possible that line contact could be
maintained. It is anticipated that with a line of contact the average temperature drop from
the safety rod to the thimble may be significantly less than that measured in this effort.
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Measurement

Heater temperature (H1,180°)
Heater temperature (H2,180°)
Heater temperature (H3,180°)
Heater temperature (H4,180°)
Heater temperature (H2,0°)
Heater temperature (H3,0°)
Heater temperature (H4,0°)
Thimble temperature (T1,0°)
Thimble temperature (12,0°)
Thimble temperature (T3,0°)
Thimble temperature (T4,0°)
Thimble temperature (T1,-90°)
Thimble temperature (T2,-90°)
Thimble temperature (T3,-90°)
Thimble temperature (T4,-90°)
Thimble temperature (T1,90°)
Thimble temperature (T4,90°)
Thimble temperature (T1,180°)
Thimble temperature (T2,180°)
Thimble temperature (T3,180°)
Thimble temperature (T4,180°)
Upper copper clamp temperature
Lower copper clamp temperature
Enclosure ambient temperature
Top polycarbonate temperature
Rear polycarbonate temperature
Cold junction temperature
Enclosure relative humidity
Heater voltage

Heater current

Table 1. List of measurements made.

Tests  Range/Accuracy
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0-900°C1.5%
0-900°C*1.5%
0-900°C+1.5%
0-900°C*1.5%
0-900°Ct1.5%
0-900°C£1.5%
0-900°Ct1.5%
0-700°C+1.5%
0-700°C+1.5%
0-700°C+1.5%
0-700°C*1.5%
0-700°Ct1.5%
0-700°C+1.5%
0-700°Cx1.5%
0-700°C*1.5%
0-700°C+1.5%
0-700°C+1.5%
0-700°C*1.5%
0-700°C+1.5%
0-700°C+1.5%
0-700°C+1.5%
0-300°C+1.5%
0-300°Cx1.5%
0-100°C%1.5%
0-100°C+1.5%
0-100°C+1.5%
0-100°C%1.5%
0-100% 5%

0-5V+0.1mV
0-500 A H0.01 A

Recording

Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Logger
Manual
Manual
Logger

ual

Manual



Thimble

2
d

No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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Table 2. Matrix of tests performed.

Contact

N/A
N/A
N/A
N/A
Solid
Solid
Solid
Solid
Solid
Solid
Solid
Solid
Solid
Solid
Solid
Solid
Solid
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Perforations
Centered
Centered
Centered
Centered
Centered
Centered
Centered

Power
Level

1843

085
1623

Melt?
(Video
No
No

No
No
No
No
No
No
No
No

No
No
No
No
Yes
No

No
No
No
No
No
Yes
No

No
Na
Yes
No
No
No
No

No
Yes
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Avg.
Time TilL  Avg. Temp.  Temp. Of

Power Time Till Loss Evidence Of Of Safety Rod Thimble At
Test  (Watts/ Contact Of First TC Melting At Melting Melting
Series . m)_  QOrientation (min) {min) Q) Q)
2 1389  Solid Edge 16.67 25.00 =852 =622
3 1460  Perforation 22.33 23.50 =843 =623
4 1843 Perforation 12,25 11.15 =840 =618
5 1623 Centered 16.83 25.00 =858 =630*

* - Intest 5.7, all thimble thermocouples detached from the thimble before melting was
evident. This value repiesents the value of the last thimble thermocouple just before
detachment.

Table 4. Summary of melt test results.
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Safety Rod Cross Section

Stainless Steel 304 Sheath
(OD = 2.39 cm)

Cadmium
(OD =2.17 cm)

Aluminum Core
(D=1.92 cm)

Perforations
(D=1.27 cm)

4—(3.23 cm)»

Figure 1. SRS nuclear reactor safety rod / thimble geometry.
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~ Aremcolox core, Ar=0.452 cm
Inconel 600 tubing, Ar=0.165 cm

Nickel-aluminum base, Ar=0.00762 ¢cm

— Alumina-titania insuiation, Ar=0.0254 cm
Nickel-aluminum filler,  Ar=0.0838 cm

Stainless steel, type 304, Ar=0.124 cm

Figure 2. Electrical heater configuration to simulate the safety rod.
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Figure 3. Experimental fixture used to maintain thimble in contact with the heater.
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Figure 4. Temperature measurement locations for Test Series 1.
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®
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Figure §.
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#® T1,-90; T1,0; 71,90

T4,-90; T4,0; 74,90

Orientation of heater and thimble

Heater thermocouple
locations

Thimble

himble thermocouple
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Figure 9, Location of Cameras relative to the test setup,
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Figure 26. Results of the melt failure test of Test Series 3.
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NUMERICAL PREDICTIONS of HEAT TRANSFER
for SRS SAFETY ROD/THIMBLE
CONTACT EXPERIMENTS

