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THERMAL-HYDRAULIC TEST FACILITY BUNDLE 3 IN-CORE
INSTRUMENTATION AND OPERATING HISTORY

L. J. Ott

ABSTRACT

This report presents the chromological history of the Ther-
mal-Hydraulic Test Facility (THTIF) Bundle 3. This bundle is one
of the most extensively instrumented bundles ever used in light-
water reactor safety research. This compilation documents the
in—-core instrument measurement sites and operating history for
the original Bundle 3 and two major refurbishments to the bun-
dle. Additional information (such ss radial dimensions and sur-
face emissivity) that will be needed for thermal anai, s of the
fuel rod simulator responses during THTF testing is also pro-
vided.

1. INTRODUCTION

The Oak Ridge National Laboratory (ORNL) Pressurized-Water Reactor
(PWR) Blowdown Heat Transfer (BDHT) Separate Effects Program® is an ex—
perimental separate effects study of heat transfer phenomena in rod bun-
dles under conditions typical of verious reactor accident scenarios.
Primary test results are obtained from the Thermal-Hydraulic Test Facility
(THTF), a large nonnuclear experimental loop with a test section that com—
tains an array of indirectly electricalliy heated fuel rod simulators
(FRSs) with a 3.66-m (12-ft) heated length.

The FRSs used in the first rod bundle in the THTF had a dual-sheath
design (see idealized rod cross sectiom in Fig. 1.1) with theraccouples be-
ing located in the center of the FRS and in axial grooves machined in the
inner sheath., The sheath thermocouples allow the dstermination of the
transient surface tempersture and surface heat flux of thr FRS during ex-
periments in the THTF (Refs. 2 and 3). Bundle 1 was a 7 x 7 matrix con—
taining 49 active FRSs 10.7 mm (0.422 in.) in dismeter. These Bundle 1
FRSs were reduced to their final outside diameter by swaging; this opera-
tion crushed the embedded thermocouples to a somewhat elliptical shape and
pulled the edges of the milled groove away from the outer sheath, thus
forming air pockets around the thermocouples. Two-dimensional modeling of
these BDHT FRSs using HEATINGS (Ref. 4), a generalized heat conduction
code developed at ORNL, revealed severe perturbations in the surface heat
flux and temperature driving potential caused by the presence of the
sheath thermocouple and the air pockets surrounding the thermocouple.’

The local surface flux was perturbed by &s much as 30% of the mean flux
with an additional 1% perturbation per mil (0.025 mm) of eccentricity of
the heating element with respect to the outer sheaths,
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Fig. 1.1, Heater rod cross section,

On May 3, 1979, Bundle 1 was removed from the THTF test section after
surviving 38 blowdowns snd 223 h at power (10.5 h at a full power of 122
kW per rod) with only two FRS failures.® Rods 39 and 47 failed because of
low electrical resistance between the heating element and ground.

Assembly of THTF Bundle 2 was completed on February 6, 1978. Bundle
2 was a 7 x 7 matriy containing 45 active rods 10.7 mm (0.422 in,) in
diameter and 4 inactive rods nominally 13.9 mm (0.547 in.) in diameter.?
These FRSs differed in design from Baundle 1 FRSs only in a slightly
thicker (~0.127-mm) outer stainless steel sheath. During construction
many of these FRSs developed extemsive cracks in the inmer stainless steel
sheath in the bottom of the grooves machined for the sheath thermocouples.
Because moisture could easily enter the borom nitride (BN) insulation
through these cracks, the integrity of the cracked FRSs was questionable,
The assembled Bundle 2 has never been installed in the THTF.

Problem areas encountered in the Bundle 1 and 2 FRSs were essen-
tially eliminated in the design and construction of the *hird bundle for
the THTF. Bundle 3 FRSs (see idealized cross section in Fig. 1.2) were
constructed with (1) a single outside sheath (rather than the dual sheath
of Bundles 1 and 2), (2) BN insulator preforms to minimize eccentricity,
and (3) multiple-sheath thermocouples per axial level (as compared with
one in Bundle 1), HEATINGS analysis ~f this FRS design showed the surface
heat flux to be perturbed by only _  of the mean flux., X rays and cross
sections of prototypical Bundle 3 F revealed negligible e-centricity,
Furthermore, the Bundle 3 FRS incorp. «ted a flat power profile (i.e., mno
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Fig. 1.2, Cross section of THTF Bundle 3 FRS.

changes in the power generation rate except at ths ends of the 3.66-m
heated length). These Bundle 3 FRSs were as nearly axisymmetric as pos-
sible using state-of-the-art manufacturing processes.

Assembly of Bundle 3 was completed June 19, 1979, The bundle is an
8 x 8 square array with 60 FRSs 9.5 mm (0.374 in.,) in diameter and 4 un-
powered positions. Bundle 3 was installed in the THTF June 26, 1979.



2. OBJECTIVE

The THIF Bundle 3 is one of the most extensively instrumented bun-
dles ever used in light-water reactor safety research, Not counting
spacer—grid and shroud-wall thermocouples, each FRS contains 16 thermo—
couples for a total of 960 thermocouples just in the FRSs. Additionally,
there have been two major refurbishments of bundle 3 (omce in March—April
1980 and agein in July—August 1980). Th's report documents the thermsal
measurement sites in the original and rerurbished Bundle 3 and provides
supplemental information (such as FRS radial dimensions and heating ele-
ment resistance) needed for thermal analysis of the FRS responses obtained
during THTF testing. Also, a historical account of the THTF Bundle 3
since June 26, 1979, will be given.



ORIGINAL THTF BUNDLE 3

3.

3.1 Core Configuration and Instrumentation

The original Bundle 3 was installed in the THTF test section on
June 26, 1979. The FRS test assembly was an 8 x € square array contain-
ing 60 FRSs with 2 9.5-mm OD (0.374-in.) on a 12,73-am (0.501-in,) square
pitch with a 3.66-m (12-ft) heated length having a flat power profile.
Four unpowered rods (two thermocouple rods, one level rod, and one dummy
rod) had an outside diameter of 10.2 mm (0.401 in.). A cross sectiom of
the bundle (identifying the FRSs, subchannel locations, and inactive
rods) is given in Fig., 3.1. Each FRS contained 16 thermocouples in groups

ORNL -DWG 82-4713 ETD

S
00

6

P
00

THERMOCOUPLE RODS 19 AND 36
- LEVEL ROD 22
DUMMY ROD 48

@ INACTIVE RODS

Fig. 3.1, Identification of THTF heater rods, subchannel locations,
and inactive rods in THTF Bundle 3.



of four (one centerline and three sheath) at each of four axial levels.
The axial levels monitored by each rod are indicated in Fig. 3.2; these
axial levels are denoted by alphabetic letters,
nal locations (A—G) are presented,
Fig. 3.3.

