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FOREWORD

This is the fourth in a series of quarterly progress reports on
programs conducted at Oak Ridge National Laboratory (ORNL) under the
sponsorship of the NRC Division of Reactor Safety Research. Although
this report is issued quarterly, some activities may be carried over
to the next quarter in order to be able to report meaningful progress.
However, the report will maintain the order of presentation. Because
of the diversity of reader interest and the desire to keep the docu-
ments to a practical size, the report is presented in four volumes.

Volume I, Light-Water-Reactor Safety Programs, includes activ-
ities on fuel rod behavior, blowdown heat transfer, the Nuclear Safety
Information Center, and fission product transport and energy release.

Voluem II, Heavy-Section-Steel Technology Progran, covers work
performed by ORNL as well as by subcontractors at other installations.
The clposing period for this volume will always be one month earlier
than the specified period to allow sufficient time for subcontractors
to prepare contributions and obtain the proper clearance from their
respective compénies.

Volume IITI, Liquid-Metal-Cooled Fast Breeder Reactor Safety prog-
rams, includes work at ORNL on aspects relating to the safe operations
of the liquid-metal-cooled fast breeder reactor.

Volume IV, High-Temperature Gas-Cooled Reactor Program, covers
progress on work pertinent to high-temperature gas-cooled reactors.

Copies of the report are available from the Technical Information
Center, Energy Research and Development Administration, Oak Ridge,

Tennessee,






vii
SUMMARY
1. BLOWDOWN HEAT TRANSFER PROGRAM

Testing of the production heater rod now installed in the FCTF
continued at a reduced rate. This rod has now survived for a total
operating time of 60.7 hr, 25.5 of which were at full power; during this
period there was a total of ten blowdowns and one steady—state CHF
measurement. There are still no indications of leaks from the Viton
O-ring seals at the top of the heater rod. For the last five blowdowns,
sheath and interior thermocouples gave substantially the same readings
prior to blowdown when the rod was at full power and loop flow and
pressure were the same. Prior to this, these thermocouples had indi-
cated progressively higher temperatures after heatup to the same operating
conditions subsequent to each blowdown. Testing will be continued to
determine whether the thermocouple drift problem can be minimized by some
preconditioning procedure.

Preliminary analysis of the results from calibration tests of the
first production heater rod in the single-rod loop indicates that the
oObserved increase in sheath thermocouple temperature can be accounted
for by a gap coefficient of 2000 to 5000 Btu hr~* ft™ (°F)™*. These
are in the range expected for contact resistance of two stainless steel
surfaces swaged together under conditions similar to those used in fab-
ricating the present heater rods. These calculations suggest that the
leveling off of sheath thermocouple temperatures, described above, is
no more than what should be expected with the present design of dual-sheath
heater rods.

_Prediction of isothermal blowdown performance of the Thermal-Hydraulic
Test Facility continued. As expected, placing a l/h—in.-diam orifice in
the line connecting the pressurizer with the main loop resulted in an
almost immediate drop of pressure to saturation at the instant of blowdown.
In comparison, calculations indicated that, without the orifice, 1 to 2
sec would be required for the pressure to decrease to saturation. Other
calculations indicate that variations in break area and break distribution

appear to afford a wide choice of pressure and flow transients.
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The first isothermal blowdown was conducted successfully on February
21, 1975. Initial pressure was 1300 psi, loop temperature was 450°F, and
the orifice was 1/4 nominal (based on RELAP predictions). All systems
appeared to perform successfully. The pressure suppression system con-
tained the loop discharge; the pump was apparently undamaged by the
blowdown event as was true for the drag disks and turbine meters. Pres-
sure transducers were also undamaged by the event. The flow reversed at
the instant of blowdown and for the first 20 sec was consistent with the
RELAP predictions for this test.

A series of two-phase, air—water'flow tests were conducted using a
THTF spool piece with & drag disk, a turbine meter, and a gamma densi-
tometer. Two different dispersers were used, one having a AP ~30%
greater than the spool piece with no disperser and the other having a
AP ~330% greater than the spool piece alone. with the low-pressure-drop
disperser, accuracy of mass flow measurement appeared to be dependent on
flow regime in a consistent fashion. With the high-pressure-drop disperser,
it appeared that mass flow rates could be measured to within +20% over a
range of superficial air velocities from 2 to 130 fps and water flow rates

from 130 to 300 1b sec™t ft=2

2. NUCLEAR SAFETY INFORMATION CENTER

The Nucleér Safety Information Center continues to collect, store,
evaluate, and disseminate information to the nuclear community at a high
level. During the past quarter, this included the addition of 3374 new
safety documents to the computerized file as well as the preparation of
three ACRS bibliographies and response to 338 inquiries. Most notable
among the Center's many other activities was the completion of Nuclear
Safety drafts for 16(3), while Nuclear Safety 15(6), 16(1), and 16(2)
were published. MNuclear Safety was awarded first place in the Tech-
nical Publications Category by the East Tennessee Chapter of the Society

for Technical Communication.
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3. FISSION PRODUCT BETA AND GAMMA ENERGY RELEASE

This program completed the evaluation of the overall method pro-
posed to measure fission product decay heat by spectroscopic techniques
for in-pile irradiations. During the guarter the electrical and elec-
tronic hardware, which are required to control and monitor movements of
the position, were completed and installed. Software programming was
completed, so that the computer controls the experiment from the time
the rabbit is sent to the reactor until the subsequent counting time

has expired. Eg_sitﬁ calibration of the gamma-ray detector was initiated.

4. ZIRCONIUM METAL-WATER OXIDATION KINETICS

The calibration of our Pt—Rh vs Pt thermocouples was completed,
and our newly acquired optical pyrometer was submitted for calibration.
Both tracer and chemical diffusivity measurements for oxygen in8-Zircaloy
were made in the range 1000 to 1400°C (1832-2552°F). The two types
of diffusion coefficients were identical within experimental error,
and the chemical diffusivity was independent of oxygen concentration
in the range 0.1 to 0.6 wt %. Preliminary reaction rate data were
obtained at 1000°C (1832°F) in the MiniZWOK apparatus, and extensive
tests and modifications were made on this device to identify potential
sources of error in our temperature‘measurements and to 1lmprove the
accuracy of such measurements. Various heat flow models were analyzed
to provide maximum possible values for so-called "perturbation'" errors
in our thermocouple temperature measurements. The computer code

SIMTRAN-I was developed and is being tested.

5. MULTIROD BURST TESTS

A program plan, describing in detail-the objectives, scope, and
technical approach to be used in this research, was completed and sub-
mitted to RSR for review and concurrence. Plans and accomplishments to
date were presented to the RSR Fuel Cladding Research Review meeting in
February; these meetings provide for informal exchange of results and

ideas of mutual interest to the various programs. New test schedules,



consistent with delays encountered with heater development and procure-
ment, were formulated.

Methods for posttest examination of the test geometries were investi-
gated; for the single-rod assemblies, the "Scotch tape method" will be
used to obtain circumferential measurements of the deformed cladding.
Examination of the bundles will be more tedious, since the tape method
is not applicable, Both a Quantimet-720 Image Analyzing Computer and
an electronic planimeter probably will be used to automate measurement
of the multirod arrays., Both of these techniques require casting the
array in epoxy, sectloning at discrete axial positions, and polishing
to provide a suitable cross-sectional profile for detailed measurement.

Detailed plans were formulated for experimental determination of
the temperature distribution in the first 4 X 4 test bundle. For these
experiments, each of the fuel pin simulators will be provided with four
inside surface thermocouples; several of the simulators will be instru-~
mented with outside surface thermocouples. The measurements will pro-
vide temperature profiles of interior, corner, and midwall exterior rod
positions. The data will be used to model the temperature distribution
in subsequent burst test arrays.

Procurement of Zircaloy tubing for use in all the.RSR-sponsored
fuel cladding studies is approximately on schedule. Prototype reactor
grids, being made available to the test program by one of the reactor
vendors, will be on hand in May. Some delays were encountered in pro-
curement of special thermocouples fof evaluation and for use in the ini=-
tial tests.

Tests of lower seal gland concepts for the fuel pin simulators,
while encouraging, have not yet resolved all the problems; testing of
improved concepts is in progress. Progress was made in development and
testing of other components and equipment, including a special fixture
for positioning and welding thermocouples inside the cladding.

Tests and evaluation of development heaters supplied by three manu-
facturers indicated that significant improvement in fabrication tech-
niques is needed to produce acceptable heaters, Based on these tests,
the heater was redesigned to improve performance and to circumvent fabri-

cation difficulties; procurement of improved heaters was initiated. A
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decision was made to apply a protective plasma spray coating on the
heaters after they are delivered to Osk Ridge; procedures and evaluation
of candidate refractory metal and oxide coatings were initiated, Avail-
ability of suitable heaters continues to be the critical path item that
determines the start of the test program.

Progress was made on design of the multirod test facility; construc-
tion modifications to the existing dc power supply will commence next
quarter. A versatile single-rod test stand was designed and fabricated.
This bench-type apparatus will be used to develop components and test

procedures and to conduct burst tests on instrumented fuel pin simulators.

6. FISSION PRODUCT RELEASE FROM LWR FUEL

The work plan has been revised to reflect comments which resulted
from NRC's review of the preliminary draft, and the revised plan has
been transmitted to ONRR-NRC. Cleanup of a contaminated hot cell has
been completed; installation of our experimental apparatus in this cell
is currently in progress. Specifications for the preparation of experi-
mental assenmblies from irradiated LWR fuel rods have been developed, and

cost estimates for sample preparation are being collected.

7. CREEPDOWN AND COLLAPSE OF -ZIRCALOY FUEL CLADDING

Progress has continued on both the theoretical and the experimental
aspects of cladding collapse behavior. A review of prior work on collapse,
in general, and on anisotropic mechanical behavior, specifically, has been
completed. Equipment design has been completed, and procurement and
installation are proceeding rapidly. All safety reviews for the use of

high-pressure equipment have been completed and approvals obtained.



1. BLOWDOWN HEAT TRANSFER PROGRAM

Reactor Division

D. G. Thomas

1.1 FUEL ROD SIMULATION

J. D. White, R. F. Bennett, D. L. Clark

1.1.1 Heater Rod Life

Testing of indirect electrically heated fuel pin simulators in the
Forced Convection Test Facility is continuing. The 0.422-in.-diam heater
rod W150/7h has operated for a total of 60.7 hr in the facility. This
heater is a sample from the heater lot purchaéed for the first bundle of
the THTF. The heater has survived 8 blowdowns and 23 1/2 hr of operation
at full power (144 kW) and maximum loop temperature (550°F) as shown in
Table 1.1. The comparison between operating histories of the six heaters
tested (shown in Table 1.1) points out that this heater (W150-74) has
survived considerably more hours at full power than the others — except

preprototype W150-2 which was retired before failure.

O-rings

The upper pressure seals of the FCTF and THTF facilities are provided
by rubber O-ring seals. These O-rings are compressed between heater bearing
surfaces and grooves machined into the seal plates of the loops. This
design allows heaters to grow and contract axially (thermal expansion)
through the O-rings during the experiments. The two Viton O-rings used
in the testing of heater W150-74 have performed without failure during its

operating history.

Nickel electrode

o~

A nickel plate with machined tapered holes is to provide a lower
electrical contact with the tapered bottoms of the heaters in the THTF.

This type of arrangement has been utilized with a nickel electrode in



Table 1.1. Operational history of Watlow indirect heater assemblies

Type
Preprototype Prototype Production
Heater No. Heater No. Heater No.
150-1 150-3 150-2 150-5 150-1 150-7k

Number of blowdowns

Total power at
blowdown, kW

75 1 3 1
100 2 1 i 1 1
140 to 150 5 2 b 9 3 7
Total 8 3 11 10 i 8
Total hours with
power on Ly 35 31 43 Yo 60.65
Total hours at
full power 6 1 0.5 8.5 .10 23.50
On-off cycles 34 22 o1 18 12 15
Fate Fail® Failb Retire O-ring O-ring Operating
failure failure

aSplit in sheath, sheath damaged by centering screw.
Psplit in sheath.



the FCTF for the testing of the two prototypical heaters and the testing
of W150-T74. The nickel electrode contains a tapered hole machined to
the same specifications as those in the nickel plate of the THTF. No
assembly, disassembly, or operational difficulties with this design have
arisen during the testing program. After a heater is removed from the
electrode, the inside of the tapered hole is polished before the next

heater is installed.

1.1.2 Thermocouple Drift

Considerable discrepancies in the outputs of the thermocouples of
the heater W150-74 were reported in the last quarterly report. The
thermocouple outputs generally increased from one experiment to the next
throughout the 16 hr of full-power operation described in the report.

After the third blowdown (16.5 hr at full power), a steady-state
critical heat flux experiment was performed. Heater power was 155 kW
during the experiment until CHF conditions were induced by decreasing
test-section inlet subcooling. When the thermocouple outputs rose
abruptly, indicating onset of CHF, the heater power was decreased to
nearly zero. Some of the skin temperatures reached 2000°F during the
experiment. These temperatures fell quickly to T7O0°F within 20 sec of
onset of CHF.

Five blowdown experiments followed the critical heat flux test.

The outputs of the thermocouples varied considerably between the first
two of these blowdowns as shown in Figs. 1.1 and 1.2. Then most of the
thermocouple responses seemed to stabilize with respect to run-to-run
variation. Sheath thermocouples Cl and C2 exhibited the most severe
changes in output. For example, thermocouple Cl was reading about 8L5°F
+2°F before the third 14L-kW blowdown. After that blowdown and the
following CHF run, thermocouple Cl was reading 788 + 2°F before the next
blowdown. This thermocouple then read 821, 821, and 805°F during steady-

state conditions in later blowdown experiments.
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1.1.3 Thermocouple Shadow Effect

Rod température measurements with sheath thermocouples will be used
to infer surface heat fluxes and heat transfer coefficients. Thus it is .
necessary to determine the relationship between measured sheath tempera-
tures and possible rod fouling.

The thermocouple measurement reflects the temperature field surround-
ing it, which may be strongly distorted by localized contact resistance.’
These contact resistances take two forms: contact resistances in and
around the thermocouple itself, and contact resistance between the inner
and outer rod sheaths. Together these resistances may be responsible for
measured sheath temperatures higher than would be expected to occur if the
thermocouple measured a point temperature at the center of a uniform rod
sheath.

The thermocouple measurement at steady state may be modeled as in
Fig. 1.3. Both schemes presented should adequately predict thermocouple
temperature, or infer an average surface temperature, assuming thermocouple
behavior is not a function of surface flux or temperature (though thermal
conductivity dependence on temperature may be incorporated). Changes in
thermocouple behavior may be interpreted as changes in thermocouple equiv-
alent position or inferred gap coefficient.

Thermocouple equivalent positions in Watlow rod 150-74 have been
estimated by the procedure outlined in the April-June quarterly,2 and -
the results are presented in Table 1.2. Variation of the thermal con-
ductivity of stainless steel with temperature has been included in the
calculations.

This rod has exhibited marked changes in the thermocouple measurement
with increased operation time; hence the results presented to not describe
stable rod characteristics. The equivalent thermocouple positions appear

unrealistic; however, the inferred gap coefficients are reasonable.?

1.1.4 Heater Procurement for the THTF -

The balance of the heaters for bundle No. 1 have been received and s

have passed all inspections at ORNL, including infrared scanning tests and
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measured thermocouple temperature
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to inter—sheath contact coefficient.

Methods of modeling steady state performance of sheath

Table 1.2. Observed external thermocouple equivalent position and
gap coefficient® — Watlow rod 150-Tk
. . Inferred gap heat transfer
Thermocoupl e Equivalent distance from coefficient?

outer wall (mils) Btu hrt £t 2 (°F)~

Al 67.8 2040

A2 58.2 2610

Bl 58.7 2580

B2 58.0 2630

Cl 56.6 2740 -

ce 46.1 3920

D1 hg. 4 3460

D2 h1.2 4860

El 69.2 1970

aThermocouple assumed to measure undisturbed sheath temperature
at a radius of 0.192 in. (19 mils from outer surface). Gap is assumed
to exist between inner and outer sheaths at a radius of 0.201 in. (10
mils from outer surface).



thermal search for locating thermocouples. These heaters are available
for use as replacement heaters as needed.

Except for the method of installing thermocouples in the heater
sheath (and possibly the utilization of a single sheath rather than a
dual-sheath design), bundle No. 2 heaters will be geometrically similar
bto the heaters for bundle No. 1. The tubular heating element material
(three sizes) and the boron nitride powder (UCAR type TS-945) are on hand.
The 0.020-in.-0D sheathed type K thermocouples are on order from Kaman
Sciences Corporation. Procurement of the heater sheath material and the
heaters themselves await the finalization of the thermocouple installation
technique.