A-1. INTRODUCTION

This appendix presents numerical studies performed in support of the experiménts
conducted to study the heat transfer and failure characteristics of a simulated SRS
nuclear reactor safety rod/thimble assembly. These studies include heat transfer for a
2-D cross section of the heater/thimble assembly as shown in Figure A-1, and an axi-
symmetric model of the bare heater to model the end effects of the heater apparatus as
shown in Figure A-2. The 2-D cross section model is to verify the large temperature
drop between the heater and the thimble and includes gray-body radiation between the
heater and thimble. Various gap distances between the heater and the thimble are also
modeled for experiment runs 4.4 and 5.5 from the main body of this report. The bare
heater model used to model experiment run 1.4,

The numerical studies presented here were performed with the FIDAP [4] computer
code. A description of FIDAP along with the model description is presented in Section
A-2. The results are presented in Section A-3, along with the conclusions in Section
A-4,

A-2. MODEL DESCRIPTION

The computer code FIDAP and the model description with heat transport equations and
gray-body radiation assumptions are presented in this section.

A-2.1 FIDAP

FIDAP is a general purpose, three-dimensional computer aided computational fluid
dynamics and heat transfer software package. It includes capabilities for generating
finite element meshes in cartesian, cylindrical, or spherical coordinate systems, using
automated command sequences. Element material properties, volumetric heat
generation rates for elements, surface heat flux values and convection heat transfer
coefficients for element faces may be specified. FIDAP was used to generate the finite
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element meshes for the models described in this appendix. FIDAP was also used to
solve the heat conduction-gray body radiation equations for the models. The FIDAP
generated meshes were verified by inspecting the nodalization and boundary conditions
prior to each use. FIDAP was also used as a post processor to view color contour plots
and generate temperature line plots and mesh plots.

A-2.2 Problem Description

A 2-D cross section of the heater/thimble experiment is considered whose cross-
sectional geometry is illustrated in Figure A-1. The calculation is performed in a
cartesian coordinate system (x,y). The assumption is made that the temperatures in the
entire model start at 10°C and a transient problem is run until the model converges on a
steady state solution.

As a result of electrically heating the Inconel, the heater assembly and thimble comes to

steady state as described in the main body of this report. The governing equation of
heat conduction in the heater assembly is given by

k(aT 2°T

,TI)= -1
8x’+8y’)+Q(x’y )=0 (A-1)

and for the air and thimble is given by

2 2
k[ ‘;xf n %};) -0 (A-1a)

where T(x,y) is the temperature, k is the thermal conductivity, and Q(x,y,T) is the heat
source in the Inconel.

Boundary conditions for Equation A-1 are described as follows. The plane of
symmetry through the bottom of the model is assumed to be adiabatic. The heat flux on
the exterior surface of the thimble is given by



g=h[T, -T.] - A-2

where Ty, is the outside thimble temperature, T.. is the ambient room temperature, and
h is the combined convective and radiative heat transfer coefficient, described as

h=h, +h, A-3

where hg is the convective heat transfer coefficient and h; is the radiative heat transfer
coefficient. The convective heat transfer coefficient is given by the exact laminar
boundary equations [5] for free convection on a vertical wall subjected to uniform
surface temperature, described as

k Pr " \0.25
h, =0.508) — |Ra}* (—-—-——-—-——-—-—-—) A-4
; (z) % \0.952+Pr
where Pr is the Prandtl number given by
ic
Pr= aad” A-5

where W is the viscosity, cp is the specific heat, and Rag is the local Rayleigh number
given by

*gB(T-T_)z2*P
Ral——-‘p 8B( = . )z Pr At

where z is the axial height along the heater, p is the density, g is gravitational
acceleration, B is the volumetric expansion coefficient for air, given by

1
=— A-7
T,
where Tt is the film temperature, described as
T+T |
r,=(Z5%)
2



The air properties are evaluated at 12.5 psia and at the film temperature.

The applicable range for the laminar boundary equation correlation is valid for
Rayleigh numbers below 109, The height used for this analysis is 0.508 m. which gives
a Rayleigh number of 3.7x108 for a wall temperature of 600°C.