As in the case
through the bundle,

and the major level nomi-
along with other critical points, in

of Bundle 1, normel flow in the test sectionm is upward
and the temperature of the inter-rod flow channels

S74

@ INACTIVE RODS

Fig. 3.2, Identification of THTF heater rods and axial
levels monitored by each rod in THTF Bundle 3.

thermocouple
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Fig. 3.3. Nominal locationm of critical points in THTF Bundle 3, Ali
dimensions are in centimeters and are referenced to the gage line in the

nickel terminal.



(subchannels) at the exit of the bundle heated length is monmitored by
thermocouples ~3.3 cm above the upper end cf the heated zome. The inlet
flow to Bundle 3 enters the vottom of the test section via an extermal
downcomer (Fig. 3.4), whereas for Bundle 1 the flow entered at the upper
end of the test section barrel and proceeded downward to the bundle inlet
region by way of the annulus between the outside of the shroud box and the
inside of the test section barrel., In the THTF configurationm in Fig. 3.4,
the old downcomer annulus is isolated from the bundle by means of a pack-
ing gland near the bottom of the shroud box.

The thermocouple level locations in Fig. 3.3 are nominai: or design
values and do not represent the actual "as-built"” locations of the FRS
thermocouples. The location of each thermocouple in each FRS in Bundle 3
was determined individually from x rays.® The compilation of these data
is presented graphically in Figs. 3.5 and 3.6. Figure 3.5 is a schematic

ORNL-DWG 804545 ETD

HEAT EXCHANGERS
23/
] S
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&
Y
RUPTURE y >
DISKS 1‘ L’
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Fig., 3.4, THTF in standard configuration
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Fig. 3.5. Location of thermocouples in THTF Bundle 3. All dimen-

sions are in centimeters and are referenced to the gage line in the niclal

terminal .,




03 2g5 — 203523
42 >203.086
= :

-

_~193.556

“\102.768

NO TC
@ THREE SHEATH

+ ONE CENTRAL TC
@ ONE SHEATH

+ ZERO CENTRAL T¢C
& INACTIVE RODS

BXJ SPACER GRIDS

Fig. 3.6. Special thermocouple locations in THTF Bundle 3. All di-

mensions are in centimeters and are referenced to the gage line in the
nickel terwminal,




11

of Bundle 3 giving the location of all primary level FRS thermocouples
(levels A~G) in the heated section., Figure 3.6 is a schematic of Bundle 3
illustrating the location of the special FRS thermocouples. These special
locations include the Y, H, S, and U levels (rods 5, 34, and 52 grouped
between C and D levels in the heated section) and O-ring thermocouples

(designated as J level) in rods 4, 33, 60, and 61. Where applicable,
locations are given as

= gtatistical mean,
Sx = gstandard deviation about the mean,
= maximum variation about the mean,

. minimum variation about the mean.

min

The nomenciature® for Bundle 3 FRS thermocouples takes the following
form:

TE-3nnal ,
vhere

a nuaber between 01 and 64 (inclusive) equ-1l to the rod (grid)
position number,

one of three letters (A, B, or C) designating the relative posi-
tion of the sheath thermocouple to the other two thermocouples
in that rod at the designated level. The three thermocouples at
a8 level are labeled A, B, and C in & clockwise directivn as
viewed from the top of the rod, The centerline thermocouple is
designated by the letter M,

the level of the thermocouple. A letter in the list AG (heated
section), J (O-ring area), or Y, H, S, and U (four levels
grouped betweesn C aud U levels in the heated section).

An example of the FRS thermocouple naming convention applied to level F
of rod 30 is given in Fig, 3.7.

In total, there are 960 (720 sheath and 240 centerline) FRS thermo-
couples, Due to a lack of Field Effect Transistor (FET) multiplexers for
the computer—controlled data acquisition system (CCDAS), only ~60% of the
total number of FRS thermocouples were monitored. As of January 8, 1980,
those FRS thermocouples given in Table 3.1 were monitored by the CCDAS.
Additionally, 50 FRS thermocouples were monitored by & visual multichannel
temperature indicator (Metrascope) in the THTF comtrol room; these thermo-
couples are not available for the CCDAS, and their responses are essen—
tially lost unless noted visually and recorded by hand, The location and
names of these Metrascope thermocouples are indicated in Fig., 3.8,
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Table 3.1. In-service thermocouple listing for small-
break LOCA test series (8-Jan-80)

Rod Sheath angle level Center level
1 A8.% ag, BF, O w.” e, v, o
2 AB. AE, BC, O MB, NC, WD, ME
3 BE, BF, €D, G ND, ME, WF, W
4 AC, BD, BE, CF MC, ND, ME, WF
5 AS, BH, BU, CY ME, M5, WU, MY
6 AB, BA, BC, BD MA, MC, M

7 AC, AF, CE NC, MD, ME, WF
» AA, BC, BD, (B MB, NC, M

9 AC, AA, (B, O MA, MB, NC, W
10 AF, BE, CC, O MC, MD, ME, WF
11 CA, @B, CC, O MA, MB, NC, WO
12 BC, BD, BE, @8 MB, MC, MD, ME
13 BC, BF, CD, CE MC, MD, ME, WF
14 AD, AE, AF, AG 3D, BE, BF, BG, CD, CE, CF MD, ME, WF, %
1s AB, AE, BC, CD MB, MC, MD, ME
16 AD, BF, CE, & ND, ME, W, MG
17 AE, (B, CC, CD MB, MC, MD, ME
i8 AD, AF, BE, BG MD, ME, W, M
19 Rod 19 is unpowered

20 AD, AE, AF, AG, BD, BE, BF, BG, CD, CE, CF, (G WD, WF, MG

21 AA, AB, BC, CD MA, MB, W

22 Rod 22 is unpowered

23 AD, BC, B MB, MC, WD

24 AC, BD, (B, CE NC, M, ME

25 AA, AB, AC, BA, BB, BC, BD, CA, (B, CC, O MA, MB, MC, W
26 AC, BB, BD, CE MB, MC, MD, ME
27 AA, AB, AC, AD, BA, BB, BC, BD, CA, (B, CC, CD MA, MB, MC, M
28 AC, AD, AE, AF, BC, BD, BE, BF, CC, CD, CE, CF NC, MD, ME, WF
29 AB, AC, AD, AE, BB, BC, BD, BE, (B, CD, (E MB, MC, WD, ME
30 BF, BG, (D, CE MD, ME, NF, MG
1 AC, CD, CE, CF MC, MD, ME, WF
32 AE, AD, AF, AG, BE, BG, CD, (B, CF, G MD, ME, MG