Negotiations are underway for procurement of heaters of alternate
designs, including a heater essentially identical to the heaters RAMA is
fabricating for the Aerojet Nuclear Corporation Semiscale program. Also
to be procured are prototype heaters using alternate heater element designs.
This activity has also been delayed pending revision or finalization of
" the thermocouple installation technique. The possibility of this revised
installation technique, allowing for a larger diameter thermocouple (0.025

to 0.030-in.-0D) is also under consideration.

1.2 EXPERIMENTAL PLANS AND EVALUATIONS

*
R. F. Bennett and N. E. Clapp

1.2.1 RELAP4 Calculations of THTF Isothermal Blowdowns

" In preparation for the THIF isothermal blowdown tests, several
blowdown configurations have been modeled with RELAP4. Pressurizer
line resistance, total break area, and break area distribution have
been varied. A base set of loop conditions has been chosen that should
be used during the isothermal tests.

Calculation parameters are summarized in Table 1.3, and loop

steady-state conditions are given in Fig. 1.L.

*
Instrumentation and Controls Division.



Table 1.3. THTF isothermal blowdown conditions

Steady state

Loop temperature 550°F
Pressures
Test section 2250 psia
Pressurizer 2198 psia
Flows
Loop 423 gpm (LL.11 1b/sec)
Main heat exchangers 80 gpm/heat exchanger
Total pump 700 gpm at 1940 ft (631 psi)

Loop flow resistances

No orifices in circulating portions of loop

Valve AP Flow area
FCV-1 152 psi 0.0079 ft2
HCB-2 478 0.0106
FCv-18 98 0.0135
HCV-32 4o 0.0092
TCV-52, 5k, 56 30 0.0146 total

Blowdown parameters

Pressurizer isolated Pump
Total break Fraction inlet from loop during during
area bregk blowdown blowdown
0.0135 1.0 Yes ofr
0.0135 1.0 No off
0. 0034 1.0 Yes - Off
0.0250 1.0 Yes off
0.0135 0.5 ' . Yes ofrf

0.0135 0.3 Yes off
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Influence of pressurizer line resistance

For isothermal operation with 500°F, 2250 psia circulating fluid,
saturation pressure is ~1100 psia, well below the pressurizer condition.
If the pressurizer is effectively isolated from the loop during blowdown,
pressures will drop to saturation almost immediately at blowdown. If the
pressurizer is allowed free communication with the loop, the initial
pressure transient will be rapid but not abrupt (except for short-term
wave effects). In this instance, the pressurizer is a source of higher
enthalpy fluid, elevating the local saturation pressure in the vicinity
of the pressurizer outlet. During the first several seccnds, the loop
pressure decay is primarily controlled by fluid expansion in the pressurizer.
As pressure approaches loop saturation conditions, fluid mixed with the
pressurizer flow will flash first, followed by the unmixed loop water.

The pressurizer influence on blowdown is determined by the ratio of
pressurizer line resistance to break resistance, i.e., the ratio of pres-
surizer line orifice area to total break area. During a rapid blowdown,
a given orifice may effectively isolate the pressurizer from the loop,
while during a slow blowdown the same orifice may allow the pressurizer
to control the pressure decay.

Figure 1.5 demonstrates the influence of pressurizer line resistance
on a given blowdown configuration. With the pressurizer isolated by an
orifice, pressure drops abruptly to saturation; with no orifice in the
line, the pressure requires ~2 sec to reach saturation conditions near the
pressurizer outlet.

The slower pressure transient obtained with no restriction in the
pressurizer line delays fluid flashing near the test section, resulting
in a fairly constant density over ~4 sec followed by a rapid drop as
local saturation occurs (see Fig. 1.6). With a high resistance in the
pressurizer line, density begins to drop immediately upon blowdown,
controlled primarily by the fluid expansion allowed by the break flow.

Pressurizer influence on test section flows is strong (compare Figs.
1.7 and 1.8). With the pressurizer isolated, flow at the test section
outlet hovers about zero for the first 5 sec, while fluid in the test

section, downcomer, and inlet piping flashes and flows to the inlet break.




ORNL-DWG 75--4187

T M I

2800 T
FROM 550°F, 2250 psia
PUMP OF F AT BLOWDOWN
0.0135-ft2 INLET BREAK
2400 |- 4

1600 | \

’/‘

1200 ~. PRESSURIZER COMMUNICATES
\(— FREELY WITH LOOP
DURING BLOWDOWN

~~—

TEST—SECTION OUTLET PRESSURE (psia)
P e

Y

PRESSURIZER
EFFECTIVELY
ISOLATED FROM

800

LOOP DURING
400k BLOWDOWN
0 A 1 1 i
0 4 8 12 16 20
TIME (sec)
Fig. 1.5. Effect of limiting cases of pres-

surizer line resistance on calculated THTF iso-

thermal blowdown pressure transient.

TEST—SECTION OUTLET AVERAGE DENSITY (Ib/ft3)

70

60

50

40

30

20

ORNL DWG 75 4188

T T T T

FROM 550°F, 2250 psia
PUMP OFF AT BLOWDOWN
0.0135—112 INLET BREAK

\ PRESSURIZER COMMUNICATES
FREELY WITH LOOP
DURING BLOWDOWN

~ -
PRESSURIZER EFFECTIVELY
L ISOLATED FROM LOOP -
DURING B8LOWDOWN
\\
\\‘
1 1 1 i
4 8 12 16 20
TIME (sec)

Fig. 1.6. Effect of limiting cases of pres-

surizer line resistance on calculated fluid
densities during a THTF isothermal blowdown.

T



160

120

80

Py
o

FLOW (Ib/sec)

o

-120

test

ORNL~DWG 75-4189

¥ ¥ 4 !

FROM 550°F, 2250 psia
PRESSURIZER ISOLATED
FROM LOOP

PUMP OFF AT BLOWDOWN
0.0135—ft2 INLET BREAK

STEADY STATE 44.11

TEST-SECTION OUTLET

///'JCT12

TEST—SECTION INLET -
JCT. 16

1 ! 1 1
0 a 8 12 16 20
TIME (sec)
Fig. 1.7. Calculated flows about THTF dummy

section during an isothermal blowdown.

surizer effectively isolated from loop.

Pres-

160

120

80

Py
o

FLOW (Ib/sec)

o

—40

-80

-120

test section during an isothermal blowdown.
surizer communicates freely with loop.

) ORNL DWG 75 4190
T T T 1
FROM 550°F, 2250 psia
PRESSURIZER COMMUNICATES

FREELY WITH LOOP
PUMP OFF AT BLOWDOWN

L 0.0135-f1? INLET BREAK

STEADY STATE 44.11

TEST-SECTION OUTLET
JCT. 1

="

4
-1\\\~TEST SECTION INLET

JCT. 16

. 1 i |

0 4 8 12 16 20

TIME (sec)

Fig. 1.8. Calculated flows about THTF dummy

Pres-

€T



14

With no resistance in the pressurizer line, the relatively cold loop
fluid does not flash for ~I sec, and flow from the pressurizer and nearby
piping, through the outlet line and test section to the inlet break,
dominates the test section flows.

The calculated pressure trace is a function of the loop modeling near
the pressurizer outlet. In the calculation, pressurizer water mixes inti-
mately with the water in piping volume 5 (see Fig. 1.4); in reality, it
will proceed as a wave and flash throughout the early decompression. Thus,
one would expect the experimental pressure trace to exhibit a more gradual
transition toward the flashing of loop fluid than the calculation predicts.
With the pressurizer isolated, however, the calculation and experiment
should agree well.

For the above reason, the remaining comparisons are with the pres-
surizer effectively isolated from the loop. 1In practice, this would be
accomplished with a small bore orifice in the pressurizer line, sized to
accommodate the gradual fluid expansion during heatup. This presents no
undue hazards during isothermal operation. During powered operation,
short-term imbalances between the heat exchangers and the rod bundle from
rapid power transients (inadvertent or otherwise) may require momentary
large flows to or from the pressurizer to assure stable loop pressure.

If the pressurizer is to be isolated during blowdown, its response during
powered startup may be inadequate to assure safe loop operation. Hence,
with the present loop design, the pressurizer should be allowed to communi-

cate freely with the loop during powered runs.

Break area

Blowdowns with three different break areas were calculated. In all
cases, the break was at the test section inlet and the pressurizer was
effectively isolated from the loop during blowdown.

Figure 1.9 compares pressure transients. The middle break area
(0.0135 ftz) is expected to yield a pressure transient in powered THTF
biowdowns similar to that calculated for a PWR. The largest break area
(0.025 fta) induces a rapid blowdown; loop pressure 1is less than 50 psi
in 20 sec. With the smallest break area (0.0034 ft°), pressure remains

almost constant during the calculated transient.
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Fig. 1.9. Effect of break area on calculated THTF pressure transient
during isothermal blowdown.

The influence of break area on test section flows is instructive (see
Figs. 1.10 and l.ll). Pump flow is more than adequate to supply break flow
in the O.OO32+-ft2 run, and flow remains positive during blowdown. The
larger breaks exhibit immediate flow reversals, and test section flows
generally remain negative throughout blowdown. The largest break area
shows the greateét negative flows during the first 12 sec, but flows

rapidly approach zero beyond this point as loop fluid is depleted.




160

ORNL—DWG 75-4192

120 |-

80 |-

40

STEADY STATE 44.11

— —— —— ———————— s — . ——

| T

FROM 650°0F, 2250 psia
PRESSURIZER ISOLATED
FROM LOOP

PUMP OFF AT BLOWDOWN

100% INLET BREAK -

TEST-SECTION INLET FLOW, JCT. 16 (Ib/sec)

|

Wl
lv

-120

i N ‘\-/‘"k_'_/'ﬁo ft2

0.0135 f12

u/

1 1

Fig. 1.10.

12 16 20

TIME (sec)

Effect of break area on calcu-

lated dummy test section inlet flow in THTF iso-
thermal blowdowns (100% inlet break).

TEST—SECTION OUTLET FLOW, JCT. 13 (Ib/sec)

160

120

80

40

-120

ORNL DWG 75 4193

i T T T
FROM 550°F, 2250 psia
PRESSURIZER ISOLATED
FROM LOOP
PUMP OFF AT BLOWDOWN
= 100% INLET BREAK -
STEADY STATE 44.11 _
\/\J\ 0.0034 ft2 BREAK AREA
—_—
\,\_ﬁ_\
M/\/\/ \ 0.0135 ft2 /4__/-—-
/ 00250 ft2
f ~
- -
1 1
0 4 8 12 16 20
TIME (sec)
Fig. 1.11. Effect of break area on calcu-

lated dummy test section outlet flow in THIF
isothermal blowdowns (100% inlet break).

9T



17

Note that in all cases flows at the test section outlet are relatively
positive and flows at the inlet are relatively negative, due to flashing of

fluid in the test section and downcomer volumes.

Break area distribution

To a first approximation, total break area determines fhe pressure
transient, and break area distribution determines the test section flow
transient (see Figs. 1.12 and 1.13). Increasing outlet break area pro-
motes positive flow through the test section during blowdown and delays

flow reversal.
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Fig. 1.12. Variation of test section inlet flow with break area
distribution in a calculated THTF isothermal blowdown.
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Summary

20

with break area

Resistance in the pressurizer line has been shown to be a major factor

in determining transient flows and pressures. The pressurizer will prob-

ably communicate freely with the loop in powered runs to assure safe

steady-state operation; hence, the flow resistance in this line will not

be varied to adjust powered blowdown transients, at least initially.

Variations in total break area and break distribution appear to afford a

wide variety of flow and pressure transients.

fa,
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All calculated flows must be examined qualitatively, as they are
subject to model structure as well as uncertainties in the RELAP program.
Weaknesses in the model are apparent. TFor example, the dummy test section
and downcomer have been modeled in homogeneous flows, an obviously poor
assumption at low flow rates. The incorporation of phase separation in
this region is approximate at best, and a guess may offer no greater
accuracy in flow prediction over the homogeneous model during the 20 sec

calculated.

1.2.2 Data Processing Codes

Two codes have been written and debugged for processing the seven-
track binary data tape written by the PDP-8E computer. The first code
is used to convert the seven-track binary data tape to a nine-track IEM
tape that contains appropriate millivolt values for the recorded data.
The second code converts the millivolt values obtained by the first code
into the appropriate engineering unit values and writes this information

on either a nine-track IBM tape or an IBM disk file.

1.2.3 Data Analysis Codes

Three codes have been written and debugged for use in the analysis of
the data generated by THTF. The first code is a piotting routine that
reads the engineering unit data and produces the desired number of plots
with up to four variables with respect to time on each plot using the
Cathode-Ray Tube (CRT) plotter available at the computing center. The
second code, used for steady-state data, calculates and outputs the
average value and the standard deviation for each signal monitored by
the data system. The third code is used to determine the time to CHF
using heater rod sheath thermocouple data obtained during a blowdown

test.
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1.3 MULTIROD TRANSIENT AND BDHT EXPERIMENTS

*
B. G. Eads, R. E. Helms, A. M. Smith

1.3.1 THIF Instrumentation

* * *
B. G. Eads, g. Brashear, D. G. Davig,
J. A. Hawk, R. L. Moore, W. Ragen

Installation and verification of instrumentation required for loop
shakedown and isothermal blowdown operations were completed and an iso-
thermal blowdown was performed on February 21, 1975. The major areas
where design and installation remain incomplete are:

1 bundle overtemperature protection system,

2 dc generator power programmer,

3. test section data sensors installation, and

b generator and heater rod current and voltage signal system.

Installation of instrumentation required for powered bundle operation
is continuing, with verification of this instrumentation being made as it

is installed.

Blowdown rupture disk system

Installation is complete for that portion of the blowdown rupture disk
system required for single-ended blowdown operation. All materials are on

hand to complete the entire system to permit double-ended blowdowns.

Data acguisition systems

An on-site training course on the use and maintenance of the two
lh-track tape recorders was conducted by a manufacturer's representative.
These two recorders are now being calibrated and will be used for recording
fast transient data in the next isothermal blowdown.

Approximately 100 data signals have been connected to the CCDAS (total
capacity at present is 384 channels). A "rough" calibration of the CCDAS

itself was performed previously. A precision calibration of this system

*
Instrumentation and Controls Division.
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is now underway and will be completed prior to the next isothermal blow-
down. Also verification on each channel from senscr to CCDAS 1s nearing
completion. The remaining 284 channels not yet connected are associated
with powered bundle operation, and installation of much of this instrumen-

tation is not complete.

The dc power system programmer

Two types of function-generation programmers are now under consider-
ation — the programmable read-only memory (PROM) type system mentioned in
last quarter's report and a commercially available '"Digital Datatrak"™
system. FEither of these systems will generate a predetérmined time-
dependent voltage, which will be the demand signal for the regulators for
the four dc generators.

In the PROM system the desired function is stored in digital form in
a read-only memory. On receipt of a "Start” signal, clock pulses will be
input to the PROM at predetermined rates and the stored information will
be transmitted in parallel digital form to a digital-to-analog converter.
This signal is conditioned and amplified aﬁd is the input for the four
regulator systems.

The "Digital Datatrak" system uses a punched paper tape for program
information storage. Digital data on this tape are read into the system
and used to control the setting of four digital potentiometers that pro-

vide the programmed signal to the regulators.

First isothermal blowdown

An isothermal blowdown test at approximately 1000 psig and L4L50°F was
conducted on February 21, 1975. All postoperational'checkouts of instru-
mentation conducted thus far indicate that all process instrumentation and
controls performed satisfactorily and were not damaged by the blowdown
transient. Testing of data instrumentation to determine any changes in
calibration or damage is not complete. The two analog tape recorder
systems were not operational for this test; therefore, no fast transient
data were obtained. The CCDAS verification has not been completed; there-

fore only portions of its data signals were logged during this test.
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The turbine meters and drag disks were functional, and their signals
were recorded during the test. The gamma densitometers were not operational
during the test; therefore, transient two-phase flow data may not be obtain-

able for this test.

The dc generator step response tests

Programming of the THTF heater rod bundle power during blowdown can
be accomplished by several means. The simplest and fastest means (and the
one that will be used on the first heated blowdown) is to trip the gener-
ator load breaker. This will produce a step change to zero power in a few
milliseconds. Tripping the generator field breaker will produce an expo-
nential voltage decay to zero voltage with a L-sec time constant. Since
power varies as the square of the voltage, the power will decay at a much
faster rate than the voltage. Provisions are made in the control circuit
for delay of the trip for preset times beyond start of blowdown.