The radiative heat transfer coefficient is described as

h,=C€, ,(T*+T2)(T+T.) A9

where ¢ is the Stefan-Boltzman constant, and & eft is the effective emissivity of the
thimble. The effective emissivity of the thimble is calculated by combining the
radiation from the outside of the thimble surface to the environment (T), and the
radiation from the inside of the thimble holes to Te.. The effective emissivity is

£, =0.807E, A-10

where g, is taken from O'Brien's [6] emissivity measurements for aluminum alloy
taken as

E,=0.112+0.0000833(T - 300) A-11

where the temperature is in Kelvin.,

The volumetric heat source in the Inconel Q(x,y,T) is calculated as follows. The
amount of heat generated in the Inconel heater is decreased by the amount that is
radiated from the surface of the stainless steel sheath through the holes to the
environment. The resulting volumetric heat source in the Inconel is

w _G(rl-rl) -0.3307€ D, O(T,-T:)

e = (r:"riz)m

A-12

A-3



where G is the power input to the Inconel divided by the Inconel volume, 0.3307 is the
view factor from the stainless steel sheath surface to the environment, egg is the

emissivity of the sheath, and Dy, is the diameter of the sheath.

An effective emissivity of the stainless steel is used to account for the fraction of heat
that is radiated directly through the holes in the thimble. This is calculated by
multiplying the emissivity of the sheath by the fraction of the thimble that is solid
compared to the total thimble area if the holes were not there. The resulting correlation
is given by

£, =0.6693E, A-13

where £gg is taken at the lower error bands of the emissivity measurements made by
O'Brien. The emissivity of the sheath is

£, =0.15+0.0001(T, - 300) A-14

where Tygg is the stainless steel temperature in Kelvin.

The gray body radiation heat flux boundary condition on the stainless steel surface and
on the inside of the thimble is described as

i(%’"p" 1;81'}’1 =i(5u - F, )oT; A-15
‘J J

J=1

where qj is the radiative heat flux and Tj is the temperature of the j'th surface, Sij is the
Kronecker delta and €j is the emissivity of the j'th surface, and Hj is the view factor
given by

¢ dA, dA
Fy";H I os B, cos ,dA,dA, AL

- 2
B nr
where Aj and Aj are the areas of surfaces i and j, respectively, and Bi and Pj are the

angles between the position-dependent normal vectors to surfaces i and j in a line of
length r connecting the points of evaluation of the normals. The emissivity on the
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inside surface of the thimble is the same as Equation A-11. The emissivity of the air
surfaces along the plane of symmetry is taken as 0.001, a very small value to
approximate near perfect reflection of the heat along those surfaces.

The axi-symmetric bare heater model as shown in Figure A-2 is described in the
following section. The copper blocks used to conduct the electricity from the cables to
the Inconel are assumed to be disks with the same surface area and volume as the

blocks. The governing equation of heat conduction for the bare heater model is

19(, orY 9(,or\ . _ | |
;'a—'*.(kr-é-r-)+5£(k-'a—;]+g—0 | A-17

where T(r,z) is the temperature, Q is the volumetric heat souréc in the Inconel, and k is
the thermal conductivity of the appropriate material. Heat flux boundary conditions for
the bare heater are the same as the outside of the thimble as described earlier with the
exception of the heater emissivity being the same as Equation A-14. A convective heat
transfer coefficient of 3.0 W/m2-K and an emissivity of 0.5 is applied to the copper
blocks for the black body radiation heat flux.

A-2.3 Material Properties

The material properties of the various components used in this analysis are given
by [7.8]

Material Thermal Conductivity (W/m-K)

Aremcolox 15.6

Inconel 600 11.7

Nickel-Aluminum 20.0

Alumina-Titania 2.0

Stainless Steel 304 18.0

Air 0.03-0.05 (varies with temperature)
Thimble 105.0
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The conductivity of the thimble is normally taken at 150 W/m-K, but taking into
account the holes the effective thermal conductivity is 105 W/m-K.

A-3. RESULTS

This section describes the results of the numerical calculations for the 2-D cross section
model and the axi-symmetric bare heater model.

A-3.1 2.D Cross Section Model

The finite element mesh used for the 2-D cross section model for the case with the
thimble centered around the heater is shown in Figure A-3. Nine noded quadrilateral
elements were used in the model to represent the experimental test run 5.6.
Temperature contours are shown in Figure A-4 for the centered case. The largest
temperature drop occurs across the air gap since air has such a low thermal conductivity
compared to the other materials. The maximum temperature in the heater is 747°C and
the minimum (thimble) temperature 588°C. Temperatures measured during the
experiment were 780°C, and 580°C respectively. Good agreement exists between the
experimental and analytical results for this centered model.