33 AC, AD, (B, CE MB, MC, MD, ME
34 AH, AS, AU, AY, BH, BS, BU, BY, (8, CS, (U, CY MH, MS, MY

35 AC, BB, BE, CD MB, MC, WD, ME
36 Rod 36 is unpowered

37 AE, BC, BD, CF NC, MD, ME, WF
38 AB, BA, BC, BD MA, MB, MC, W
39 AC, BB, BD, BE MB, MC, WD, ME
40 BC, BD, CA, @B MA, MB, NC, MD
«1 AB, BA, BD, CC MA, MB, NC, WD
42 BD, BE, CF, 6 KD, ME, WF, W
43 BA, BB, BC, O NA, MB, MC, WD
45 AD, AE, AF, AG, BD, BE, BF, BG, CD, CE, CF, G MD, ME, MG

46 Rod 46 is unpowered

47 AD, AE, AG, BF MD, ME, WF, MG
48 BC, BD, (B, CE MB, MC, MD, ME
49 B, cC, Cp, CE MB, NC, MD, ME
s0 AC, AD, AE, AF, BC, BD, BE, BF, CC, CD, CE, CF MC, ND, ME, WF
51 AB, AE, BC, MB, MC, MD, ME
52 AH, AS, AU, AY, BH, BS, BU, BY, (N, CS, (U, CY M8, MS, MU, MY
53 AD, AE, AF, °C NC, MD, ME, WF
54 AD, CA, OB, CC MA, MB, NC, W
ss AA, AD, BC, (B MA, NB, MC, WD
56 AD, AF, BE, CC MC, MD, ME, WF
57 AA, AB, AC, AD, BA, BB, BC, BD, CA, CB, CC, CD MA, MB, NC, WD
58 BE, CD, CF, G MD, ME, NF, MG
59 AD, AE, CC, CF NC, WD, ME, W
60 AA, AB, AC, AD MA, MB, NC, WD
61 AB, AC, AD, CE MB, MC, WD

62 AD, AE, AF, (G MD, ME, MF, MG
63 AD, BC, BE, (8 MB, NC, WD, ME

64 AD, AE, AF, AG, BD, BE, BF, BG, CD, CE, CF, (G MD, NF, W

ql'hum'»uuph TE-301AE is s sheath thermocouple im rod 1 at
angle A on level E.

b‘nomoouplc TE-301IMD is a centerline thermocouple (M) in rod 1

at level D,
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Fig. 3.7. Example of FRS thermocouple nomenclature,

In addition to the FRS thermocouples, the TFIF Bundle 3 instrumenta-
tion also monitors the core fluid temperature. Figure 3.9 is a schematic
of Bundle 3 giving the axial and subchannel location of the fluid thermo-
couples in the core, In this sense, "fluid" encompasses all the sub-
channel, grid, shroud-box, and thermocouple-array rod thermocouples, Be-
cause distinguishing subchannels in Fig, 3.9 is somewhat difficult, more
detailed location figures and the naming convention for the core fluid
thermocouples are presented in Appendix A,

The remaining instrumentation of note in Bundle 3 was a liquid level
rod occupying position 22 in the grid., This liquid level detector system,
purchased from EG&G Idaho, Inc., for use ‘n the BDHT Program,?® consists
of an assembly of 19 sensing elements mounted in a probe (rod) plus an
electronics package that provides signal conditioning, signal readout, and
an output signal for the CCDAS, The probe sensing elements comsist of
small electrodes surrounded by cylindrical ground plames. The presence or
absence of liquid at each sensing element is detected by measurement of
the electrical conductivity between the electrode and the grouad plane.

The axial location of th. » 19 sensing elements in Bundle 3 is presented
in Fig. 3,10 (Ref. 11).
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3.2 Operating History

After installstion of Bundle 3 in the THTF test section on June 26,
1979, the arduous tasks of modifying the THTF loop piping (to the conm-
figuration in Fig, 3.4) and instrumentation installation and verification
remained. In sddition, following the discovery of a leakage path between
the test section core and the surrounding annulus, the bundle was raised
out of the test section and the shroud walls were seamwelded to reduce
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the leakage rate to <40 cm?/min [at a pressure differential of 0.34 MPa
(50 psi) and room temperature]. The leakage rate prior to the welding fix
was ~540 cm?/min, 2

On November 2, 1979, the first test was conducted using Bundle 3 in
the THTF. The test was a double-ended isothermal blowdown (test 3.01.5A)
and was intended to be a shakedown for the new instrumentation and a
source of information on thke bydrodynamic response of the THTF with Bun-
dl» * installed, The approximate conditions at blowdown were (1) test
section temperature of 478 K (400°F), (2) test section flow of 0,035 m*/s
(500 gpm), and test section outlet pressure of 14.52 MN/m* (2150 psig).
The break areas were 50% on the inlet and 60% on the outlet, where 100%
refers to a nominal break ares of 0.00125 m? (0.0135 ft32), 22

Bundle characterization (calibration) tests were attempted on Novem
ber 29 and December 11, 1979; however, neither test was successful. These
tests, the first powered operstion of Bundle 3, were designed to gain data
that would allow in situ determination of the FRS thermal-physical prop-
erties as a function of temperature,* The tests were aborted on each
occasion because of a trip of the crowbar system (bundle protection). The
crowbar system involves fault detection devices that remove voltage from
each FRS if any overcurrent condition develops. These trips were appar
ently spurious (i.e., not ciused by an ursafe condition); modifications
and testing of the crowbar system were initiated to eliminate the trip
problem but still ensure safe power operations with the bundle.

After the bundle characterization test on December 11, the THTF loop
configuration was changed for the small-break LOCA test series. A sche-
matic of the THTF for these tests is presented im Fig. 3.11. The first of
these tests was conducted on December 21, and the bundle was uncovered for
a total of ~39 min, Further tests were completed on January 9, 1980, with
the bundle being uncovered for ~187 min. A test series summiry is pre—
sented in Table 3.2.