Decays to power levels other than zero can be obtained by application
of a programmed demand signal to the input of the existing regulator cir-
cuit, provided that the regulator response and stability are adequate.
From analysis of the regulator system and prior observation of performance
during Rod Burnout Test Facility operations, it was predicted that the
regulator system should respond to a 90% downstep from full power in less
than 2 sec and recover stably. To confirm these predictions, tests were
performed using the setup shown in Fig. 1.14. For these tests, the gener-
ator was loaded with a 0.625-Q, water-cooled resistor to produce a 400-A
load current. To produce the step, a resistor was inserted between the
existing demand potentiometer and the existing 200K demand input resistor.
Shorting and unshorting this resistor has the same effect as making posi-
tive and negative steps in the demand voltage. A number of step changes
were made from various initial generator voltages between 50 and 250 V and
with step magnitudes varying from 1 to 75% of the initial voltages. Figure
1.15 shows typical small signal response to 1, 2.5, and 5% step changes at
250 V. Figure 1.16 shows a typical 75% step change from and to 250 V. 1In
all cases, the large signal response was less than 1.5 sec and was propor-
tional to the magnitude of the step. The small signal response was less

than 0.75 sec in all cases. The shape of all large signal response curves
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Fig. 1.14. Test setup for determining regulator step response of
THTF dc generator.

was the same except for the length of the linear portion of the curve and
the amount of overshoot.. In these cases, the slope of the linear portion
was always approximately 145 V/sec and the amount of overshoot was propor-
tionate to the magnitude of the step change. These characteristics, which
are not present in the small signal response curves, are the result of the
amplifier output being quickly driven to its limits by the large step input
voltage and remaining there until the system recovers. This causes a
"field forcing" action via the amplidyne, which results in a voltage decay
rate considerably faster than that corresponding to the h-sec generator

field time constant. The overshoot is the result of the integral (reset)
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Fig. 1.15. Response of THTF dc generators to a step change in
demand. Small signal — 1, 2.5, and 5% steps, 0.625 Q load.

action of the amplifier, which produces a time integral shift in the
effective demand set point during the period when the amplifier is ovér—
driven. The overshoot recovery time corresponds to the reset rate of the
closed loop regulator system.

Although the generators were not fully loaded during these tests, all
portions of the regulator system external to the generator were fully exer-
cised, and it is expected that further tests will show that the. response

and stability will not be appreciably affected by higher load currents.
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The test results indicate that the response of the existing regulator
is fast encugh to permit its use for decay heat programming. A circuit ‘
similar to that used for the step response tests will be used to obtain
step Setback'action and to progfam step decays between two preset power
levels during blowdown in those cases where the overshoot ig_tolerable.
Simple éxponéntial deéays can be obtained by-addition of aicapacitpr across
the resistor to obtain the step -action. More compléx exponentiéls can be
obtained by further addition of resistance capacitor networks in series
with this resistor.

A function-generating type programmer will be used where decay char-
acteristics. other than simple step or exponential are required and/or
where the ovérshoot is excessive. This programmer will replace the manu-

ally adjusted potentiometér presently used to develop the demand voltage.

1.3.2 Test Bundle Assembly

A. M. Smith

Assembiy of the test bundle was‘completed, and the unit was‘placed
in storage until it is required in the test facility.

The scratches which occurred along the length of the heaters installed
during a trial assembly were reviewed and discussed with the manufacturer
of the grids. Based on his recommendations, the dimension between the
spacer tabs in each of the 13-grid plates was increased to reduce the
built-in interference between the spacer tabs and the heater diameter.
Using a‘special hardened steel tool, the vendor's representative increased
the dimensionvbetween the tabs from 0.440 to 0.442 in. and reduced the
diametrical interference to 0.002 in. This change in the spacer tab
dimension did not eliminate the scratching but did reduce the depth to
between 0.001 and 0.002 in. The scratches occurred as the heaters were
drawn through eéch grid platé; therefore, as shown in Fig. 1.17, the
scratches after the rods passed through the first grid plate were minor.
Although evefy effort was made to keep the heaters absolutely straight as
they were pulled through the grids, a closeup of a portion of the rods
between the lower two grid plates showed several separate scratches along

the heaters, indicating some rotation during axial travel. Figure 1.18
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shows an overall view of the heaters in the area between the two grid
plates at the lower end of the bundle assembly. The resultant scratches
are apparent.

During assembly of the test bundles, measurements were taken on the
force necessary to pull the heaters through the grid plates. Heaters were
inserted through the spool piece and the first two grid spacers by hand.

A cable and pulling attachment connected to a hand winch was then connected
to the bottom of the heater, and the heater was slowly pulled through the
remaining grid spacers. During this operation, the heater sheath and grid
spacers were lubricated with a mixture of distilled water and glycerine.
The force necessary to pull the'heaters was read from a spring scale
attached to the winch. Figure 1.19 shows the shroud box; grid spacers,
and winch attachment used to puil the heaters. Measurements varied from
20 1b force for movement through grid spacers one thrbugh‘four to a max-
imum of 140 1b as the heaters were moved through all 13 grid spacers. As
the heaters were pulled further, the oversleeve on the heaters contacted
the O-rings in the seal plates at the upper end of the spool piece and
the readingé noted increased to a maximum of 185 1b. During this assembly
procedure, the seal plates, located on the top and boftom of the tbp flange,
were separated from the flange to provide a means of checking for O-ring
dislocations as the heaters were installed. Figure 1.20 shows the upper
seal plate and flange arrangement with nine heatérs installed.'

| After all heaters were installed in the assembly, the O-ring seal
plates were moved along the heaters and bolted to the top flange. A water
line was then connected to the upper flange, and the chamfer between the
seal plates was pressurized to between 1000 and 1100 -psig to check for seal
leakage. Pressure decay tests showed the leak rate to be less than 2
standard cc/hr. Following this fest,'the top flange and heater rods were
repositioned in the assembly, and the top flange was bolted to the flange
on the spool piece. The assembly was then subjected to a second 1000-psig
pressure decay test to check seal leakage across the O-rings. Again the
leakage was of the order of 2 standard cc/hr.

The heater rods inside the shroud box and spool piece assembly were
then cleaned using distilled water and alcohol to remove remaining traces

of the glycerine used to lubricate the heaters during assembly. The
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shroud box cover was then installed as shown in Fig. 1.21. Spacers were
also inserted between the heater rods extending beyond the end of the
shroud box to help maintain the desired alignment and assist in the assembly
into the electrical connector plate during the bundle insertion in the test
facility.

. At the upper end of the bundle assembly, the thermocouples in the
individual heaters were separated into_groups, the continuity rechecked,
and several groups of thermocouples wrapped together to aid in the assembly.
Figure 1.22 shows the thermocouples coming from the center of the heaters
after they were checked and wrapped. Part of the thermoccuples, located in
the sheath of the heaters, are also shown inserted in the instrument duct
bolted to the top flange assembly. A list of the usable thermocouples in
eachvhéater and the location in the test bundle is shown in Fig. 1.23.
As can be seen, the majority of the unusable thermocouples are ones ex-
tending from the center of the heaters, which were found to be open when
the heaters were received from the vendor.

Upon cbmpletion of the thermocouple check, the entire test bundle

assembly was covered as shown in Fig. 1.24 and the unit put in storage

until it is needed.

1.4 TWO-PHASE FLOW INSTRUMENTATION STUDIES

J. D. Sheppard

1.4.1 Densitometer Operation

One of the THTF gamma densitometers has been installed on the
instrumented spool piece in the air-water calibration loop. The densi-

3 .
1 70s source and is

tometer is a single beam instrument employing a 25-Ci
located at the center of the spool piece ~l1 ft from both the turbine
meter and drag disk.

Figure 1.25 shows some measurements of apparent density, Py as a
function of superficial air velocity in the spool piece for two different
water flow rates: 153 gpm (open circles) and 65 gpm (shaded circles).

The two-phase flow was downwaru tnrough the spool piece and a dispersing
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screen (one Lh4-mesh, S-mil-wire screen between two 8-mesh, 62-mil-wire
screens) was located at the inlet flange of the spool piece; the drag
disk was upstream of the densitometer and the turbine meter was downstream.
The figure shows that when the water flow was constant, the apparent den-
sity was little affected by air flow rates from 2 to 8 fps (superficial
velocity). However, for air velocities from 8 to 64 fps, the apparent
~density decreased with the square root of the air velocity, and the figure
suggests that the density may decrease more rapidly at a higher velocity.
Assuming the flow of each phase is represented by a characteristic
velocity (two-velocity model), the continuity relationship for each phase

is
h Van ' (1)
and

-V, =@ -a)V, , (2)

where o is the void fraction and subscripts g, 4, and h indicate gas, liquid,
and homogeneous phases respectively. Of course, when assuming homogeneous
flow V., and V

gh 4h
definition of apparent density,

are equal. Combining the continuity equations with the

oy =Gp, + (L=0) o, (3)

gives an expression for the slip ratio for the two-velocity model in terms
of the apparent density and the homogeneous condition
v P, TP P — P |
- a g T h . (4)
Pp = Py Py ~ Og

S

Figure 1.25 also shows calculated slip ratios based on Eq. (4);
homogeneous densities were determined from the known input flow rates of
air and water.

At the lower air flows, when density was not significantly affected
by air velocity, the slip ratio was less than unity; this result suggests
that the two-velocity model does not adequately represent the two-phase

flow. However, it is notable that over the range of superficial air
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velocities (8 to 64 fps), the slip ratio was greater than unity; and, at
a given air velocity, the slip ratio was essentially the same for both

water flow rates.

* for vertical pipe flow, Fig.

The flow regime map of Govier and Aziz
1.26, shows that for the water flow rates of 65 and 153 gpm (2.2 and 5.1
fps superficial velocity) and superficial air velocities of 2 to 8 Tps,
flow is in the slug flow regime. As the air flow is increased at fixed
water flow, froth and annular mist flows are approached. Due to the
nature of slug flow, it is not surprising that a simple two-velocity model

is not adequate to describe the slip ratio.
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Flow regime effects

The flow regime map has also been useful in studying changes in the
character of instrument signals. For example, Fig. 1.27 shows the recording
of the turbine meter and drag disk signals at an air flow of 6L scfm (16 fps
superficial velocity). The two phases were discharging downward through the
spool piece, and a flow disperser (three 10-mesh 25-mil-wire screens) was
located at the upstream flange of the spocl piece. ~As the water flow was
decreased from 153 to 88 gpm, the amplitude of the instrument signal fluc-
tuétion, particularly that of the turbine meter, increased significantly
although the mean signal decreased. Further, a periodicity appeared in
the turbine meter signal and persisted as the water flow was decreased to
L gpm (1.5 fps). That the "beat phenomenon" was more distinct in the
turbine meter reading probably reflects the fact that the turbine meter
was farther downstreém from the flow dispersing screen than was the drag
disk.

It is notable that‘decreasing water flow rate to 22 gpm (0.73 fps)
effectively decreased the fluctuation of the signal about the mean value
and eliminated the strong beat phenomenon in the turbine meter reading.
The beat phenomenon had a low frequency of 2 to 4 per minute. Inspection
of Fig. 1.26 shows that as the water flow rate is decreased from 5.1 to
0.73 fps at an air velocity ofvl6 fps, a transition occurs from slug flow
to froth flow. The beat phenomenon apparently results from the hydrody-
namic instability associated with the transition region between slug and
froth flow, which appears to be quite broad.' The flow regime map shows
that the distinct change in instrument signal quality as the water flow
was decreased from 4l to 22 gpm (1.5 to 0.73 fps) was the result of
traversing through the transition region to fully froth flow.

Figure 1.28 shows turbine meter and drag disk signals as a function
of water flow rate at a constant air flow rate of 256 scfm (64 fps super-
ficial velocity). Inspection of Fig. 1.26 shows that this operation was
in the annular-mist flow regime. As the water flow rate was decreased
from 153 to 65 gpm, both instruments indicated decreasing flow rates and
improvement in signal quality (i.e., reduced fluctuation around the mean’

signal). However, it is remarkable that when the water flow rate was
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decreased further to L4k gpm, signal fluctuations increased significantly
for both instruments and the turbine meter showed an increase in flow
rate. This trend continued as the water flow rate was decreased to 22 gpm.
The flow regime map of Govier and Aziz* does not show a phase transi-
tion over these ranges of flow rates. However, stﬁdies of Shearer and
Nedderman® show that the flow rates at which transition was observed in
the instrument signhals correspond to minimum transport conditions for the
adherence of a water film to the pipe wall. That is, at 64 fps air
velocity, the annular film of water on the pipe wall thins as the water
flow rate decreases until the water rate is too small to maintain the film.
This high-gas-velocity, low-water-velocity region has been called the
nonwetting region.5 We are continuing to study mechanisms that may con-
tribute to such extreme changes in signal quality as are observed in this

transition from the wetting to the nonwetting region.

Flow dispersing screens

Installation of the gamma densitometer permits determination of
two-phase flow rates in the same manner as at the THTF. That is, using
any two of the three primary flow instruments, the mass flow rate can

be calculated according to "one-velocity'" models,

G = Py VT B (5)

¢ =0, [ o%p/0n | | (6)
or

G = ED;/VT B (7)

where Py is the apparent density given by the densitometer, V., is the

T
characteristic velocity given by the turbine meter, and OV%D is the momen-

tum flux measured by the drag disk. Further, mass flow can be determined
using all three instrument readings and a two-velocity slip model such

as that proposed by Aya:6

G=angg+(l-‘a)p£VZ . (8)

The void fraction @ is given by density measurements [Eq. (3)], and the
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two-phase velocities Vg and Vz are determined by a model for the action
of the two phases on the turbine and drag disk.®* If the two-phase flow

is well dispersed and the velocity characteristic of the turbine meter is
the same as the velocity characteristic of the drag disk, one would expect
the mass flow given by Egs. (5) through (7) to be the same.

Figures 1.29 and 1:30 show the mass flow rate calculated using Egs.
(5) to (8) for two-phase flow operation over a range of superficial air
velocities. of 2 to 128 fps and at two water flow rates, 65 and 153 gpm.
Fach test included the use of a flow dispersér at the inlet flange of

"the spool piece; for one test, Fig. 1.29, the flow disperser consisted of
three stacked 10-mesh, 25-mil-wire screens; for the other test, Fig. 1.30,
the flow disperser consisted of two 8-mesh, 62-mil-wire screens separated
by a single Llh-mesh, 5-mil-wire screen. The solid line through each set
of data represents the actual mass flow rate metered into the system.
Since the highest superficial air velocity of 128 fps contributes only
about 9 1b sec™* ft™® to the total mass flow rates for these tests (~1LO
and ~320 lbm sec™ft™), there is little change in the actual mass flow
over nearly two orders of magnitude change in air velocity.

Both figures show better agreement among the four models at higher
water and air flows. When the flow disperser was three 10-mesh screens
(Fig. 1.29), the range in mass flow rate determined by the three homogeneous
models was as much as 80% of the actual flow rate at 65 gpm water and low
air flow rate. At higher water flow (153 gpm), the scatter of data among
models reduced to a range typically about 25% of the actual flow rate.

It is notable that in each case Eq. (5) gave high results, Eq. (7) gave
low results, and mass flows determined by Eq. (6) using the densitometer

- and drag disk were essentially the same as those of the two-velocity ﬁodel,
Eq. (8).

Inspection of the Fig. 1.30 shows that with the exception of  data at
water flows of 65 gpm and low air flow, the agreement among all calcula-
tional models was decidedly better for this test, which utilized the '
heavier screens (8-mesh, 62-mil-wire). At the higﬁ water flow rate,
agreement was good, with essentially no difference among.models over the
entire range of air flows. The flow regime map, Fig. 1.26, shows that at

air velocities less than 16 fps, operation was in the slug flow regime)
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clearly a challenge for any flow disperser. Generally, results were better
in the slug flow regime when the disperser consisting of the heavier wire
(two 8-mesh, 62-mil-wire screens) was used.

Further, since the deviation in results among models was generally
characterized by Eq. (5) giving high results and Eq. (7) giving low results,
we expect that the turbine meter was giving characteristic velocities that
were lower than the homogeneous characteristic velocity. That is, since
the turbine meter was farthest downstream from the flow disperser, ineffec-
tive dispersion at the spool piece inlet may be detected more readily in
the turbine meter readings. If this is a valid assumption, Figs. 1.29
and 1.30 show that the two 8-mesh (62-mil-wire) screens separated by the
single bh-mesh (5-mil-wire) screen dispersed flow more completely than
did the three 10-mesh (25-mil-wire) screens.

One distinct difference in these two dispersers is their pressure
drop characteristics. Figure 1.31 shows the pressure drop across the
spool piece with no disperser and with each of the two dispersers discussed
above. Superficial air velocity in the spool piece was 128 fps, and total
mass flow ranged from 54 to 330 lbm sec™ft™2 (22 to 153 gpm water flow).
Under these conditions, the pressure drop across the spool piece alone
ranged from 4 to 10.6 psi; and, with the three 10-mesh screen disperser,
the pressure drop ranged from 4.8 to 14.2 psi, 0.8 to 3.6 psi greater than
that of the spool pigce alone. However, pressure drop of the spool piece
with the heavy wire/écreenldisperser ranged from 11.5 to 38 psi, 7.5 to
28 psi greater than that of the spool piece alone.