Figure A-5 shows the finite element mesh for the cuse where a 0.0254 mm gap exists
between the thimble and the heater. This model is used to predict the temperature
distribution for experimental run 4.4, which had contact at the top and bottom of the
thimble. After the experiment was completed it appears that the thimble bowed away
from the heater along the starting contact line. The next two models show the
temperature distribution with different gap thicknesses. The mesh is graded towards
the point of contact to help more accurately calculate the azimuthal temperature profile.
Temperature contours are plotted in Figure A-6 for the 0.0254 mm gap. The maximum
temperature is 683°C in the heater on the opposite side of the point of contact, while the
minimum temperature is 601°C in the thimble, also 180° opposite the nearest point of
contact. These temperatures correspond to the experimental temperatures of 760°C and
550°C. The temperature difference between the experiment and the analysis is about
70°C. Models were set up and run for gaps of 0.254 mm, 0.381 mun, and 0.635 mm in
order to assess the sensitivity of the temperature distribution to the gap distance.
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The finite element mesh for the 0.635 mm gap is shown in Figure A-7. Temperature
contours are shown in Figure A-8 for the 0.635 mm gap model. The results are in-
between the centered case and the very small gap case. The average heater temperature
is 725°C, while the thimble average temperature is 586°C. These temperatures
correspond more closely with the measured temperatures in the experiment of 760°C
and 550°C, which shows about a 30°C temperature difference. Figure A-9 shows the
azimuthal temperature profile of the stainless steel sheath. The 0.0254 mm gap has the
largest azimuthal temperature difference of 32°C and the 0.635 mm gap has the
smallest temperature difference of 9°C. Figure A-10 shows the azimuthal temperature
drop of the thimble. Again the 0.0254 mm gap has the largest drop of 20°C, while the
0.635 mm gap model shows only a 9°C temperature drop. These azimuthal temperature
variations agree well with the experimental temperature variations. The measured
temperature difference between the front and back of the heater for run 4.4 was
approximately 25°C, depending on the height. The azimuthal temperature difference of
the thimble was measured at about 12°C.

A-3.2 Axi-Symmetric Bare Heater Model

The finite element mesh used for the bare heater axi-symmetric model is shown in
Figure A-11. The full mesh is shown along the bottom with an expanded view of the
bottom end shown above. This finite element mesh was created to model experiment
run 1.4, Temperature contours are shown in Figure A-12 of the bare heater model.
There exists a large temperature drop along the assembly towards the top and bottom
ends. Figure A-13 shows the predicted axial temperature profile compared with the
measured temperatures. The temperature difference between analytical and
experimental is relatively small. The FIDAP predicted temperature profile shows the
dependence on the convective heat transfer coefficient as it decreases along the heater
as the boundary layer thickness grows.

A-4. CONCLUSIONS

Finite element models have been created to model heat transport with convective and
radiative boundary conditions for the 2-D cross section of the heater-thimble model,
and the axi-symmetric bare heater model with end effects. Gray body radiation
boundary conditions are also used for the 2-D cross section model.
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A large temperature drop of 160°C across the air gap between the heater and the
thimble was predicted with the numerical calculations for the case where the heater is
centered in the thimble. The predicted temperature in the heater is 80°C lower than the
measured temperature in the experiment, and the predicted thimble temperature is 50°C
higher. These values are relatively small compared to the magnitude of the predicted
temperatures and considering a two dimensional model is being used to represent a
three dimensional situation.

Four models were created with different gap spaces between the heater and the thimble
for the 2-D cross section geometry. The gap distances varied from 0.0254 mm to 0.635
mm The small gap predicted lower heater temperatures and higher thimble
temperatures than were measured. As the gap is increased the difference between the
predicted and measured temperatures for the heater and thimble decreases.

An axi-symmetric bare heater model was created to show the axial temperature
distribution. By using the emissivity at the lower limits of the measured error bands,
and applying the exact laminar boundary layer equations for natural convection along a
flat plate, the FIDAP predicted temperatures agree with the measured experimental
temperatures.
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Conter Test 5.6 HIf Cir Hi-Thm Trns h=h(x.T) exac
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YMIN ©. 000E+09
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04710792
16:13:32

Figure A-3 Finite element mesh for centered model.
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Gap 0.221" Tent 4.4 HIf Cir Ht-Thm Trns h=h(x.T) exac ME&}%%??

TIME 0.308E+80

SCREEN LIMITS
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t— [XMAX @.144E-81
YMIN @ P@OE+00
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FIDAP 6. .01

94/10/92

16:25114

Figure A-5 Finite element mesh for 0.0254 mm gap model.
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Gap ©.025" Test 4.4 HIf Cir Ht~Thm Trns h=h(x.T) exac
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Figure A-7 Finite element mesh for 0.635 mm gap model.
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Figure A-9 Azimuthal temperature profile for stainless steel.
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Figure A-10 Azimuthal temperature profile for thimble.
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Figure A-11 Finite element mesh for axi-symmetric bare heater model.
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Figure A-12 Isotherms for bare heater model.
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Figure A-13 Predicted vs measured axial temperatures for bare heater model.
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