On completion of the small-break .JCA test series, the loop piping
was changed to its standard configurstion (Fig. 3.4), and another attempt
was made to run tne bundle classification tests, At this time. the bundle
inner—seal coolant pressure [0O-ring intermediate coolant cavity at the
terminal end of the FRS (Fig. 3.3)] tracked the primary system pressure,
thus indicating inner O-ring failure, possibly due to the severe condi-
tions encountered in the small-break LOCA tests, The bundle characteriza-
tion test was performed on February 15, 1980; at a power level of ~80 kW
per rod (the highest power yet attained in the bundle), the crowbar system
tripped on all generators. After the abort »f the classification tests,
power was applied to each individual rod to determine the cause of the
crowbar problem, During these individual rod power tests on February 19
and 20, the outer O-rings began leaking badly, and system pressure could
not be maintained; also 4 of the 60 FRSs were unabl~ to reach full prwer
without a fault condition (crowbar) occurring.

On February 26, the THTF operations staff began removing FRSs from
the bundle to replace the damrged O-rings. It was found that sovor: elec~
trical arcing hed occurred in the FRS terminal end "Christmas tree;" in
fact, rod 54 and the dummy rod in 46 had to be removed at the same time
because they were welded together. All rods were removed from the test

section by March 13.
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3.3 Postscript?s

Initial visual exemination of the FRSs after removal from the THTF
indicated that some had been overheated in the O-ring seal region. Sev-
eral rods exhibited local swelling of the clad and hed severely burned
O-rings. All rods were transferred to the FRS Technology Development
Laboratory (TDL) for further investigation.

Meanwhile, investigation of the terminal ercing p 'blem revealed
flaws in the FRS crowbar circuits that apparently caused voltage feedback
and interference., These flaws were corrected. Additionally, it was de-
cided that the FRS terminal ends would be electrically insulated prior
to reinsertion in the THTIF to provide further assurance against future
arcing.

A schematic of the upper test section in the THTF Bundle 3, illus-
trating the O-ring locations, is given in Fig, 3.12. Because the FRSs are
bolted to the nickel tesiinal in the bottom of the test section, thermal
expansion of the rods is allowed via the arrangement shown in Pig. 3.12.
Details of the O-ring set construction are shown in Fig. 3.13. The
grooves for the O-rings are formed by slip-on ferrules; each ferrule is
attached to the FRS stainless steel sheath in four places by a tungsten—
inert gas (TIG) weld. Several rods were damaged in the O~ring region as
evident in the visual examination. By isolating the FRS sheath from the
Inconel heating element, the electrical resistance of the BN insulation
could be measured; thus, it was possible to determine how many of the FRSs
were damaged and how severe the demage was, The results of the tests are
summarized in Table 3.3, Sixty percent of the FRSs had insulation resis-
tances below the acceptance criteria (considered damaged), while 33% mea-
sured (10" O and were thus considered severely damaged. To determine the

Table 3.3. Results of annular
insulation resistance checks
on FRS removed from
the THTF Bundle 3

Insulation Number of rods
resistance
(Q) After
Originally St
1012 8 2
>10°* 52 22
>10¢ 0 2
102 0 8%
<10? 0 > b
Total 60 60

aDlll'.d.
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Fig. 3.12, VUpper test section of the THTF Bundle 3.

location of the short circuit in the FRS, a variable power source was conm—
nected across the BN insulation (i.e., between the heating element and the
sheath); thus, those regions that were low in insulation resistance would
permit current flow and localized hesting, All severely damaged rods ex-
hibited heating in the O-ring region adjacent to one or more sets of the
ferrule welds., Ir fact, BN and steam and water spewed from some of the
welds as they were heated; thus, many of the TIG welds obviously had
punctured the sheath, exposing the annular BN insulation to water,
Techniques were developed by the FRS TDL to dehydrate the FRSs; as
a result, 52 of the original 60 Bundle 3 FRSs were salvaged, Eight per-
manently damaged FRSs were replaced with spare simulators, Also, & new
single—piece O-ring oversleeve (instead of the six separate ferrules) was
designed, fabrica:ed, and installed on all FRSs (Fig. 3.14). An inspec-
tion and safe braze process were uscd, and helium leak, dye penetrant, and
electrical checks were incorporated to assure reliable FRS repair,
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Fig. 3.13. Details of THTF Bundle 3 FRS O-ring region,
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Fig. 3.14. Returbished THTF Bundle 3 FRS O-ring region,



24

An ltional advantage of this O-ring oversleeve was realized when
the TeTF pressure seal plates (Fig. 3.12) were examined, The rod penetra-
tion koles in the seal plate had been chrome plated to provide a smooth
surface for movement of the O-rings during rod thermal expansion; however,
the chrome plating either had not adhered properly or had been damaged by
high temperature. The oversleeves increased the O-ring OD sufficiently to
permit reaming and polishing of the seal plate holes, thus removing all
traces of chrome plating while still permitting a pressure seal,
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4. REFURBISHED THTF BUNDLE 3
(March=July 1980)

4.1 Core Configuration and Instrumentation

The BDHT operations staff began installing the refurbished FRSs in
the THTF test section on April 17, 1980; this task was completed on
April 25. As stated previously, eight of the original Bundle 3 FRSs had
been severely damaged and could nct be repaired by the FRS TDL. There-
fore, these simulators were replaced with back-up simulators., Seven of
these replacement FRSs were preproduction models of the original Bundle 3
rods; these FRSs contain ten thermocouples (six sheath and four center-
line) divided between four axial levels (level D has the normal contingent
of one centerline and three sheaths and the remaining three levels have
a centerline-sheath pair only). The eight replacement rod positions are
cross-hatched in Fig., 4.1, The uxial levels monitored by each rod are
indicated in Fig, 4.2.

A schematic®® of the refurbished Bundle 3 giving the location of all
primary level (A—G) FRS thermocouples is presented in Fig, 4.3; also, the
location of the specisl FRS thermocouples (levels Y, H, S, U, and J) in
the refurbished bundle are given in Fig. 4.4, The naming convention for
these FRS thermocouples is the same as that givenm in Sect., 3.1. As of
May 2, 1980, those FRS thermocouples presented in Table 4.1 were monitored
by the CCDAS.

The core fluid temperatures are also monitored by thermocouples; the
axial and subchannel location of all fluid thermocouples in the refur-
bished core are presented in the schematic in Fig. 4.5. The only changes
in the locations given in Figs. 4.5 snd 3.9 (and Appendix A) are the loss
of the subchannels monitored by the thermocouple-array rod thermocouples
in grid position 36 in the original bundle. Omne of the original thermo—
couple-array rods was damaged beyond repair and was replaced in the grid
w & dummy rod.