Studies of the decay of single-phase isotropic turbulence have shown
that the magnitude of the fluctuating component of velocity, (u’)? is a
linear function of the drag coefficient of the grid.7 Further, the magni-
tude of (u’)® decreases linearly with distance downstream of the grid.
Therefore, the induced velocity fluctuations will be stronger at a point
downstream of the grid for grids with greater drag coefficients. Hinze’
also reports that for a number of square-mesh grids of round bars the drag
coefficient was a function of only the ratio of bar diameter, d, to mesh

width, M,

a/M) (2 -
p = (({Mz(d/M)S/M) ; (9)
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that is, two single screens with similar d/M ratios should have similar
pressure drop characteristics and similar rates of decay of isotropic
turbulence.

A high turbulence level should moderate the gross fluctuations in the
two-phase flow by dispersing the liquid phase. 8So, based on the above
discuésions, it is expeéted that flow dispersers with greater drag coeffi-
cients would result in instrument signals with less fluctuation. Figure

1.32 shows the average fluctuations in the drag disk signal (in millivolts)
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as a function of the pressure drop across three different dispersers. The
fluctuation decreased with the half-power of the pressure drop, or according
to the above discussion, the fluctuation in the drag disk signal decreased
linearly with an increase in the rms component of turbulence \/(u/)%
Further, these results are consistent with data shown in Figs. 1.29 and
1.30, which show that dispersion by the low-pressure-drop screen (see

Fig. 1.29) was not sufficiently strong to effect accurate signals from

the turbine meter far downstream from the disperser, whereas results from
the higher pressure drop screens (see Fig. 1.30) indicate dispersion was
sufficient so that both the drag disk and turbine saw similar flow distri-

butions.
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2. NUCLEAR SAFETY INFORMATION CENTER

Reactor Division
Wm. B. Cottrell and J. R. Buchanan

In 1963, the Nuclear Safety Information Center (NSIC) was established
by the USAEC as a focal point for the collection, analysis, and dissemina-
tion of information for the benefit of the nuclear community. It aids
those concerned with analysis, design, and operation of nuclear facili-
ties by providing, and/or identifying, relevant information on their
nuclear safety problems.

The capabilities of the Center's technical staff are augmented by a
computer file that contains 100-word abstracts of over 95,600 nuclear
safety documents and is increasing at the rate of 12,000 documents per
year. (This total does not include approximately 5000 documents, vintage
1962—1964, which were not added to the computer file when it was initiated
in 1965.) Pertinent abstracts are readily retrievab}e from the computer
to meet a number of requirements. These files are frequently queried for
retrospective bibliographies to aid the staff in answering technical in-
quiries. The files are also extensively used during preparation of NSIC
reports and review articles for the bimonthly journal, Nuclear Safety.

A routine form of reference output from the storage files is a biweekly
Selective Dissemination of Information (SDI) program that selects ref-
erences according to individual user requirements.- This computerized

capability has recently been extended by the inclusion of ;he NSIC file
on the ERDA RECON system where it may be accessed by the RECON network.

To date, NSIC services have been free to all users, but charges to
non-ERDA and -NRC (or ERDA or NRC subcontract) users of NSIC are to be
instituted in FY-75 as a result of a recently approved ERDA pricing

policy for all of its information centers.
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2.1 ROUTINE SERVICES

During the months of January, February, and March 1975, the staff
of NSIC (a) entered 3374 documents, (b) responded to 338 inquiries,
(c) received 12 visitors, (d) attended 36 meetings, (e) issued three
bibliographies of safety documents for the ACRS staff, and (f) pre-
pared data sheets on two new nuclear power stations. Our biweekly
mailing of new references selected to match the recipient interest pro-
file was limited to some 200 ERDA-NRC users (plus some trial usage)
because of funding limitations. It is expected that the announced ERDA
pricing policy will provide a mechanism for other potential users to re-
ceive this material. It should also be noted that the 3374 documents
entered this quarter (about average) include only a selected fraction
of the reactor licensing literature which we receive. While copies of
all this literature are on hand, much of it is of limited value and is

not being added to the computerized file.
2.2 SPECIAL ACTIVITIES

At the request of the Office of Nuclear Regulatory Research (ONRR),
we prepared a special compilation of all reports issued by ONRR con-
tractors since January 1974. This recent compilation identified 114
documents and updated a previous compilation.

Another unusual éctivity relating to the work of the Center which -
occurred during the period was our participation through a manned dis-
play in the visit and tour of Oak Ridge facilities by the Tennessee
State Legislature on February 5. We received numerous requests for
NSIC reports and Nuclear Safety from the over 100 members of the Legis-
lature and their staff who attended the presentation.

The Laboratory has not yet implemented the practice of "cost
recovery" for information services rendered to non-ERDA and non-NRC
personnel, pending resolution of several problems with the proposed
mechanics. However, these were largely resolved at a meeting in March
involving Headquarters, ORO, and Laboratory personnel, and we are now

awaiting a clarifying directive.
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2.3 ORNL-NSIC REPORTS

Work was continued or initiated on several reports as follows:
ORNL-NSIC-116, "Index to Nuclear Safety" [Volume 11(1) — Volume
15(6)] (in reproduction).

ORNL-NSIC-117, "Protection of Nuclear Power Plants Against External
Disasters'" (in reproduction).

ORNL-NSIC-119, "A Selected Bibliography on Pressure Vessels for
Light-Water-Cooled Power Reactors' (in reproduction).

ORNL-NSIC-83, "Reliability Engineering Methods in Reactor Safety
Technology'" (being revised).

ORNL-NSIC-55, Volume IV, '"Design Data and Safety Features of Com-
mercial Nuclear Power Plants' (composition completed).
ORNL-NSIC-118, "Siting of Nuclear Facilities - Reviews from Nuclear
Safety" (preparation initiated).

ORNL-NSIC-120, "Annotated Bibliography on Hydrogen Considerations
in Light-Water-Power Reactors" (in preparation).

ORNL-NSIC-121, "Abnormal Reactor Operating Experiences 1972-1974"

(in preparation).

ORNL-NSIC-122, "Annotated Bibliography of Safety-Related Occurrences

in Nuclear Power Plants as Reported in 1974" (final draft completed).
2.4 SYSTEM DEVELOPMENTS

The NSIC master file of abstracts became operational on the ERDA

RECON remote terminal system in August 1974. During the reporting period,

the NSIC file was used by over 160 searches at other terminals in the

network.

RECON is operated at the ORNL computer center, while NSIC's input

continues to go to the CTC computer via the Center's own remote terminal

system. Long-range plans call for consolidating these activities on one

computer.
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2.5 NUCLEAR SAFETY JOURNAL

The preparation and review of material for the technical progress
review continue apace with the requirement of its bimonthly publication
schedule. Nuclear Safety 15(6) was distributed early in January, 16(1)
in February, and 16(2) by the end of March, thus making up over a month
of prior schedule slippage. Final composition of Nuclear Safety 16(3)
(by TIC) is nearing completion; all material (except Current Events)
for Nuclear Safety 16(4) has been transmitted to TIC, and the material
for Nuclear Safety 16(5) is in the process of review and editing.

We were advised in January that Nuclear Safety had won first place
in the Technical Journal Category of the 1974 Technical Publications
Competition sponsored by the East Tennessee Chapter of the Society for
Technical Communication. As a local winner, Nuclear Safety has been
entered in the Society's international competition to be held in con-
junction with their 22nd International Technical Communication Con-

ference in May.
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3. FISSION PRODUCT BETA AND GAMMA ENERGY RELEASE

Neutron Physics Division
R. W. Peelle and J. K. Dickens

3.1 INTRODUCTION

The purpose of this experiment is to measure the total beta and
gamma energy release rate from fission product decay following thermal
neutron fission of fuel materials %*°U and then perhaps 23%py and other
nuclides. The accuracy goal is +3% on the overall energy release rate
for 2%°U and 4% for 239Pu, for times following fission of 2 to 2000 sec.

The experimental methods were outlined in the first quarterly report.1

3.2 EXPERIMENTAL PROGRESS

The progress to date has involved the preparation of the experi-
mental system and the initiation of the in situ determination of the
response matrix for the gamma-ray detector. The major emphasis during
this quarter was the final design, fabrication, installation,'and
testing of the electrical and electronic systém for controlling and
monitoring the rabbit movement in. the pneumatic tube to and from the
irradiation position at the reactor. '

The data taking computer routine now includes commands for rabbit
movements. Irradiation periods and counting-time limits are entered via
teletype, and the computer controls the experiment from the time the
rabbit is sent to the reactor until the last counting~time interval has
expired. Initial tests of the whole system were performed by measuring
the 1.6-MeV photon decay of 2°F made by the '°F(n,y) reaction. These
tests indicate that the actual irradiation period is ~0.6 sec longer
than the typed-in value because of the definition of the signals actually
timed. in addition, the transit times for travel to and from the reactor
were studied in a series of measurements to obtain these times and their
variances. The travel time to the reactor is ~l.1 sec, and the time to
return ~1.5 sec (reflecting the longer return distance), with the stand-

ard deviation of each time distribution being 0.05 sec.
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Preparation for the in situ determination of the gamma-ray de-
tector's response matrix was initiated during the quarter by assembling
a series of calibrated photon-sources as well as preparation of non~
fissile samples for irradiation. These include samples of several
separated isotopes, viz, sample enriched in the isotopes “1K ana 3%gs.

The calibration was initiated at the end of the quarter.

REFERENCE

1. Quarterly Progress Report on Reactor Safety Programs Sponsored by the
Division of Reactor Safety Research for April—June 1974, ORNL-TM-L4655,
Vol. I, pp. 33-41.
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4. ZIRCONIUM METAL-WATER OXIDATION KINETICS

Metals and Ceramics Division
J. V. Cathcart

The basic purpose of this program continues to be to determine
the isothermal oxidation characteristics of Zircaloy~4 in steam between
900 and 1500°C (1652—2732°F) with sufficient accuracy to allow the data
to be used in the prediction of the transient temperature oxidation
behavior of Zircaloy. To this end we shall determine isothermal oxi-~
dation rates, measure the diffusivity of oxygen in B-Zircaloy, prepare
a computer code that relates the diffusivity and isothermal rate data
to transient temperature oxidation, and, ultimately, measure oxygen
consumption under transient temperature conditions to test experimentally
the results of our computer code.

Considerable progress was made in all parts of the program during
the last quarter. New diffusivity data for oxygen in'8-Zircaloy were
obtained, and the development of the computer code was completed.

Testing of our reaction rate apparatuses and the gathering of preliminary
oxidation rate data continued. In this work special emphasis was placed
on the identification and elimination (or minimization) of potential

sources of temperature measurement errors.

4,1 THERMOMETRY
R. K. Williams

A comparison calibration of the thermocouple wire used in this
program has been run to 1500°C (2732°F). In this test, several thermo-
‘couples, including two NBS-calibrated Pt—10% Rh vs Pt thermocouples,
have a common hot junction; and the emf wvalues of the various pairs are
compared with the standards. The data indicate that the reference grade
0.010- and 0,020- in.-diam (0.25- and 0.51l-mm) Pt-10% Rh vs Pt Sigmund-
Cohn wire behaves very much like the NBS-calibrated thermocouples.

Data were also obtained for Pt—30% Rh vs Pt—6% Rh thermocouples that
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are used in the diffusion experiments, and temperature-emf tables are
now being prepared. A nickel melting-point experiment will be used
to check these tables at a single high-temperature point, 1453°C
(2647°F).

An aﬁtomatically balancing optical pyrometer has been received.
This instrument, which will be used in the diffusion experiments, has

been submitted for calibration checks.

4.2 DIFFUSION OF OXYGEN IN B8-ZIRCALOY
R. A. Perkins:

The tracer and chemical diffusivity of'oxygen in f-Zircaloy-4 was
measured between 1000 and 1400°C (1832-2552°F) by the 180 padioactivation
technique. For the tracer diffusion experiments an oxide scale was
formed thermally in 18O, and for the chemical diffusion experiments half
of a diffusion couple was enhanced with 180 to a total oxygen content
of about 0.6 wt %. After the diffusion anneal, the specimen was bom-
barded by a proton beam on a cross section parallel to the diffusion
direction. The beam passes through a 1- x 7-mm slit and strikes the
specimen, which is oscillated through the beam parallel to the diffusion
direction. This procedure ensures that the bombardment is uniform in
the diffusion direction. The beam current is about 1 pA, and the
specimen is bombarded for ~20 min for tracer diffusion experiments and
10 min for chemizal diffusion experiments. The actual oxygen profile
is then determined by autoradiography. Four independent microphotometer
traces are made across each autoradiograph, and the results are averaged
to obtain values for percént transmission as a function of diffusion
distance. The details of the method have been discussed more fully in

2 A statistical method of analysis is

previous quarterly reports.!:
being developed to allow better determination of the diffusion coef-
ficients with appropriate confidence limits, but the preliminary data
for the tracer specimens are shown on the Arrhenius plot in Fig. 4.1
along with the other data of other investigators.B—5
about 50% lower than the data of Mallett et al., and a linear fit to the

results yields a slightly larger slope than that obtained'by Mallett.

Our results are
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The welding of chemical diffusion couples at 1000°C (1832°F) using
a 1000-g load yielded very good welds after a 10-min anneal. Making
use of this technique, chemical diffusion measurements were made at
1250 and 1300°C (2282-2372°F). Diffusivity values were obtained as a
function of oxygen concentration across the couples by use of the
Matano-Boltzmann analysis. No significant dependence of diffusivity
on oxygen concentration was observed over the range 0.1 to 0.6 wt 7 O.
The measured diffusion coefficients were (1.9 + 0.3) x 107° cm? /sec at
1250°C (2282°F) and (2.6 + 0.4) x 107° cm®/sec at 1300°C (2372°F).
These values agree well with the corresponding tracer diffusivities
(see Fig. 4.1).

Problems associated with the apparent macroscopic segregation of
180 ywere encountered with the 1250°C (2282°F) sample. The effect of the
segregation was averaged through the use of multiple microphotometer
traces, and a reasonable diffusivity value was obtained. This effect
was not. observed at 1300°C (2372°F), nor is its cause at 1250°C (2282°F)
understood. We are investigating the phenomenon further.

The equipment necessary to resume Auger electron spectroscopy (AES)
measurements with the desired beam size (=10 pym) has been'received and
tested. After the equipment is installed, AES measurements will commence

to complement the radioactivation results.

4.3 REACTION RATE STUDIES

R. E. Pawel, G. J. Yurek, R. E. Druschel, J. J. Campbell,
E. T. Rose, and S. H. Jury

We are continuing preliminary experiments on the steam oxidation
of Zircaloy tube specimens emphasizing the low-thermal-inertia (MiniZWOK)
apparatus. Considerable attention was given to potential problems of
temperature measurement and control. The high-thermal-inertia (Max1ZWOK)
oxidation apparatus has undergone minor changes, and testing is contin-
uing. The first version of the computer program SIMIRAN-I, which models
heat and mass transport behavior in an oxidizing Zircaloy fuel tube,

has been written.
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4,3.1 Apparatus Development

We have continued to follow two parallel lines of development in
the design of our reaction rate apparatuses. Two devices, one based
on a low-thermal-inertia concept (MiniZWOK) and the other involving a
high-thermal-inertia system (MaxiZWOK), have been constructed. During
the past quarter our apparatus development efforts have centered on the
testing and debugging of these devices, with special attention being

given to problems of temperature measurement and control.

Low-thermal-inertia apparatus (MiniZWOK) - G. J. Yurek and R. E. Druschel

The MiniZWOK apparatus is employed to determine the isothermal
oxidation kinetics of Zircaloy-4 PWR tubes in steam as a function of

temperature and several other experimental variables.1? This apparatus



61

will also be used to determine oxidation kinetics for several time-
temperature transients. The major difficulty that we have encountered
with the MiniZWOK apparatus is the accurate measurement of the specimen
temperature during oxidation. The experimental requirements, including
a rapid heatup to the temperature of oxidation followed by isothermal
control, combine to make the problem of temperature measurement a dif-
ficult one. The MiniZWOK apparatus was modified during the last quarter
to minimize potentially large temperature-measurement errors; and, for
reasons outlined in Sects. 4.3.3 and 4.3.4, we believe that, with the
possible exception of errors related to electrical shunting at very
high temperatures, the error in our temperature measurements in MiniZWOK
approaches that inherent in any well calibrated Pt—Rh vs Pt thermocouple.

The modified MiniZWOK apparatus 1s constructed to allow oxidation
only on the outside of a Zircaloy tube specimen. A schematic represen-
tation of the one-sided oxidation apparatus is shown in Fig. 4.2. The
Zircaloy tube specimen 1s supported between two quartz tubes. During
an experiment steam flows past the outside surface of the specimen, and
a positivé pressure of helium is maintained inside the tube.

The methods of steam generation and heating of the specimen are
identical with those presented previously for two-sided oxidation

experiments‘.l’2

Three thermocouples are welded to tantalum tabs on the
inside surface of the Zircaloy speéimen. One couple is used for the
temperature controller, and two couples are employed to measure the
.specimen temperature. The method of temperature measurement is discussed
in more detail in Sect. 4.3.3. The inlet and outlet steam temperatures
are also monitored during an experiment.

The Zircaloy specimens are approximately 30 mm long by 10.7 mm OD
by 9.3 mm ID. The ends of the specimens are machined flat and counter-
bored to provide good contact between the specimen and the quartz support
tubes. Quartz gaskets are placed between the Zircaloy specimen and the
quartz support tubes to minimize the leakage of helium.to.the outside
of the tube and to minimize the flow rate of helium required to exclude
steam from the inside of the tube. A light spring pressure 1s applied
parallel to the tube axis to help seal the Jjoints between the specimen

and the quartz tubes.
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Fig. 4.2. Schematic drawing of the MiniZWOK one-sided oxidation ap-
paratus.

The one-sided oxidation apparatus has several important advantages
compared with the two-sided apparatus. Because the atmosphere inside
the tube is inert, tantalum thermocouple tabs can be employed. The
use of tantalum tabs eliminates the problem of melting at the tab-Zircaloy
interface that was encountered when iridium tabs were employed.l We
reported earlier® that the apparent temperature difference between two
thermocouples that were attached to a Zircaloy specimen during two-sided
oxidation depended on the flow rate of inert gas or steam past the

thermocouple hot junctions. The one-sided oxidation apparatus is



63

designed to minimize the flow rate of helium past the thermocouple hot
Junctions, thereby minimizing this source of error in our temperature
measurements. In addition, that portion of the electrical shunting
between thermocouple wires that occurs by thermionic emission at elevated
temperatures is reduced since less thermionic emission 1s expected to
occur in helium than in steam.

The one-sided oxidation apparatus has been used to obtain prelim-
inary oxidation data and to conduct experiments to determiné the magnitude
of temperature measurement errors. The results of these experiments are
presented in Sects. 4.3.2 and 4.3.3.

High-thermal-inertia apparatus (MaxiZWOK) - S. H. Jury, J. J. Campbell,
and R. E. Pawel

The MaxiZWOK steam oxidation apparatus, as described in previous

15258 g5 essentially completed and is undergoing

quarterly reports,
testing to assess its capabilities in its present configuration. Some
minor but time-consuming problems were encountered during preliminary
tests; most of these have now been corrected, and we will proceed with
the examinations during the next quarter.

Current experiments are designed to establish the characteristics
of the steam supply and the steam superheatér system. To date, the
superheater has been operated at power levels up to about 8 kW at steam-
flow rates from 0.3 to 1.25 1b/min (2.3-9.4 g/sec). Maximum steam
temperatures were about 500°C at a steam flow rate of 0.5 1b/min
(3.8 g/sec). Tests are in progress to determine the optimum flow con-
ditions and thus the maximum test temperatures available for our present
power capability. Additional power is being brought to the MaxiZWOK
location to permit us to operate the steam superheater at its maximum
capability of 20 kW.
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4.3.2 Preliminary Isothermal Oxidation Results
G. J. Yurek and R. E. Druschel

A series of isothermal oxidation experiments at 1040°C (1904°F) has
been conducted in the one-sided oxidation apparatus (MiniZWOX). An
analysis of the data (oxide and alpha phase thicknesses) has not been
completed; however, the rate of thickening of the oxide phase apparently
obeys a parabolic rate law. The alpha phase thicknesses were somewhat
irregular, primarily because of difficulties in determining the position
of the alpha-to-beta interface. We are experimenting with different
techniques for making this measurement.

A photomicrograph of a cross section of a Zircaloy tube that was
oxidized on the outside surface for 1170 sec at 1040°C (1904°F) is
shown in Fig. 4.3. The thin layer of alpha at the inside surface of
the tube was caused by absorption of either oxygen from steam that had
leaked to the inside of the tube or impurities in the helium. The
amount of oxygen absorption at the inner surface is small compared with
the amount of oxidation at the outer surface. However, because oxygen
penetration from the inside surface could affect the rate of oxidation
at the outside surface at long times of oxidation, additional steps have
been taken to eliminate oxygen from the inside of the tube.

The oxidation rates that are obtained from one-sided oxidation
experiments can be used to calculate the rate of oxidation when both the
inner and outer tube surfaces are exposed to steam. To confirm this
statement, we shall compare calculated and experimental oxidation rates

for one- and two-sided oxidation of Zircaloy.

4.3.3 Temperature Measurements during Oxidation
' G. J. Yurek, R. E. Druschel, R. E. Pawel, and R. K. Williams

Problems that we have encountered in our attempts to measure the
temperature of a Zircaloy specimen during oxidation and some of the steps
that we have taken to eliminate these problems have been described in

past quarterly reports.l’2

Our new one-sided oxidation apparatus
(see Sect. 4.3.1) was designed primarily to increase our ability to

specify the correct temperature of a specimen during oxidation.
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prevent contact between the thermocouple wires and the Zircaloy specimen,
thereby eliminating melting at the hot junction for reaction temperatures
above the zirconium-platinum eutectic temperature.

The thermocouple wires are spot-welded to the tabs, and this
composite structure is then spot-welded to the inside surface of the
Zircaloy specimen. Special efforts are made to ensure good contact
between the tabs and the Zircaloy and to avoid contamination of the
thermocouple wires.

The thermocouple wires.are led away from the tab along the tube
wall in a path perpendicular to the axis of the tube (supposedly an
isothermal path) for about ten wire diameters to minimize conduction
errors (see inset, Fig. 4.2). The separation between the thermocouple
wires on the tab is about one wire diameter. The vertical sections of
thermocouple wire between the tabs and the double-bore A1203 insulation
(see inset, Fig. 4.2) are covered with single-bore AL,0, insulation.

We have broken the single-bore insulation into small pieces to minimize
heat conduction to or away from the hot junctions. However, comparison
with unbroken insulation revealed no difference in the temperature
measurement. Therefore, unbroken single-bore insulation is employed
because it is easier to handle.

One of the three thermocouples that are welded to a Zircaloy
specimen is used to supply input voltage to the temperature controller.
The other two thermocouples are employed to measure the temperature of
the specimen. The cold junction of the measuring thermocouples is an
ice bath. The thermocouple wires are connected to high-quality copper
wire in a glass tube that is filled with mineral oil; the glass tubes
are immersed in the ice bath.

The copper leads from the ice bath are comnected with thermal-free
solder to a multiposition switch, which is thermally insulated from the
surroundings. The switch is connected to a two-channel strip-chart

recorder and to a calibrated potentiometer.* The wiring between the

K3
Leeds and Northrup, 7553 type K-3 universal potentiometer.
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potentiometer, standard cell, constant-voltage supply, and galvanometer
is in accordance with the manufacturer's specifications. The standard
cell is thermally insulated from the surroundings.

The output from both measuring thermocouples can be recorded simul-
taneously on the sﬁrip-chart recorder. In order to determine the emf
of a particular thermocouple, the appropriate channel of the recorder
is switched out of the circuit and the emf is read on the potentiometer.
This procedure eliminates parasitic emf's that could result from the
circuit of the recorder. The temperature of a specimen is obtained only
from the potentiometer reading. The temperature during oxidation can:

be determined at two positions on a specimen with the present arrangement.

Effects of type and flow rate of inert gas on temperature measurement

2 that the rate of flow of inert (argon) or

We reported earlier
reactive gases (steam, air) past a specimen in our two-sided oxidation
apparatus affected both the measured temperature and the magnitude of
the temperature difference between two thermocouples on the specimen.
This result suggests that a major source of temperature error is
associated with differential conduction of heat away from the thermo-
couple hot junctions to the cooler gas stream.

Two inert gases, helium and argon, were tested for use in our one-
sided oxidation apparatus. The temperature difference between two
thermocouples located at the same position along the axis of the Zircaloy
tube and spaced approximately 120° apart on the circumference of the
tube increased as the flow rate of either helium or argon past the
thermocouple hot junctions was increased. However, the effect of flow
rate was much less in helium than in argon. At a nominal temperature
of 1000°C (1832°F), the temperature difference between the two thermo-
couples in a rapid flow of argon was about 20°C (36°F); the temperature
difference in a comparable flow of helium was about 2°C (3.6°F). No
temperature differences were observed in either stagnant helium or argon

(circulation of the gases owing to a chimney effect not included). On
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the basis of this result and the condition that a very slow flow of
inert gas must exist inside the specimen to maintain a positive pressure
of inert gas, we have decided to employ helium as the inert gas in our

one-sided oxidation apparatus.

The effect of thermocouple wire diameter on temperature
measurement

The diameter of the thermocouple wires is expected to be an
important variable in the determination of temperature measurement
errors (see Sect. 4.3.4). We have conducted experiments at approximately
1040°C (1904°F) with 5- and 10-mil (0.13- and 0.25-mm) thermocouple
wire to determine the effect of wire diameter on the measured temperature.
In each experiment, one of the measuring thermocouples was welded
to the same tantalum tab as the thermocouple that was used for the
temperature controller. The temperature at the temperature-controller
tab is the same in each experiment for the‘same controller set point.

The results of two experiments are given in Table 4.1.

Table 4.1. The effect of wire diameter on measured temperature

Wire diameter EMF Mean temperature?
mils ‘mm (mv) (°C)

5 0.13 ' 10.018-10.025 1039.5

10 0.25 10.013-10.021 1039

%0Obtained from a standard emf-temperature conversion table.

The results presented in Table 4.1 show that wire diameter has
essentially no effect on the measured emf at approximately 1040°C
(1904°F). The reproducibility of the experiments has not been determined;
however, to check this result we will compare the measured emf's from
5- and 10-mil-diam (0.13- and 0.25-mm) thermocouples that are welded
to the same tab. We will also compare the same size wires at higher
temperatures. If we find no difference between the wires, then we shall

use the 10-mil-diam thermocouples because they are easier to handle.
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Temperature gradients during oxidation

A series of experiments has been conducted at approximately 1040°C
(1904°F) in which the two measuring thermocouples were separated along
the axis of the Zircaloy tube. Both 5- and 10-mil-diam (0.13- and
0.25-mm) thermocouple wires were employed. In each experiment, the
maximm temperature difference between the two hot junctions, separated
by approximately 5 mm along the tube axis, was 2°C (3.6°F)

Control experiments were performed in which both measuring thermo-
couples were placed on the same tantalum tab. In each case, the measured
emf's of the two thermocouples agreed to within 5 pV [~0.5°C (0.9°F)].
This indicates that the temperature measurement errors associated with
thermocouple installation procedures are small and that the measured
temperature differences along the axis of a Zircaloy‘tube specimen are
real, albeit small.

Measurements of the oxide and alpha phase thicknesses on a longi-
tudinal cross section of a specimen that had been oxidized at 1040°C
(1904°F) show that the phase thicknesses are constant over at least a
20-mm length about the center of the tube. The thicknesses decrease
slightly near the ends of the specimen. Given the exponential dependence
of oxidation rate on temperature, this result also indicates that the
temperature gradient at 1040°C (1904°F) is small.

We concluded from these results that the temperature gradients
in our oxidizing specimens produce no significant error in our temperature
measurements. It is true that, because of the Seebeck effect, the
existence of a temperature gradient in a sample leads to the generation
in a thermocouple of an additional emf (u5 uV/°C) that is proportional
to the temperature difference between the two wires of the thermocouple
at the hot junction. However, the measured temperature gradient at
1040°C (1904°F) is only 0.4°C/mm (0.7°F), and the separation of the
thermocouple leads at the hot junction is ~0.25 mm. Thus the error
associated with the gradient is on the order of 0.5 pV and totally
negligible. We are conducting similar experiments at 1300°C (2372°F)
to determine whether larger temperature gradients exist at higher

reaction temperatures.
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Because small temperature gradients along the tube axis of a
specimen are unavoidable during oxidation, measurements of oxide and
alpha phase thicknesses will be made only on cross sections taken from
the center of a specimen at the position of the controller thermocouple
and one measuring thermocouple. The second measuring thermocouple
will be placed at a different position along the tube axis to determine

the magnitude of the temperature gradient during oxidation.

4.3.4 "Perturbation" Errors in Temperature Measurements

R. E. Pawel and G. J. Yurek

The fact that circumferentially positioned thermocouples on
specimens in the MiniZWOK apparatuses may under certain conditions
indicate different temperatures was discussed in Sect. 4.3.3 and in
the previous quarterly report.? The sensitivity of such differences
to gas flow rate, temperature, and composition clearly indicates a
perturbation in the temperature distribution of the system occasioned
by heat flow from the specimen to the cooler gas stream via the thermo-
couples. Temperature measurement errors of this type are freguently
referred to as '"perturbation" errors and have been discussed by a number
of investiga.tors,7 who have made suggestions for both minimizing the
errors and for calculating their magnitude.

The analytical problem is essentially one of establishing an ac-
ceptable model for the heat transfer system, and then solving the heat
flow equations so that the temperature at a given point in the absence
of the sensor can be calculated. While such solutions have been ob=-
tained®~1° for several cases relevant to the operation of thermocouples
on specimensg suspended in flowing gas streams, these soluftions are
generally based on oversimplified system geometries. Obviously, under
these circumstances an experimental calibration of the system is desir-
able; but frequeﬁtiy it 1s impractical or even impossible, as in our
case, to carry out such a direct calibration for a real system. TFor
this reason we have taken the position that we should design our ap-
paratuses in such a way as to minimize perturbation errors, while at

the same time making use of existing computational procedures to
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estimate the magnitude of the errors involved. Equations derived by
Nusselt (reported by Jakob® and others) or Boelter® proved useful in
the latter effort; and they have the added virtue that, because of the
nature of the assumptions made in each derivation,'the calculated
perturbation error is believed to be greater than the actual error.
Thus the results described below may Be regarded as indicating the
approximate maximum possible perturbation error in our experiments.

The equation reported by Jakob® is based on the following model:
An infinitely extended, homogeneous body bounded by a plane surface
is perfectly insulated against heat loss except for a small circular
area. From this area, a cylinder or wire exfends perpendicular to
the plane surface into an environment having a temperature different
from the uniform temperature of the body. The equation relates the
temperature of the interface between the body and the wire to the tempera-
tures of the body and its enviromment and to the several parameters that
govern ;he flow of heat. The temperature perturbation created by a two-wire
thermocouple is identical, at least for the ideal model, to that for a

single wire. The heat flow from the junction into the wire is given by:8

3

) (1)

- 3y1/2 -
9 = (2K hr ) /2 (6, ~ b

where kw thermal conductivity of the thermocouple leads,

h

i

'heat transfer coefficient between thermocouple leads and
environment, '

radius of thermocouple leads,

1]

1]

temperature of the interface between body and environment
(this is the temperature measured by the thermocouple),
t_ = enviromnment (fluid) temperature.

The flow of heat out of the body into the area created by the

junction of the thermocouple lead is

q, = 4r k(t - t,) (2)

5
A typographical omission exists in Jakob's
equation.

8'presentation of this
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where r_ = the effective junction radius, assumed to be identical to
the wire radius,
k
t temperature of the body.
For steady-state conditions, the heat flows in Egs. (1) and (2) are

thermal conductivity of th: Lody,

equal. Thus, combining the two expre::.ions and rearranging:

T kwhro
b = 4y =—= 8 t—t,) . (3)
T kwhro
1+ —
k 8

This expression affirms that the perturbation error (t - to) in the
temperature measurement depends upon the temperature difference between
the body and its enviromment (t — te), the thermal conductivities of

the body and the thermocouple leads, and the heat transfer characteristics
between the leads and the environment. Jakob also suggests an empirical
expression for the heat transfer coefficient‘h which, when substituted
into the above equation, results in a perturbation error that is inde-
pendent of the thermocouple wire diameter. However, Otter”’ points out
that in practice the wire size 1s generally a real variable.

Boelter et al.® analyzed the perturbation error for the temperature
measurement of a thin plate with a cold fluid on one side and a hot
fluid on the other. The thermocouple is mounted with its leads per-
pendicular to the surface of the plate in the hot fluid. Boelter's
model is not directly applicable to the specimen geometry and heat-flow
conditions in the MiniZWOK apps -atus; however, within the limits set by
the additional simplifying as....ptions, the perturbation error should
be similar for both cases. The analysis is based on a balance of heat-
transfer rates on the plate concentric about the thermocouple wire

attachment area. The soluticu 1s given in several forms. Utilizing



73

several approximations that are wvalid for small perturbation errors,

Boelter derived the following equation:

=t ro \JPRE T
o w0 [—-m < 2 ro> - 0.577J , (4)

t -t kb 2
e

where b = thickness of the plate, § = (h, + hi)/bk, where h  and h,
are the appropriate heat-transfer coefficients on the opposite sides
of the plate, and the other symbols ha#e the same meaning as in
Egs. (1) and (2).

This equation shows the relationship between fhe perturbation
error (t — to) and the parameters of the system in a mammer generally
consistent with Eq. (3). The thermocouple and plate dimensions appear
as more important variables in Eg. (4). This obtains, at least in
part, because of the different geometries and because of Boelter's
assumption that no temperature gradient exists in the plate normal to its
surface. For minimum error, it is seen that the thermocouple leads
should have a low thermal conductivity and a small diameter; the plate
should be thick and of high thermal conductivity. In addition, if the
effective heat transfer coefficient, h, between the thermocouple and
the flowing fluid can be decreased by insulation or by positioning,
then the perturbation error will be reduced accordingly.