In addition, pressure taps were installed along the test section
during this time. This modification was primarily intended to provide
improved test sectior instrumentation for the second small-break LOCA
test series, The locations will be described in Sect. 5 along with addi-
tional instrumentation improvements.

4.2 Operating History

A week after the installation of the refurbished Bundle 3 in the
THTF test section, the first successful high-powered test using Bundle 3
was completed. On May 3, a power-drop calibration test (from 90 kW/rod)
was run, and ~2 weeks later (May 15) a second power-drop calibration test
(from 120 kW/rod) was completed. These tests, the first powered operation
of the refurbished Bundle 3, were designed to gain dats that would allow
in situ determination of the FRS thermal-physical properties as functions
of temperature. The approximate test conditions for the May 3 and May 15
power drops are presented in Table 4.2,
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THERMOCOUPLE ROD 19
LEVEL ROD 22

DUMMY ROD 46 AND 36

@ INACTIVE RODS @ REPLACEMENT RODS

Fig. 4.1, Identification of THTF heater rods s ,channel locitions,
and inactive rods in refurbished THTF Bundle 3 (Ma:clt Jaly 1980).
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SHADED POSITIONS INDICATE REPLACEMENT
FUEL ROD SIMULATORS

X
XX XX POSITION NO
THERMOCOUPLE LEVEL LOCATION

**HAS SHEATH TCs AT ‘O’ RING SEAL LEVEL
*SPECIAL TC LEVELS

@ INACTIVE RODS

Fig. 4.2, Identification of THTF heater rods and axial thermocouple
levels monitored by each rod in the refurbished THTF Bundle 3 (March—July
1980).
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Location of thermocouples in refurbished THTF Bundle 3
All dimensions are in centimeters and are referenced
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Fig. 4.4, Special thermocouple locations in refurbished THTF Bun-
dle 3 (March~July 1980). All dimensions are in centimeters and are ref-
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In-service thermocouple listing for
Bundle 3 power-drop test (02-May-80)
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Sheath angle level
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AD, AC, AE
AD, AE, BC
BF, €D, G
BD, BE, BF
BR, BU, CY
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BC, BD,
BA, 0B,
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SHADING INDICATES SUBCHANNELS
MONITORED BY THERMOCOUPLES
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Fig. 4.5. Location of fluid thermocouples in refurbished THTF Bun-

dle 3 (March~July 1980).

All dimensions are in centimeters and are ref-

erenced to the gage line in the nickel terminal,
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Table 4.2. Power-drop bundle characterization
test conditicus

Test section May 3 May 15
Average rod power, kW 89.2 119.2
Fiow, m?/s (gpm) 0.022 (350) 0.019 (304)
Inlet temperature, K (°F) 496 .8 (434.6) 460.8 (369.9)
Ontlet temperature, K (°F) 553.2 (536.1) 549.7 (529.8)

Outlet pressure, MN/m* (psia) 13.29 (1928) 13.91 (2018)

With the THTF in standard configuration (Fig. 3.4), the first attempt
at a powered blowdown occurred or May 15 (test 3.03.6A) after the power-
drop test., Because of a premature trip in rod power, the test was not
successful., This test was repeated a week later on May 21 and was suc-
cessful. The initial coniitions for test 3.03 .6AR are presented in
Table 4.3. The purposes®?’ of the experiment wers to: (1) obtain tram
sient heat transfer data for film boiling in rod bundle geometry to be
used in assessing or developing film boiling heat transfer correlations
for use in transient reactor anmalysis codes, (2) obtein dats in the high-
flow film boiling data ranmges requested by the Nuclear Regulatory Commis-—
sion (NRC) Office of Nuclear Reactor Regulation, and (3) provide a bench-
mark for transient reactor analysis codes. The upflow film boiling data
ranges are presented in Table 4.4,

On June 19, the second transient film boiling test (3.04.7R) was per-
formed.** The purposes of the experiment were the same as previously de-
scribed; however, the core phenomens were different from 3.03.6AR. Where
3.03.6AR was predominantly upflow film boiling, test 3.04.7R was designed
for film boiling in downflow. The initial conditions for test 3.04.7R are
presented in Table 4.5. Overall, the test was marginally successful.
Critical bheat flux (CHF) was achieved throughout the lower part of the
bundle; however, the lateness of CHF onset, followed almost immediately by
a rewet, severely limited the amount of post-CHF data obtained.

On July 3, a relatively high-powered double-ended blowdown 1o0ss-of-
coolant experiment (test 3.05.5B) was conducted in the THTF.2® The ob-
jectives of the test were to: (1) measure times to departure-from
nucleate-boiling (DNB) and investigate the possibility of return—to—
nucleate-boiling (RNB) in a hydraulic environment similar to that pre-
dicted to exist in a PWR during a loss-of-coolant accident (LOCA) and
(2) provide a benchmark for tramsient reactor analysis codes. The inmitial
conditions for test 3.05.5B are presented in Table 4.6.

Test 3.05.5B was the last test conducted using the refurbished Bun-
dle 3. To meet future needs of planned small-break LOCA tests, more FRS
thermometry?°~23 would be needed at the DG bundle thermocouple levels;
also there was a special NRC request to determine the effects of the
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Table 4.3. Initial comditi- for
Test 3.03.6AR

Total bundle power, MW 3.96
Average rod power, kW 65.9
Flow
Volumetric, m*/s (gpm) 0.018 (285)
Mass, kg/s (lb./t) 14.1 (31.0)
Inlet temperature, K (°F) 540 (512)
Outlet temperature, K (*F) 590 (602)

Outlet pressure, MN/m* (psia) 14.1 (2065)

Table 4.4, THTF upflow 1iim boiling data
ranges — Test 3.03.6AR

Obtained in

NRC soquested Test 3.03.6AR

Mass flux, kg/s'm? 2704070 203543

(lb./h'ft') (2 x 10*—3 x 10¢) (1.5 x 10*—4 x 10%)
Quality, % 0100 30100
Pressure, MN/m? 4.1418.61 5.179.7

(psi) (600—2700) (750—1400)
Heat flux, W/m? 3 x 1043 x 10¢ 15.7 x 104-6.3 x 10*
(Btu/h-ft?) (104-10¢) (5 x 1042 x 10¢)

Table 4.5. Jaitial conditions for
Test 3.04.7R

Total bundle power, MW 2.18
Average rod power, kW 36.4
Flow
Volumetric, m*’/s (gpm) 0.0128 (203)
Mass, kg/s (lb-/c) 9.34 (20.6)
Inlet temperature, K (°F) 571.4 (568.9)
Outlet temperature, K (°F) 605.6 (630.4)