Equation (3) was used to estimate the maximum perturbation error
anticipated in our one-sided MiniZWOK apparatus. A major uncertainty
in the calculation lies in the assignment of the fluid (helium or argon)
temperature and flow characteristics in the vicinity of the thermocouple
installations. Not only does this temperature enter directly into the
equation for the perturbation error, but the heat-transfer parameters are
also involved. For exémple, the effective heat transfer coefficient, h,
between the fluid and the thermocouple wire can be calculated on thebasis
of forced convection at low flow rates or on the basis of natural convec-

11

tion with assumed temperature differences in the system. Both methods give
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the same value of h within a factor of 2 for low~-conductivity gases such
as air. If we assume that a reasonable value for the heat transfer
coefficient between the inert gas in MiniZWOK énd the thermocouple wires
is 10 Btu hr- ! £t72 op~1 t57 W m-2°K-l], about an order of magnitude
higher than the steam-specimen heat transfer coefficient, then we can
calculate an approximate value for the perturbation error. The thermal
conductivity of the thermocouple wire, kw, is approximately

40 Btu hr™ ! ££72 (°P/£t)”1 170 W m °k"]; the thermal conductivity
of the specimen, k, is taken as 18 Btu he~' 672 (°F/£6)7T 31 wom ok 1.
Therefore, substituting directly into Eq. (3), we obtain:

z= (t - t,)/(t = tg) = 0.025 . (5)

This result predicts that for bare-wire thermocouples extended
at right angles into the inert gas stream the perturbation error will
be 2.5% of the difference between the specimen and inert gas temperatures.
The effective argon or helium gas temperature in the vicinity of the
thermocouple installation is unknown. However, aside from circulation
owing to convection, the flow rate oh the inside of the tube should
be very small, allowing the gas to be heated by contact with the compo-
nents of the system that are heated directly by the radiant heating
furnace. If, for example, the effective gas temperature in the cylin-
drical volume defined by the specimen is within 100°C of the specimen
temperature, then a maximum perturbation error of 2.5°C would be
anticipated. Of course, because our thermocouple installations are
constructed to minimize this effect, the actual perturbation error
should be less. As described elsewhere in this report, the experimental
results are consistent with the prediction that the perturbation error
is small for measurements of temperature in our one-sided MiniZWOK
oxidation apparatus.

As emphasized earlier, the Boelter equation, Egy. (4), for plate
specimens was derived with a different model and assumptions than those

employed for the case of the insulated semi-infinite slab. While we
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have no basis for ascertaining which of these treatments is best suilted
to describe our particular system, it is of interest to note that the
Boelter expression leads to a similar value for the perturbation error
when the same system parameters are used. For our case, the "plate"
thickness is 0.686 mm (0.00225 ft); and we assume for purposes of
calculation that the heat transfer coefficients on either side of the
PrgT2 oF Tt (5.7 wm2K™h).  The

insertion of these values into Eq. (4) yields

plate, hj and hi’ are each 1 Btu hr

z=(t—-1t,)/(t - te) = 0.0336. (6)

Thus, Eq. (4) predicts that the perturbation error will be 3.36%
of the difference between the specimen and coolant temperatures, which
is quite close to the error predicted by Eg. (3). 1In addition, the
error is only moderately dependent upon the particular values chosen
for the plate heat transfer coefficient, Z varying from about 4 to 2%
as the coefficients change from 0.1 to 100 Btu hr * £t™2 °F~?

(0.6 to 600 W m -°K™1).

The results of these calculations are recognized as being approxi-
mate. Thelr contribution, therefore, lies not so much in a precise
predictibn of error values but in the fact that they indicate the
relationship between some of the important system parameters that
affect temperature measurement errors, thereby suggesting means for
reducing these errors to a minimum. Our thermocouple installations

are constructed with these ideas in mind.

4.3.5 Computer-Simulated Oxidation Experiments
S. Malang* and R. E. Pawel

A computer program has been written to simlate the oxidation of
Zircaloy fuel tubes over a wide range of conditions. Briefly, the code

considers a one-dimensional solution, in cylindrical coordinates, of the

¥
On assignment to ORNL from Karlsruhe Nuclear Research Center,

West Germany.




76

multiphase, moving boundary diffusion problem in a tube wall of finite
thickness. Physical property data, as well as kinetic and thermodynamic
parameters, serve as the baslic input to the code, which, on the basis

of an ideal model, can then examine both the heat and mass transport
processes that occur during a given reaction. Both isothermal and
transient-temperature oxidation can be studied as well as oxidation in

a particular reaction environment where self-heating of the specimen
might take place. A working preliminary version of the code is presently

in hand, and comprehensive testing to provide code verification will

begin shortly.
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5. MULTIROD BURST TESTS

Reactor Division
R. H. Chapman

5.1 INTRODUCTION

The objectives of this program are to delineate the deformation be-
havior of unirradiated Zircaloy cladding under conditions postulated for
a LOCA and to provide a data bése to facilitate assessment of the magni-
tude and distribution of geometrical changes in the fuel-rod cladding and
of the extent of flow channel blockage that might result. Consistent and
reliable data will be obtained from a single-rod and multirod experiments
that include possible effects of rod-to-rod interactions on ballooning
and rupture behavior to (1) establish the magnitude and distribution of
cladding deformation during temperature excursions representative of a
hypothetical LOCA, (2) determine the cladding rupture temperature-
Pressure relationship, and (3) provide flow resistance information that
can be related to the resultant coolant channel blockage.

Internallylpressurized Zircaloy tubes containing tubular electric
heaters (to simulate nuclear fuel pellet heating) will be tested to fail-
ure in a low-pressure, superheated-steam environment. These assemblies
will be heated uniformly over a 3-ft length at a constant rate (50°F/sec)
for differential pressures ranging from 100 to 2000 psi, corresponding to
approximate rupture temperatures from 2200 down to 1300°F. Examination of
the tested tubes will include comparison of pre- and posttest flow resis-
tange (for the multirod arrays); sectioning; and measurement of deforma-
tion, rupture strain, and channel blockage._

Preliminary program plans and conceptual design descriptions were
presented previously.1 Effort this quarter concentrated on further defini-
tion of program plans and test schedules, detailed design of components
and systems, development tests and evaluations, and procurement of long

delivery items.
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5.2 PROGRAM PLANS

5.2.1 Planning and Analysis

R. H. Chapman

A program plan, describing in detail the objectives, scope, and ex-
perimental concepts to be used in this research, was completed and sub-
mitted to RSR for review and comment. Plans and accomplishments to date
were presented February 3 to the first of what probably will become regu-
larly scheduled RSR Fuel Cladding Research Review meetings; these meet-
ings are desighed to provide informal exchange of resﬁlts and i1ldeas of
mutual interest to the various programs. One result of this first meet-
ing has a significant bearing on a performance criterion specified for
the MRBT heaters; further discussion on this point will be deferred to
Section 5.3.L4.

Some explaratory calculations, using the SIMIRAN computer program
under development in the ZWOK program, were performed to determine the
influence of the exothermic oxidation reaction on cladding heating rela-
tive to that due to the internal electric heater. For essentially unoxi-
dized cladding, these calculations indicate that the contribution to the
cladding heating due to the reaction may become significant above about
1900°F, It should'be emphasized that the calculations are preliminary
and must be evaluated in view of experimental evidence, Such evidence
will be obtained in the ZWOK program and in the single-rod scoping tests
to be performed in this program.

New test schedules, consistent with delays encountered with heater
procurement and budgetary guidelines, were formuleted. Current plans are
based on completing the first group (~15) of single-rod burst tests in
the second quarter of FY 1976 and the first group (3) of 4 x L bundle
tests in the second quarter of FY 1977. Examination, analysis, and re-

porting of the data will lag these milestones about six months.
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5.2.2 DPosttest Examination of Fuel Pin Simulators

R. H. Chapman

Detailed measurements of the single- and multirod test arrays are
required to determine the magnitude and distribution of cladding deforma-
tion and derived parameters, e.g., rupture strain, flow channel blockage,
rod displacement, etc. Examination of the single-rod test assemblies
will consist of measuring the circumference of the deformed cladding at
discrete locations along the length to establish axial profiles of swell-
ing and strain. The measurements will be made by the "Scotch tape
method,"” i.e., by carefully wrapping a length of tape around the tube,
marking the circumferential length, removing the tape, and accurately
measuring the developed length. This technique has been used by other
investigators with good success to determine deformation. The method
will not provide information related to the shape of the deformed sec-
tion; details of this nature must be obtained from cross-sectional pro-
files. BSince this test series employs circumferential symmetry, it is
expected that the need for sectional profiles will be limited to the
burst area. Detailed metallurgical and metallographic examination will
be limited to the burst area of representative specimens. Examination
of the 4 x 4 (and larger) bundles will be more tedious, since the Scotch
tape method is not applicable. Instead, the bundles will be cast in
epoxy and sectioned at appropriate intervals aloné the length for detailed
measurement. The mounted and sectioned specimens must be polished suffi-
clently to remove the worked material before measurements are taken.
Automated measuring techniques are under investigation.

One available method is based on the use bf a Quantimet-720 Image
Analyzing Computer. This system extracts quantitative data from images
obtained from mounted specimens or photographs. A number of feature-
function components are available to obtain such parameters as area,
perimeter, density, etc. Basically, the image field is divided into
650,000 discrete picture points to form an x-y grid; each picture point
is digitized and stored for subsequent use. Signals from the required

features are isolated from the remainder cof the image by a detection
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process based on gray level criteria, For example, the two simplest
criteria are: all areas lighter or darker than a preset threshold and
that area whose gray, level is between two selected levels. A computer
module makes the desired measurement from the detected signals (inter-
rupted light beams). Output data are displayed on the console and can be
preserved on a punched tape. For MRBT applications, the éystem can pro-
vide quantitative measurements of total perimeter, tube wall area, cool-
ant flow channel area, etc.; it does not appear capable of locating cen-
troids. The average wall thickness is calculated from the tube wall area
and total perimeter. By programming in pretest data, the system can cal-
culete and provide output of such parameters as total strain,larea reduc-
tion of wall and coolent channel, percent blockage, etc. Although this
system appears to have tremendous capability, it may not provide all the
needed gebmetrical data. For example, if the individual rods are dis-
placed from their original position, it may not be possible to determine
the net movement by this technique.

Another method available for use, essentially & computerfcontrolled
electronic planimeter, is also attractive and can provide location of cen-
troids. Basically, this system consists of a 17-in. x 17-1in. platen with
closely spaced (0.010-in.) embedded wires, forming an x-y coordinate sys-
tem, and a movablé stylus., When the stylus is energized at a point on
the grid, the computer calculates the x-y coordinates of that point and
stores the value for further processing. As the stylus is moved over the
grid, signals are emitted either as single pulses on demand or in the con-
tinuous mode (approximately 100 pulses/sec). The stored point coordinates
are processed by the computer according to programmed instructions to give
areas, lengths, locations, etc. Output data are displayed on the console
and can be printed out, plotted, or preserved on a punched tape. For MRBT
applications, an enlarged photograph of the mounted specimen would be
placed on the platen and an operator would trace out the boundaries of the
tubes. The computer would process the data according to the prograrmed
instructions. Much of the same information can be obtained from this
method of analysis as from the Image Analyzing Computer; however, con-
siderably more operator time is involved, This system works equally well

on skewed channels and on uniform displacements.



82

Both of these methods have potential for automation of posttest
examination of the MRBT test assemblies and probably will be used, since
each complements the other and offers advantages for certain types of
informatiori, Further, the fact that measured and derived results can be

output as paper tape records facilitates subsequent computer handling.

5.2.3 Temperature Profiles in No. 1 (4 x 4) Bundle

R. H. Chapman

Steady-state and transient temperature measurements are planned for
the first 4 x 4 multirod bundle to:

1. Determine axial and radial temperature profiles.

2. Provide guidance for judicious location of tube inside thermo-
couples in subsequent test bundles.

3. Permit modeling of the temperature distribution so that local
failure temperatures can be inferred from a limited number of temperature
measurements in subsequent test bundles.

L4, Correlate tube outside surface temperature with inside tube
thermocouple measurements,

5. Determine the influence of steam flow rate on bundle temperature
distribution. \

6. Determine the effect of the steam environment by comparison with
data obtained with an inert environment.

The maximum temperature in these tests will be limited to 1700 to
1800°F to permit the use of stainless-steel-sheathed thermocouples, while
avoiding formation of a zirconium-nickel eutectic (21750°F). Most of
the tests (with steam environment) will be limited to about 1500°F to
avoid excessive oxidation of the cladding; higher temperatures may be used
in the comparative inert environment tests. The fuel-pin simulator helium
pressure will be limited to about 50 to 100 psi (differential) to preclude
cladding deformation. In the final experiment (steam environment), the
helium pressure will be increased to cause deformation and rupture at

approximately 1800°F; this then becomes the first multirod burst test.
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This test will also provide information on the performance of the inside
thermocouples as affected by tube deformatioh; similar and more extensive
information will be obtained from the single-rod tests.

Approximately 114 thermocouples, involving several types, are contem-
plated for the mapping experiments. An identification code, given in
Table 5.1, was devised to facilitate assembly instructions, record keep-
ing, data acquisition, and computer manipulations. '

Figure 5.1 shows a plan view of the bundle and shroud and gives the
angular position selected for each rod thermocouple; the elevation of each
thermocouple, in sixteenths of an inch above or below the data section mid-
poinf, is tabulated also. Grid and shroud thermocouples are included to
complete specification of all the thermocouples. Table 5.2 specifies de-
tails, 1n the coded format of Table 5.1, of all the internal thermocouples;
Table 5.3 gives similar information for the outside thermocouples.

In selecting the locations for the thermocouples (both inside and
outside the tube), advantage was taken of radial and axial symmetry to
obtain profiles in typical corner, midwall, and interior rod positions.

In the rods with outside thermocouples, an inside thermocouple is matched
to one of the outside group to provide a correlation between inside and
outside temperature measurements. The shroud thermocouples are also lo-
cated opposite rod thermocouples for the same reéson. The bundle thermo-
couples are concentrated in the regions where the'gradients are expected
to be more pronounced. One thermocouple is attached to each of the grids
that define the data section end points. A few thermocouples are located
outside the grids to give reasonable definition of the profile in these
regions. The bundle is designed and instrumented on the basis of down-
flow of steam; the upstream heated length, required as a thermal entrance
region, precludes testing the effect of steam flow direction in this bun-
dle. This type of information will be obtained in the single-rod tests.

As indicated in Fig. 5.1, tube outside thermocouples (total of L42)
are provided only on "short" fuel pin simulators to facilitate thermo-
couple attachment as the bundle is built up by layers. It should be noted
also that rods Ol and 16 are taken together to give a complete profile of
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Table 5.1. Thermocouple alphanumeric identification

Thermocouple specificationt: ABCDEFGH-XX—-—XXX—-XXX

————— S——~ -

1 2 3 4

Eight letter general identification:

Letter 1 denotes general location as follows:

I = inside of Zircaloy tube

0 = outside of Zircaloy tube

G = attached to grid

S = attached to outside of bundle shroud

Letters 2 and 3; i.e., TC, shorthand for thermocouple

Letters 4 and 5 denote sheathed or unsheathed and sheath material
as follows:

BW = bare wire (unsheathed)
SS stainless steel sheath
TS tantalum sheath

il

Letters 6 and 7 denote thermoelement material (ISA type) as follows:

TK = Chromel P vs Alumel
TS Pt vs Pt + 10% Rh

Letter 8 denotes location of thermocouple junction relative to mid-
point of data section as follows:

A = above midpoint of span
B below midpoint of span
$ = on midpoint of span

Two digit number identifies rod position in bundle (see Fig. 5.1).

Three digit number gives angular orientation of thermocouple junction
in degrees clockwise from north looking down on top of bundle.

Three digit number gives elevation (in 1/16 of an inch) relative to
midpoint of data section. Eighth letter in prefix will tell if above,
below, or on midpoint.

Example: ITCTSTKB 01 090 152 denotes an inside, tantalum-sheathed,
.type K thermocouple in rod position number 1 and located
90 degrees clockwise from north (when viewed from above)
and 152/16 (= 9.5) in. below the midpoint of the data sec-
tion of the bundle.