Outlet pressure, MN/m?® (psia) 13.76 (1996)
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Table 4.6, Initial conditions for
Test 3.05.5B

Total bundle power, MW 7.52
Average rod power, kW 125.3
Flow
Volumetric, m*/s (gpm) 0.032 (506)
Mass, kg/s (lb./s) 24 14 (5:.88)
Inlet temperature, K (°F) 549.7 (529.7)
Outlet temperature, K (°F) 601.7 (623.4)

Outlet pressure, MN/m? (psia) 14.64 12124)

bundle grid spacers on the FRS heat transfer during core recovery, Addi-
tionslly, it was preferable to replace the less sophisticated preproduc-
tion FRSs (substituted for failed rods) with new rods. Therefore, after
test 3.05.5B, the THTF was again taken down not only to replace the FRSs
but also to improve the instrumentation in the core by adding an in—bundle
densitometer and thermocouples in the test section shroud wall.
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5. REFURBISHED THTF BUNDLE 3
(August 1980 to Present)

5.1 Core Configuration and Instrumeatation

The refurbishment of THTF Bundle 3 was completed by August 15, 1980,
During the down-time between test 3.05.5B and August 15, ten new FRSs were
fabricated and installed in the THTF Bundle 3 (the FRS locations are shown
in Fig., 5.1). Additionally, FRSs number 15, 56, and 62 were removed and
replaced with the FRSs from positions 50, 34, and 17, respectively. Thus,
only two of the replacement rods from the first refurbishment of the bun-
dle were left (positions 30 and 48). The axial levels monitored by each
rod are indicated in Fig. 5.2.

A schematic?* of the refurbished Bundle 3 giving the location of
all primary level (AG and Y, H, S, and U) FRS thermocouples is presented
in Fig. 5.3. The location of special FRS thermocouples between primary
levels F and G is illustrated in Fig. 5.4. Also, special FRS thermo-
couples are located between primary levels E and F as shown in Fig. 5.5.
The naming convention for these special (or super—level) thermocouples is
different from that given in Sect, 3.1 and is illusticsted in Table 5.1.

Table 5.1, Naming comvention &or
super-level FRS thermocouples

Level nxisl

position al
(cm)
297.292 E1
304.366
312.511 E3
329.966 E6
335.514 E7
343.172 E8
358.107 F1
365.849 F2
373.3717 F3
380.528 Fé4
385.763 FS
391.246 F&
396.2°% F7
403 .664 F8

aononl form: TE-3nnal,
where nn is a number between 01
and 64 equal to the rod or grid
position number, and al is a com—
binstion of a letter (E or F) and
a number (1-8). This combination
is given along with the level
axial position.

bFunrn 5.4 and 5.5.
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INACTIVE RODS

POSITIONS 19 AND 22 — THERMOCOUPLE RODS
POSITIONS 36 AND 46 — IN-BUNDLE GAMMA DENSITOMETER

ORIGINAL BUNDLE 3 RODS

REFURBISHED OR ORIGINAL RODS

POSITION 16 — ORIGINAL ROD 50 (FIG 5.1 AND 4.1)

POSITION 30 — REPLACEMENT ROD DURING APRIL
REFURBISHMENT (FIG. 4.1)

POSITION 48 - REPLACEMENT ROD DURING APRIL
REFURBISHMENT (FIG. 4.1)

POSiTION 56 — ORIGINAL ROD 34 (FIG. 3.1 AND 41)

POSITION 62 — ORIGINAL °OD 17 (FIG. 3.1 AND 4.1)

@ NEW RODS WITH SPECIAL THERMOCOUPLE POSITIONS

Fig. 5.1, lidentification of THTF heater rods, subchannel loca-
tions, and inactive rods in the refurbished THTF Bundle 3 (August 1980
to present),



POSITION NO ORNL OWG B2 5094 £TD
THERMOCOUPLE LEVEL LOCATION

"THAS SHEATH TCs AT O-RING SEAL LEVEL
"SPECIAL TC LEVELS

THERMOCOUPLE RODS 19 AND 22
IN-3UNDLE GAMMA DENSITOMETER 36 AND 46
@ INACTIVE RODS

Fig. 5.2. Identification of THTF heater rods and axial thermocouple

levels monitored by each rod in the refurbished THTF Bundle 3 (August 1980
to present).

As of August 29, 1980, those FRS thermocouples presented in Table 5.2 were
monitored by the CCDAS.

The core-fluid temperature measurement sites are indicated in Fig.
5.6. The location of subchannel, spacer grid, snd shroud-fluid sites re—
main the same as in Figs. 3.9, 4.5, and Appendix A, The thermocouple-
array rod that was ir position 19 in the refurbished bundle was removed
and discarded. (It was theorized that the thermocouple extensioms into
the fluid were bent back into the rod during reassembly of the refurbished
bundle, and as a result no longer measured the bulk fluid temperature.)
Two new thermocouple-array rods were constructed (with measurement sites
at D, E, F, and G levels) and installed in the refurbished bundle in grid
positions 19 and 22,
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Fig. 5.3. Location of primary FRS thermocouples in the refurbished
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THTF Bundle 3 (August 1980 to present).
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and are referenced to the gage line in the nickel terminal,
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Fig. 5.4. Location of special FRS thermocouples (between primary
levels F and G) in the refurbis’ed THTF Bundle 3 (August 1980 to present).
All dimensions are in centimeters and are referenced to the gage line in
the nickel terminal,
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Fig. 5.5. Location of special FRS thermocouples (between primary
levels E and F) in the refurbished THTF Bundle 3 (August 1980 to present).
All dimensions are in centimeters and are referenced to the gage line in
the nickel terminal,
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Test 3.06.6B (29-Aug-80)

In-service thermocouple listing for

Rod Sheath angle level Center level

1 AF, AG, E1, E3, E7, E8, F1, F2, F3, F6, F7, F8 WNF, MG, M2, M8
2 AB, RC, AD, AE MB, MC, WD

3 CD, BE, CE, BF, G MD, XE, WF, MG
K AC, AD, BE, AF NC, MD, ME, WF
s BU, AS, BH, CY MU, MS, MH, MY
6 AA, AB MA

7 AC, BE, CE, AF, BF NC, ME, WF

8 ™8, BC, AD, CD MB, NMC, MD

9 (B, AC, CD MB, MC

10 CC, BD, CD, BE, AF, BF, CF MC, MD, ME

11 AA, AB, CC MA, NMC

12 (B, BC, CD, AE MB, NC, MD, NE
13 BC, CD, AE, CE, BF, CF

14 AF, AG, E1, E3, E7, E8, F2, F3, Fé, F7, F8 MF, MG, M2, M8
15 AC, AD, BD, BE, CE, AF NC, MD, ME, WF
16 AD, BE, CE, BF, BG, (G MD, ME, MF, MG
17 AF, AG, E3, F1, F2, F3, F6, F7, F8 MF, MG, M6, N7
18 BD, CD, AE, BE, CE, AF, CF, AG, BG, (G MD, ME, WF

19 Rod 19 is unpowered

20 AD, BD, CD, AE, BE, CE, AF, BF, CF, AG, BG, (G MD, MG

21 AF, AG, E2, E3, B6, F1, F3, F4, FS, F6, F1, F8 MF, MG, M1, M3
22 Rod 22 is unpowered

23 AA, BC

24 AB, AC, BD, AE, CE NC, MD, ME

28 CA, (B, BC, CC, BD, CD MA, MB, %C, WO
26 EB, AC, AD, BD, CD, AE, BE, CE NC, MD, NE

27 BA, (B, AC, CC, AD, BD, D MB

28 AC, CC, AD, BD, CD, AE, CE, AF, BF, CF MC, MD, ME, WNF
29 (B, AC, BC, AD, BD, CD, AE, BE, CE MB, MC, MD, ME
30 CB, AC, AD, AE, BE MB, NC, ME

3 Cp, CE, BF, CF NF

32 CD, AE, CE, CF, (G MD, ME, MG

33 AC, AD, AE, BE, CE NC

34 AF, AG, E3, E7, E8, F1, F2, F3, F6, F7, F8 MF, M6

s BB, BD, BE MB, MD, ME

36 Rod 36 is unpowered

k¥ AF, AG, E3, E7, E8, F1, F6, F7, F8 MF, MG, M6, M7
38 AF, AG, E1, E3, E7, E8, F1, F2, F3, F6, F7, F8 WNF, NG, M2, M8
39 BB, AC, BD MB, MC, MWD

40 CA, OB, BC, BD MA, MB, MC

4] AB ME

42 BD, BE, BF, AG, BG, (G

43 BA, BB, BC, AD, BD

44 B, CC, CD, AE, (E MB, MC, ME

45 AD, BD, AE, Bc. AF, BF, CF, AG, BG, G MD, ME, MG

46 Rod 46 is unpowered

47 CF, G MF, MG

48 AH, AY MH, WY

49 B, CC, CD, AE, BE, CE MB, MC, MD, ME
50 AG, 1, E3_ E1, F1, F2, F3, F6, F1, F8 M6, M7

51 AB, BC, BD, AE, BE MC

s2 AU, BU, CU, AS, BS, CS, AH, BH, CH, AY, BY, CY MU, MS, MH, MY
53 CC, AE, BE, BF MC, ME

54 AF, AG, B2, E3, B6, F1, F3, F4, F5, F6, F7, F8 MF, MG, MS, M6
5 AA, (B, BC, CD MA, MB, NC, MD
56 BU, BS, CH, AY NS, MH

57 BA, (B, AC, BC, BD, D MA, MB, MC, MD
58 AD, CD, AE, BE, BF, (G MD, ME, MF, MG
59 CC, AD, AE, BE, CE, AF, BF, CF MC, ME, MF

60 AF. AG, , B3, B6, F3, F4, FS5, F6, F1, P8 MF, MG, 3

61 AB, AC, AD, AE, BE, CE MB, MC, MD

62 BB, AC, AD, CE

63 CB, BC, AE, BE MB, MC, ME

64 AD, BD, CD, AE, BE, AF, BF, CF, AG, G MD, MF, MG
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MONITORED BY THERMOCOUPLES
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Fig. 5.6.
Bundle 3 (August 1980 to present).
are referenced to thne gage line in the nickel terminal,
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Location of fluid thermocouples in the refurbished THTF

All dimensions are in centimeters and
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During the refurbishment of the THIF bundle, considerable improve-
ments in the inm-core instrumentstion were being made:

1. installation of shroud-wall thermocouples at 13 test section loca-
tions,
2 fabrication and installation of 2 new inmbundle gamma densitometers
and a motor drive system,

The locations of the pressure taps installed during the first refurbish-
ment and the shroud-wall thermocouples?® are shown in Fig. 5.7. Figure
5.8 illustrates the assembly of the shroud thermocouples in the east and

south walls of the shroud.

Table 5.3,

Location of shroud-wall thermocouples
relative to the core side of the shroud

Table 5.3 contains the location of the inside

Sanaidds Level Thermocouple Location of inside Location of outsigo
No and assembly thermocouple bead? thermocouple bead
' wall IAN [em (in.)) [em (in.))
1 0E TE-270AEY 0.2769 (0.109%0) 1.8669 (0.7350)
TE—27OBEb
2 1E TE-271AE 0.3376 (0.1329) 1.7777 (0.6999)
TE-271BE
3 2E TE-272AE 0.2875 (0.1132) 1.7976 (0.7077)
TE-272BE
4 3E TE-273AE 0.1575 (0.0620) 1.6576 (0.6526)
TE-273BE
6 SE TE-275AE 0.4394 (0.1730) 2.0594 (0.8108)
TE-27SBE
7 6E TE-276AE 0.3744 (0.1474) 1.9042 (0.7497)
TE-276BE
8 7E TE-277AE 0.4061 (0.1599) 1.9461 (0.7662)
TE-277BE
9 8E TE-278AE 0.4544 (0.1789) 2.1245 (0.8364)
TE-278BE
10 9E TE-279AE 0.2032 (0,0800) 1.7035 (0.6706,
TE-279BE
11 28 TE-272A8 0.4747 (0,1869) 2.1549 (0.8404)o
TE-272BS
12 58 TE-275AS 0.2489 (0.0980) 1.7689 (0.6964)
TE-275BS
13 98 TE-279AS 0.4016 (0.1581) 1.9715 (0.7762)°
TE-279BS

shrou

% Inside thermocouple.

b

Outside thermocouple.

“Location of outside thermocouple is

d wall,

in the purge stream,

not in the
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Fig. 5.7. Nominal location of critical points in THTF Bundle 3 in-
cluding location of shroud-wall thermocouples and test section differen—
tial-pressure measurement devices.
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and outside thermocouple beads at each location relative to the core side
of the shroud wall. Note that at two positions (11 and 13), the outside
bead is not in the shrcud wall, The nomenclature used for these thermo—
couples has thte following form:

TE-27abec ,
where

TE-27 is the same for all positions,

a = level (079),

b = the letter A or B (A indicates the inside thermocouple, and B
indicates the outside thermocouple),

¢ = the letter E (east wall) or S (south wall).