-5
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Table 5.2. Listing of inside tube thermocouples
(57 stainless steel and 7 tantalum sheathed, type K)

T/C General Rod Orient. Distance T/C General Rod Orient. Distance
No. ident. position (deg) (1/16 in.) No. ident. position (deg) (1/16 in.)
1 ITCSSTKA 01 180 +216 33  ITCSSTKA 07 135 +216
2 ITCSSTKA 01 090 +176 34  ITCSSTKA 07 045 +136
3 ITCTSTKA 01 000 +1528 35  ITCSSTKA 07 315 +096
4 ITCSSTKA 01 270 +112 36 ITCTSTKA 07 225 +040
5 ITCSSTKB 16 180 -112 | 37 ITCTSTKB 11 315 -0402
6 ITCSSTKB 16 090 -15228 38 ITCSSTKB 11 045 -096
7 ITCSSTKB 16 000 -176 39  ITCSSTKB 11 135 -136
8 ITCSSTKB 16 270 -216 40  ITCSSTKB 11 225 -216
g ITCSSTKA 03 180 +216 41  ITCSSTKA 09 180 +272
10 ITCSSTKA 03 090 +176 42  ITCSSTKA 09 000 +176
11 ITCTSTKA 03 000 - +152a 43  ITCSSTKA 09 270 +152
12 ITCSSTKA 03 270 +112 44  ITCSSTEA 09 090 +040°
13 ITCSSTKB 08 180 -112 45  ITCSSTKB 14 000 -040
14 ITCSSTKB 08 090 -1522 46  ITCSSTKB 14 180 -152
15 ITCSSTKB 08 000 -176 47  ITCSSTKB 14 090 -176
16 ITCSSTKB 08 270 -216 48  ITCSSTKB 14 270 -240
17 ITCSSTKA 02 225 +240 49  ITCSSTKA 15 135 +176
18 ITCSSTKA 02 315 +200 50 ITCSSTKA 15 045 +136
19 ITCSSTKA 02 135 +112 51  ITCSSTKA 15 315 +096
20 ITCTSTK® 02 045 000 52  ITCSSTKA 15 225 +040
21 ITCSSTK® 05 225 000 53 ITCSSTKB 12 045 -040
22 ITCSSTKB 05 135 -112 54  ITCSSTKB 12 315 -096
23 ITCSSTKB 05 315 -200 55 ITCSSTKB 12 225 -136
24 ITCSSTKB 05 045 -240 56 ITCSSTKB 12 135 -176
25 ITCSSTKA 06 270 +200 57  ITCSSTKA 04 045 +304
26 ITCSSTKA 06 180 +176 58  ITCSSTKA 04 315 +240
27 ITCSSTKA 06 000 +1202 59  ITCSSTKA 04 135 +160
28 ITCTSTKA 06 090 +0402 60 ITCSSTKA 04 225 +080
29 ITCTSTKB 10 000 -040 61 ITCSSTKB 13 045 -080
30 TITCSSTKB 10 180 -080 62  ITCSSTKB 13 135 -160
31 ITCSSTKB 10 090 -176 63  ITCSSTKA 13 . 315 +240
32 ITCSSTKB 10 270 -200 64  ITCSSTKA 13 225 +304

aOutside tube T/C matched with inside tube T/C at these positions.

98



Table 5.3. Listing of outside tube, shroud, and grid thermocouples
(44 bare wire, type S; and 6 SS-sheathed, type K)

T/C General Rod Orient. Distance T/C General Rod Orient. Distance
No. ident. position (deg) (1/16 in.) No. ident. position (deg) (1/16 in.)
1 @TCBWTSA 01 000 +200 25 @TCBWTSA 03 000 +200
2 @TCBWTSA 01 000 +160 26 @TCBWTSA 03 000 +160
3 @TCBWTSA 01 000 +1522 27 @TCBWTSA 03 000 +1522
4 @TCBWTSA 01 000 +136 28 @TCBWTSA 03 000 +136
5 @TCBWTSA 01 000 +080 29 @TCBWTSA 03 000 +080
6 @TCBTWS@® 01 000 000 30 @TCBWTSH 03 000 000
7 @TCBWTSH 16 090 000 31 @TCBWISS 08 090 000
8 @TCBWTSB 16 090 -080 32 (@TCBWTSB 08 090 -080
9 @TCBWISB 16 090 -136 33 PTCBWTSB 08 090 -136
10 @TCBWTSB 16 090 -1522 34 @TCBWTSB 08 090 -1522
11 @TCBWTSB 16 090 -160 35 @TCBWTSB 08 090 -160
12 @TCBWTSB 16 090 -200 36 @TCBWTSB 08 090 -200
13 @TCBWTSA 06 090 +152 37 @TCBWTSA 11 315 +152

14 @TCBWTSA 06 315 +136
15 PTCBWTSA 06 000 +12028 38 @TCBWTSA 11 , 045 +120
16 @TCBWTSA 06 090 +0402 39 @TCBWTSA 11 315 +040
17 @TCBWTSB 06 090 -040 40 @TCBWTSB 11 315 -040
18 @TCBWTSB 06 000 -120 41 @TCBWTSB 11 045 -120
19 @TCBWTSB 06 315 -136 .
20 @TCBWTSB 06 090 -152 42 @TCBWTSB 11 315 -152
21 @TCBWTSA 09 000 +120
22 @TCBWTSA 09 090 +0408 Shroud thermocouples
23 @TCBWTSB 09 090 -040 _
24 @TCBWTSB 09 000 -120 43 STCSSTKA Outside North +152
44 STCSSTK®  Outside North 000
45 STCSSTKB  Outside, North -152
®Outside T/C matched with inside T/C at this 46 STCSSTK®  Outside East 000
position. 47 STCSSTK@ Outside South 000
48 STCSSTK@ Outside West 000
Grid thermocouples
49 GTCBWTSA 06 SE +186
50 GTCBWTSB 06 SE -186

L8



38

a corner position; rod positions 03 and 08 are required to obtain a com-
plete profile for a central rod. Tube 09 supplements position O3 by pro-
viding exterior thermocouples that "look at" adjacent interior and exter-
ior rods. The tube interior thermocouples are oriented to give broad cov-
erage of all directions and to fill in the basic profiles obtained from

the outside surface measurements.

5.3 DESIGN, DEVELOPVMENT, AND PROCUREMENT

5.3.1 Zircaloy Tubing Procurement

R. H. Chapman

Procurement of approximately 8500 ft of reactor grade Zircaloy tub-
ing, for use in all the RSR-specnsored fuel cladding studies, is approxi-
mately on schedule. An inspector from ORNL visited the supplier's produc-
tion facilities to witness a number of the required inspections and tests.
Shipment of the tubing is anticipated during the week of April 21, about
two weeks later than originally scheduled. Special requirements and char-

acteristics of the tubing were reported previously.2

5.3.2 Grids

R. H. Chapman

A standard fuel assembly grid having the proper rod pitch-to=-
diameter ratio was obtained from one of the reactor vendors and was cut
into unit cells to produce prototype "single-rod grids" for use in the
single-rod burst tests. Since a grid represents a heat sink in addition
to imposing some localized restraint on the cladding, use of a grid unit
cell introduces another element of reality in the single-rod expsriments.

Grids for the multirod test arrays are being fabricated by the reac-
tor vendor. Those necessary for the &4 x L4 bundle tests are scheduled for
shipment in Mays; grids for the larger bundles are scheduled for delivery

in mid-1976.
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5.3.3 Component Development

J. L. Crowley

To avoid axial restraint of the multirod test arrays, the lower end
of the fuel pin simulators terminate within the test vessel. Thus, the
lower end seals between the internal electric heater and the cladding
must seal against 2000 psi helium pressure at a temperature of 650°F
(ambient steam) while providing electrical inéulation against 300 V de.
Current design concepts for the mechanical seal are based on modifica-
tions to commercial glands. Testing of a gland recommended by the manu-
facturer for this application proved the Teflon sealant to be unsatisfac-
tory (as expected) above about 550°F. Tests with other sealants thus far
indicate crushed lava may be satisfactory, if the electrical isolation
problems can be resolved. High-temperature epoxy coatings, alone and with
combinations of various insulating sleeve materials, were tested without
success in meeting all requirements. Testing of improved concepts now
under development are expected to resolve the remaining problems with
this seal.

The upper seal, which is external to the multirod test vessel,
appears to be satisfactory using the Teflon sealant in combination with
& heat shrink Teflon sleeve on the conductor. Both the helium retention
and electrical insulation requirements were satisfied simultaneously in
tests to 300°F and above. In addition to the copper conductor, this gland
also must seal four sheathed thermocouples and two pressure tubes, all
within a maximum diameter of 0.675 in.

A steam heater was designed, fabricated, and tested successfully.
Current plans are for this heater to supply 650°F steam for the single-
rod tests and 900°F steam for preoxidization of the Zircaloy tubes. Tests
thus far have shown that the heater can supply 5 lb/hr of superheated
steam at 900°F. An autoclave was fabricated for use in an existing
furnace to permit simultaneous pretreatment (both interior and exterior
surfaces) of seven Zircaloy tubes; test specimens will be metallurgicaliy
evaluated to qualify the procedure.

A fixture for precisely locating and spot welding the sheathed thermo-

couples to the inside surface of the cladding was designed and fabricated.
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The device can accommodate up to four (90° intervals) thermocouples at any
desired axial position within the Zircaloy tubing. Procedures and welding
parameters are currently under development. Promising results have been

obtained with an energy pulse of b to 8 W-sec with L4 1b applied force.

5.3.4 Heater Development and Procurement

D. L. Clark and R. W. McCulloch

Test and evaluation of a number of development heaters were performed;
Table 5.4 summarizes the results. Although these heaters were procured on
a best-effort basis so that test and evaluation could proceed as quickly
as possible, previously discussed® fabrication difficulties delayed deliv-
ery. As indicated in the table, nondestructive examination and operational
tests revealed the effects of the fabrication problems. In general, uni-
formity of surface heat flux was not acceptable as indicated by the infra-
red scanning results. Radiographs revealed density variations in the
crushed magnesium oxlde cores on which the heating element is wound.
Evaluation of the test results indicates that each manufacturer must im-
prove appreciably his fabrication techniques and procedures in order to
produce an acceptable heater,

Information presented at the February 3, 1974, Fuel Cladding Review
Meeting (see Sect. 5.2.1) is important to a performance criterion speci-
fied for the heaters. BStrain at failure in a stressed Zircaloy specimen
depends on strain rate. To remove this extraneous parameter from con-
sideration in the burst tests, the strain rate in the pressurized fuel
pin simulators prior to and at the time of failure should be approximately
the same in all the tests. In a constant pressure process, i.e., a con-
stant loading condition, the strain rate will be proportional to the rate
of temperature increase. This situation is reasonably approximated dur-
ing a portion of the MRBT tempsrature transient. Originally one of the
MRBT heater design criteria specified a temperature increése of 50°F/sec
* 10% for the cladding in the region of 1000 to 1600°F. To maintain
approximately the same strain rate at failure in all the tests, this cri-
terion has been modified to reéuire the temperature increase to be 50°F/

sec (*10%) over the 500°F test range preceding failure. Figure 5.2 shows



Table 5.4. Test and evaluation of development heaters

. a
Temperature transient

Results
Heater 3
Heater Sheath Maximum b
i b3
supplier serial material ower temperature Cycles Infrared Transient tests
No. (kW) (°F) scan
Watlow 3 Inconel 6.49.5 ~1600 L Very poor Survived
8.5 ~2200 10 Survived
Watlow L Zircaloy 7.5 ~1600 5 Satisfactory Survived
T.7 ~2200 2 Element burnout; hole
melted in sheath; sheath
swelling over entire
heated length
Watlow 5 Titanium 7.8 ~2100 1l Very poor Element burnout; sheath
° swelling over entire
heated length
Watlow 2 Tantalum 8.3 ~1700 1 Poor ‘ Survived
coated on 8.4 ~2200 9 Survived; white oxide
carbon steel i formed over heated length
Watlow 6 Tantalum 6.5 ~1400 1 Very poor Survived
5.6 ~1700 1 Survived
7.0 ~2100 L Survived
T.7 ~2200 6 Survived
RAMA 1 Inconel 6.9 ~1700 2 Poor Survived
8.0 ~2200 12 Survived
_ 10.0 ~2200 1 Survived
Watlow 7 Zircaloy 8.6 ~1800 1 Poor Sheath split in ballooned
region;® swelling over
entire heated length
SEMCO 1 Inconel 6.9 ~1700 2 Fair Survivedl
8.6 ~2200 11 Survived
RAMA 2 Zircaloy 3.8 ~1600 2 Very poor Cracks in sheath initially;
9.0 ~2200 2 sheath swelling over
11.0 ~2200 g heater length; heater
13.0 ~2000 2 element burned out in

last cycle and shorted
to sheath

16



Teble 5.k,

(Cont’d)

. a
Temperature transient

Results
Heater SZ:EE; Sheath Power Meximum Trfrared?
supplier material temperature Cycles pirare Transient tests
No. (kW) C°F) scan
RAMA 3 Tantalum 6.3%11 ~1700 2 Fair Survived
coated on 14,2 ~2200 9 Survived
carbon steel 14,2 ~2000 1 Severe bowing; terminated
test; severe oxidation; -
coating removed
Watlow 9 Zircaloy 7.9 ~1600 1 Poor Failed by split in lo-
cally® ballooned area
RAMA L Molybdenum 9.2 ~1700 Poor Coating oxidized (evolu-
coated on 11.4 ~1700 tion of white smoke); on
carbon steel 12.0 ~2200 last cycle coating began
13.8 ~2200 to spall; particles
wedged in expansion
joint, heater buckled
SEMCO 2 Inconel Fair Holding for future evalua-

tion®

e'Tempera.ture transients started at about 500°F; rate of increase in range L0 to 60°F/sec; tests conducted

in an argon atmosphere, using a dc motor-generator power supply.

bAll heaters x-rayed and tested with an infrared scanning technique to determine element concentricity in
sheath and uniformity of surface heat flux. The heater element eccentricity exceeded 0.005 in. in all heaters
The qualitative evaluation in the table relates to

except the SEMCO heater, which was less than this value.

the surface heat flux uniformity.

®The sheath exhibited significant localized ballooning in two or three nodes, one of which resulted
in splitting the sheath. Failure appears to be a result of internal pressure increase during heatup cycle.

dThis heater was rejected initially on the basis of metallic inclusions in the boron nitride insulation
These inclusions caused a short in the infrared scanning tests,

between the heater element and the sheath.
which melted two small holes in the sheath without damaging the element.

tests without difficulty.

eThis heater is a replacement for rejected heater (see note d above).

postponed for time being; may be used in development tests of plasma spray coating.

The heater survived the transient

Operational testing is being

[4
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Fig. 5.2. Typical heating cycle results for MRBT development’
heaters.
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typical performance data on four of the development heaters for constant
applied voltage. Based on evaluation of all the test data, this new cri-
terion implies a higher heatup rate in the lower temperature range or an
adjustment in applied voltaze in the higher range; a choice between the
alternatives has not been made.

Zircaloy is desired as the heater sheath material for compatibility
reasons; however, as indicated in Table 5.4, the initial performance of
the Zircaloy-sheathed heaters was not encouraging, and for the immediate
future, further consideration will not be given to this material. How-
ever, since Zircaloy-sheathed heaters have been fabricated successfully
and used in a number of test programs, we will continue to investigate
this material for use later in the program. For the near term, we will
focus on stainless steel sheaths with a protective plasma spray coating
of refractory metal or oxide.

Development and evaluation of plasma spray coatings.are under way
in the Y-12 Plant, using existing equipment and some of the development
heaters that survived the evaluation tests. Candidate coatings of cur-
rent interest are tantalum, tungsten, calcium-stabilized zirconium oxide,
and depleted uranium dioxide. The evaluation will include adherence
quality (to stainless steel and Inconel), chemical and metallurgical capa-
bility with Zircaloy-L, and effective emittance.

Based on the test and evaluation results gained from the development
heaters and on revised design criteria, the prototype heater has been
redesigned. Stainless steel, type 316, is specified as the sheath mate-
rial. A suitable protective plasma spray coating will be applied to pre-
clude formation of zirconium-~based eutectics. Application of the protec-
tive coating will be in-house to maintain quality control and to assure
timely availability of acceptable heaters.

Purchase of 20 of the redesigned heaters has been initiated from each
of two manufacturers, i.e., the two most favorable responses to bid re-
quests sent to the three manufacturers who supplied heaters for evaluation;
no information will be available on delivery until the bids are opened
in mid-April. Based on performance evaluation of the two lots of heaters,
an option to purchase additional heaters will be exercised. This strategy

will enhance the probability that suitable heaters can be obtained on a
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timely basis for further evaluation and for use in the initial single-rod
tests. To expedite fabrication of the heaters, an order was placed
earlier for a quantity of stainless steel sheath tubing that will be sup-
plied to the selected manufacturers. Delivery of the tubing, expected in
late April, should not delay fabrication of the heaters. Kanthal ribbon
material (heating element) and high-purity boron nitride powder also
will be supplied to the manufacturers; these materials will be with-
drawn from our existing supply.

The lack of manufacturers qualified to produce acceptable heaters
is a problem for this and other test programs. We plan to procure
additional development heaters from other prospective suppliers for
test and evaluation in an effort to improve the situation. Although
this effort is not expected to alleviate the situation with respect to
heaters for the initial single-rod and 4 x L burst tests, it is antici-
pated that some relief will bg obtained by the time significant quanti-

ties of heaters are required for the 8 x 8 multirod test bundles.

5.3.5 Instrumentation and Data Acquisition

K. R. Carr¥ and T. G. Kollie*

Pressure

The helium pressure (100 to 2000 psi) in each fuel pin simulator .
will be measured with a fast (1 =~ 1 msec) strain;gage—type pressure trans-
ducer and the signals recorded by a computer controlled data acquisition
system (CCDAS). Important system design considerations include:

1. A 2-in. length of 0.015-in.-ID tubing is required in the upper
seal gland on the simulators (see Sect. 5.3.3) to interconnect the simula-
tor gas volume to the external measuring system.

2. The pressure transducer must be located at a sufficient distance
from the test bundle to avoid high-temperature calibration drift (=350°F

at the simulator end seal).

*Instrumentation and Controls Division.
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3. The transducer and connecting tubing volume must be sufficiently
small so that the total internal volume of each simulator system is no
greater than 2 in.® for proper fuel pin simulation.

4, The connecting tubing must have a sufficiently large ID so that
the tubing will cause insignificant time delay or distortion of the pres-

sure signal.

A model of the fuel-pin simulator pressure-measuring system, shown
in Fig. 5.3, was assembled and tested to determine the approximate time
response of three tubing configurations as given in the figure. The tests

were coanducted as follows:

1. -The system was pressurized with helium to 500 psig and isolated
from the gas supply by valve HV-1.
2. Rupture of the fuel-pin simulator was simulated by opening valve

HV-2 to vent the system.

ORNL-- DWG 75- 4535

SINGLE-CHANNEL TRANSIENT
RECORDER AND OSCILLOSCOPE

7 ¥ SIMULATED FUEL PIN
GAS VOLUME

TEST LENGTH

HELIUM
SUPPLY
TEST 1: 8 %t of 0.015-in.-1D TUBING SIMULATED
RUPTURE
TEST 2: 8 ft of 0.069-in.~10 TUBING VENT

PLUS 2-in. LENGTH OF
0.015-in.-1D RESTRICTION

TEST 3: 8 ft of 0.069-in.~-ID TUBING

Fig. 5.3. Model of fuel pin simulator pressurization system
for determining pressure transient response.
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3. A single-channel transient recorder (Biomation model 802) was
used to record the transducer signal from either PE-1 or PE-2. The data
were output from the transient recorder to an oscilloscope, and a
photograph was made of the display for subsequent analysis.

4. Approximate pressure transient time constants (63% response) and

time intervals required to reach O psig were determined from the photo-

graphic records.

Typical data records are shown in Fig. 5.4; the trace for PE-1 shows
the response expected for a transducer closely coupled to the simulator
gas volume and should be essentially independent of the external tubing
configuration. The trace shown in the figure for PE-2 shows the effect
of locating the transducer remote (8 ft of 0.015-in.-ID tube) from the
simulated volume. Results for the three tubing configurations are given
in Table 5.5. These data do not include the time delay ("dead time")

before the pressure transient first arrives at PE-2; calculations indicate

this delay to be a few msec (3 to 5 at most).

ORNL--DWG 75--4536

—_

APPROXIMATE OUTPUT (mV)

0 L*VWVWﬂMpVM:: ——o

TIME (sec)

Fig. 5.4, Superimposed data records for system simulation shown
in Fig. 5.3. Test conditions: 500 to O psig.
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Table 5.5. Summary of transient test results for
pressure-measuring systems shown in Fig. 5.3

Time constant Time to reach
Transducer (63% response) 0 psig indication
sec) (sec)

Test No, 1: 8 ft of 0.015-in.-ID connecting tubing

PE-1 0. 0% 0.09-0.13
PE-2 0.5 2.5

Test No. 2: 8 ft of 0.069-in.-ID tubing plus 2 in.
of 0.015-in.-ID restriction

PE-1 0.06 0.2
PE-2 0.3 1.2
Test No. 3: 8 ft of 0.069-in.-ID connecting tubing
PE-1 0.0k 0.12
PE-2 0.05 0.19

Note: These data do not include time delay
("dead time") for pressure transient to arrive
at transducer,

The effect of locating the transducer remote from the fuel-pin simu-
lator is obtained for each of the tested configurations by taking the
difference in the time constant for the two transducers. These prelim-
inary results indicate the design goals can be achieved without signifi-
cant degradation of the pressure data. Further tests are planned to ob-

tain better definition of the response and to evaluate alternative con-
figurations.

Thermometry

Calibrations of the bare-wire, type S thermocouple material were com-
pleted. The calibration deviations from ASTM E-230 (i.e., NBS Monograph
125) are within the *1/49% specification for type S wire with nominal

(usually about 9.91 wt %) 10% rhodium content of the platinum/10% rhodium
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thermoelement. (The exact, i.e., 10 £ 0.05 wt % rhodium, composition wire
was ordered but the manufacturer supplied the nominal 10% composition wire.
With the proper attention that is being given to calibrations, the nominal
10% rhodium wire is acceptable for use.) The calibration deviations are

a smooth, negative, monotonic function of increasing temperature with
maximum deviation of less than —5°C (=9°F) at 1500°C (2732°F). Tables

and functions based on the IPTS-68 temperature scale are now being pre-
pared for use in converting the thermal emfs of these thermocouples to
temperature. The principal use of this bare-wire, type S material will

be for measurements of the outside surface temperature of the Zircaloy

' tubing in the single-rod tests and for use as a secondary working stan-
dard to facilitate calibration of sheathed thermocouples purchased in the
future.

A variety of thermocouples are on order for evaluation and use in
the initial tests; Table 5.6 summarizes the procurement status. Design
and procurement of the components necessary for' evaluation of the 0,030-
in. -OD tantalum-sheathed thermocouples are complete. Evaluation of these
thermocouples will include comparative calibration to working standard
type S thermocouples over the range 20 to 1315°C (68 to 2400°F) and meas-
urement of the high-temperature sheath-to-wire resistance if the measured
temperature deviates appreciably from that indicated by the standard.

As discussed in Section 5.2.3, bare-wire, type S thermocouples will
be attached to the outside surface of a number of fuel pin simulators in
the first 4 x 4 bundle to obtain temperature profiles. To alleviate
assembly problems and to provide support for the fragile wire, 0.063-in.-
ODb stainless-steel-sheathed thermocouples were selected. The sheath will
be stripped back a few inches from the sensing end to expose the thermo-
elements for welding to the cladding. This requires a high-temperature
hermetic end seal to prevent moisture entry into'the sheathed portion;-
several end seal materials are under consideration. Procurement was ini-

tiated for 60 of these thermocouples.



Table 5.6. Thermocouple procurement status in the MRBT program

Thermocouple Sheath 0D Length . Scheduled

type Sheath Insulator (in.) (£t) Quantity shipping date Vendor
K Ta Al, 04 0.030 10 45 L/l/75% - SEMCO
K Ta Al, 04 0.030 10 25 6/1/75° ART

S Ta Al 04 0.030 10 10 L/l/75¢ SEMCO
% 310 SS MgO 0.030 10 100 L/ 25/752 Gordon
S 310 8s° Al 04 0.053 7 60 Out for bids

S Bare Al, O 0.010 250 Received Bishop
aPartial shipment of about 15. Remainder to be shipped May 9, 1975.

b

Partial shipment of 5. Remainder to be shipped July 18, 1975.
CPartial shipment of 2. Remainder to be shipped May 9, 1975.
dPartial shipment of 50. Remainder to be shipped July 15, 1975.

e . . . .
Bare-wire sensing junction.

00T
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5.3.6 Design

J. L. Crowley, H. R. Payne,¥* and R. D. Stulting*

Single-rod tests

Design of é versatile, bench-type test stand was completed; this
test stand will ,be used to develop, test, and evaluate design concepts and
components, to establish test procedures, to determine temperature dis-
tributions in individual fuel pin simulators, to investigate parametric
effects, and to perform single-rod burst tests. The test stand can be
supplied with up to 10 1lb/hr of 650°F (~1 psig) superheated steam; a dc
motor-generator set supplies power for electrically heating the fuel pin
simulator. Test data, i.e., temperature, pressure, etc., will be re-
corded with a computer-controlled data acquisition system (CCDAS). The
design permits the use of up to 24 bare-wire, type S thermocouples on the
outside surface of the cladding; four sheathed thermocouples can be
attached to the cladding inside surface., Although the present design
incorporates an unheated shroud around the -fuel-pin simulator, modifica-

tions will permit the use of a heated shroud.

Multirod test facility

Significant progress was made on facility design; mechanical design
of the facility and 4 x 4 bundle test components is approximately 70% com-
plete, electrical design of the dec power supply modifications is about 50%
complete, and design of the instrumentation and control system is about
30% complete.

The facility includes a 12-in.-ID test vessel for housing pre-
assembled test bundles. Plant steam (250 psig, saturated), reduced in
pressure to 100 psig and superheated to 650°F, is supplied to the test
vessel; 30 psig steam is supplied for fast cooling of the test assembly.
Helium will be supplied to a manifold from high-pressure helium cylinders.
Each test rod will be connected to the manifold, and the connecting line

pressure will be monitored by a pressure transducer. Electrical power is

*Engineering Division.
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supplied from a large dc motor-generator set. A computer-controlled data
acquisition system (CCDAS) will record multivolt signals from the process
instrumentation system. The CCDAS will provide alarm and test termina-
tion signals according to preprogrammed instructions.

Figure 5.5 shows the conceptual design of the test vessel with a
4 x L bundle installed.v The bundle is enclosed by a ohmic-heated shroud,
fabricated from thin Inconel sheet stock. This heater will be electri-
cally connected in series with the bundle heaters (all in parallel) to
utilize the same power supply. A variable resistor paralleled with the
heated shroud permits minor current adjustment (rate of heating) to
match approximately the temperature rate of increase with that of the fuel
pin simulators. Power for the bundle and heated shroud will be supplied
from the existing de¢ power supply installed for the THTF facility. The
existing feeder will be rerouted to disconnect switches to permit opera-
tion of either experiment. Each fuel pin heater will be provided with
current-limiting fuse protection. Studies have been made to determine
the cable and equipment requirements for the intermittent type load. The
disconnect switches are on hand and other components for the system are

being determined.

5.4 FABRICATION AND CONSTRUCTION

J. L. Crowley and J. D. White

The single-rod tést stand is in the final stages of fabrication. Site
preparations are complete and most of the equipment is in place.

A steam heater has been fabricated using existing electrical equip-
ment. A 30-ft-long coil of l/2—in.—diam stainless steel tube will be di-
rect resistance heated with current supplied by a step-down transformer
and controlled by a manually operated auto-transformer. The heater will

supply up to 10 1b/hr of superheated steam at 650°F.

Power will be supplied to the fuel pin simulator by a small dc motor-
generator set that has been reconditioned and installed in the test area.
The M-G set is presently supplying power for test and evaluation of devel-

opment heaters.
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Parts for the single-rod test container have been machined, and
assembly is now in progress. The versatile test chamber is designed to
accomnodate the low-pressure (atmospheric) steam, allowing some leakage
at various penetrations. A 1l l/2-in.-diam (unheated) shroud tube sur-
rounding the fuel pin simulator is split into three sectors to allow
assembly after the external thermocouples are attached to the simulator.
Superheated steam, supplied by the steam heater, will enter the annulus

formed by the shroud and the fuel pin simulator via an upper plenum.

Construction of the multirod facility site and additions to the

dc power supply are scheduled to commence next quarter,

REFERENCES

1. Quarterly Progress Report on Reactor Safety Programs Sponsored by the
Division of Reactor Safety Research for July—September 1974, ORNL-TM-
L4729, Vol. I, pp. TO—T72.

2. Quarterly Progress Report on Reactor Safety Programs Sponsored by the
NRC Division of Reactor Safety Research for October—December 1974,
ORNL-TM-4805, Vol. I, pp. 102-110.
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6. FISSION PRODUCT RELEASE FROM IWR FUEL
Chemical Technology Division

A, P, Malinauskas
R. A, Lorenz
M, F, Osborne

During this period the program work plan was revised to incorporate
comments which were made in the course of review of the preliminary
draft and to emphasize specific NRC data needs which were identified
during the review. The revised work plan was transmitted to ONRR-NRC
on March 7, 1975.

A contaminated hot cell has been cleaned. Installation of our
experimental apparatus in this cell is progressing according to schedule;
electrical wiring is being installed, and the components of the gas flow
system are being connected and tested. Appropriate quality assurance
approvals have been obtained for the apparatus design.

Irradiated fuel specimens which are currently available for use in
the present experiments are limited in utility because of low burnup
(~1000 MWd/metric ton) or low linear thermal power during. irradiation
(<160 W/cm). Thus, to maintain prototypical conditions as closely as 1is
possible, it is desirable to obtain specimens of modern, high-burnup LWR
fuel for testing. Accordingly, we have requested two fuel rods from the
bundle of H. B. Robinson 2 (PWR rods) which are béing acquired by ONRR-NRC,
Detailed specifications have been developed for the examinaticn and
sectioning of the two fuel rods and for the preparation of specimens to
be used in the experimental program. The specifications were submitted
to three different hot-cell facilities for cost estimates; one of the
estimates has been received, and the remaining two are expected shortly.

Representative rods from the H. B, Robinson 2 PWR bundle will be
thoroughly examined for such characteristics as fission-gas release,
fission product distribution within the pellets, burnup profiles, and
dimensional changes; since these characteristics have pertinence to
other NRC-funded activities as well as the Fission Product Release
from IWR Fuel Program. We have specifically requested fission gas

release and burnup profile determinations for the two rods to be
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employed in our investigations. Subsequently, these rods will be cut
into 1~ and 2-ft lengths; and the sections will be sealed immediately,
By selecting appropriate ségments of the fuel rods for experimentation,
as guided by the axial burnup distributions, we can span a range of
| burnups from 10,000 to 30,000 MWd/metric ton in the experiments.
Apparatus modifications which are required for studies of cesium

release from UO.-cesium mixtures using a Knudsen cell-mass spectrometer

2
technique are proceeding somewhat more slowly than anticipated. This is
due primarily to unexpected difficulties with both the vacuum system and

~ the electronics associated with the apparatus.
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7. CREEPDOWN AND COLLAPSE OF ZIRCALOY FUEL CLADDING

D, O. Hobson
Metals and Ceramics Division

Progress has continued this past quarter on both the theoretical and
the experimental aspects of Zircaloy cladding collapse behavior, The
theoretical portion has been concerned with a review of the subjects of
tubing collapse in general, and the creep behavior 6f Zircaloy and the
effects of anisotropy on the mechanical behavior of Zircaloy, specifically,
The experimental aspects of the program have centered on the design, pro-
curement, and installation of test equipment for the collapse studies,
together with the necessary safety reviews fof the use of high-pressure
autoclaves,

All of the capital equipment necessary for the collapse testing is
now on order — including a furnace, controller, and power supply; a gas-
booster pump; and the most recently designed eddy-current strain gage
coils. Installation of services to the autoclave pit area has started,
and the high-pressure review committee has approved the installation and
use of the high-pressure equipment. This equipment will be installed
upon receipt.

Difficulty was experienced with the insulation on the first eddy-
current coils when they were subjected to elevated temperatures during
calibration. These were fabricated from flattened platinum wire and were
wound into flat coils with insulation provided by a room—témperature-
hardening "glass" solution. This design failed at approximately 200 to
300°F due to breakdown of the insulation. A new design was chosen that
used aluminum foil that had been anodized to produce an approximately
3000 to 3500 A oxide film on the surfaces., Coils wound from this
material proved to be well insulated at room temperature. Elevated-
temperature testing is now being done. Electronic stability problems
have apparently been overcome — drifts amounting to only several tens of
microinches liftoff have been found over periods of three to four days at
room temperature, A five-unit block of coils has been fabricated as a

prototype unit of the design to be used for the collapse and creepdown
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tests. Proof of the efficacy of the design must await installation of
the test equipment.

Review of previous work by others concerning tubing collapse, creep
in Zircaloy, and the effects of anisotropy on the mechanical properties of v
Zircaloy has been completed, and the report will be issued as ORNL-TM-L4913,
One of the major findings of the study was that without exception, the
anisotropic behavior of Zircaloy, in which the tensile and compressive
strengths can differ widely from each other, has not been taken into
account, Several of the previous studies, including those referenced
in the document that described the BUCKLE code', do not acknowledge the
extreme variations of mechanical properties with stress direction and
stress ratio that Zircaloy can possess., DNor do those studies quantita-
tively take into account the effects of crystallographic texture (pre—
ferred orientation), effects that can radically change the way Zircaloy
responds to a given stress distributioh. It has become obvious that the
experimental work to be done in the present study must address these items
in a way that will produce quantitative correlations among stress state,
texture, deformation behavior, and strain rate. This information is in

addition to the correlations of the above with temperature, stress magnié

.

tude, and tubing — pellet geometries that obviously must be obtained..

REFERENCE
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