The in-bundle gamma densitometer?¢-2% yges low-energy gamma sources
and high-temperature ion chambers positioned in two of the instrume: ' ed
rods. A line-of-sight path that crosses two subchannels exists bety
unheated instrument rod positions 36 and 46. The design concept is tne
determination of in-bundle void fraction by measurement of the variation
in the attenunation of the source across the subchannel path length, A
detail of the source-detector radial geometry is shown in Fig. 5.9. The

ORNL -DWG B0-4828 ETD
INSTRUMENT ROD

1.02-em-0D x 0.102 -em WALL FUEL ROD SIMULATOR
(0.401-in ~OD x 0.040-in. WALL) 0.950 em OD (0.374 in. OD)~

fdj;‘\\

1273 em (0.501 in.)
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ACTIVE
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VOLUME

ION CHAMBER

\
re
SCALE: 4 X

Fig. 5.9. In-bundle densitometer geometry.
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annular source design was chosen to allow placement of two source-detector
systems using only two instrument rod positions. For the instrument rod
where the source is located above the detector (Fig. 5.10), the detector
cable passes through the source annulus snd out of the instrument rod
tube. The source and detector assemblies in each of the rods are attached
to a motor drive system for axial positioning., The two measurement sites
are fixed with respect to each other; but variation of the axial position
of the two measurement sites over the heated length of the bundle is made
possible with the aid of the positioning motor drive.
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Fig. 5.10. Axial positioning of the source-detector measurement
location,
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All of these instrumentation improvements were intended for the next
series of small-break LOCA tests,

$.2 er to

On August 29, 1980, a power-drop calibration test (from ~129 kW/rod)
was completed. As stated before, this test was designed to obtain data
that would allow in situ determination of the FRS thermal-physical prop-
erties as functions of temperature. This test was essential because there
were ten new rods in the refurbished bundle. The approximate test condi-
tions for the August 29 power drop are presented in Table 5.4.

On the same day of the power drop, the second upflow film boiling
test (3.06.6B) was attempted and completed with the THTF in standard con—
figuration (Fig. 3.4). The initial conditions for test 3.06.6B are pre-
sented in Table 5.5. The purposes of the experiment were the same as for
test 3.03.6AR (Sect. 4.2). The upflow film boiling data ranges?® re-
quested by NRC and obtained in test 3.06.6B are presented in Table 5.6.

Table 5.4. August 29 power-drop/bundle
characterization test conditions

Average rod power, kW 129.1
I'low
Volumetric, m*/s (gpm) 0.0177 (28))
Mass, kg/s (lb-/l) 15.19 (33.9)
Inlst temperature, K (°F) 487.5 (417.8)
Outlet temperature, K (°F) 587.7 (598.2)

Outlet pressure, MN/m? (psia) 13.61 (1974)

Table 5.5. Initial conditions for
Test 3.06.6B

Total bundle power, MW 2.26
Average rod power, kW 37.7
Flow
Volumetric, m*/s (gpm) 0.0079 (125)
Mass, kg/s (lb-/l) 6.04 (13.3)
Inlet temperature, K (°F) 547 (526)
Outlet temperature, K (°F) 610.2 (638.7)

Outlet pressure, MN/m® (psia) 14,98 (2173)




Table 5.6.
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THTF upflow film boiling data

ranges — Test 3.06.6B

NRC requested

Obtained in
Test 3.06.6B

Mass flux, kg/s'm?
(lbn/h-ft’)

Quality, %

Pressure, MN/m?
(psi)

Heat flux, W/m?
(Btu/h-ft3)

2704070
(2 =z 10°-3 x 10¢)
0—100

4.14-18.61
(600—2700)

3 x 104-3 x 10¢
(104-10¢)

135340
(1 x 10%-2.5 x 10%)
15100

6.03-12.4
(875-1800)

15.7 x 104—4.7 x 10°*
(5 x 104-1.5 x 10%)

Between September 11 and October 1, 1980, a series of steady-state
experiments’® (test series 3.07.9) were conducted in the THIF. These ex-
periments provided steady-state rod bundle film boiling date over a range
of flow condlitions., These tests provided a means of obtaining data in the
high-flow film boiling data ranges resquested by the NRC, These tests were
conducted with the THTF slightly altered from its standard configuration
‘Fig. 3.4); that is, the pressurizer connection was located ir tke pump
bypass line rather than just beyond the horizontal outlet spool piece.
Conditions for these tests are shown in Table 5.7. The FRS im grid posi-
tion 32, normally s heated rod, failed on Uctober 1 about halfway through
the testing on that date.

At the end of the steady-state testing om October 1, a transient film
boiling heat transfer experiment (test 3.08.6C) was conducted in the THTF.
The test objectives were the same as in the previous upflow film boiling
tests. The initial conditions for test 3.08.6C are given in Table 5.8.
The upflow film boiling data ranges’® requested by NRC and obtained in
test 3.08.6C are given in Table 5.9.

On October 8, the rod in grid position 32 was replaced with FRS-051.
On October 22 and 30, the second series of small-break LOCA tests
(3.09.10I-N) were attempted. Posttest analysis indicated that large pres-
sure differentials across the core shroud wall resulted in steam leakage
through the shroud (from the core to the test section annulus). Because
of the large uncertainty in the core outlet mass flow, these tests were
labeled unsuccessful and were rescheduled for November (after modifica-
tions to the loop to eliminate the large pressure differentials across the
shroud wall).

Using the loop configuration illustrated in Fig. 5.11, the second at-
tempt to run tests 3,09.10I-N was made on November 25, 1980, These tests
were designed to complement the first small-break LOCA test series con—
ducted in December 1979 and January 1980, The November series may be
broken down into four separate categories: (1) transient boiloff tests
(total of five), (2) steady-state bundle uncovery tests (total of six),




Table 5.7. THTF steady-state upflow film boiling data ranges,
test series 3.07.9a (a = test letter)

Date Test Mass flux Heat flux Core exit Pressure

(a) [kg/s -m? (lb-/h~ft’)] [W/m?* (Btu/h-ft2)] quality [MN/m? (psia)]

September 11 K 225 (1.7 x 10%) 4.41 x 10* (1.4 x 10%) 3.3 4.38 (635)
H 257 (1.9 x 10%) 4,10 x 10% (1.3 x 10%) 1.08 8.89 (129%90)
1 362 (2.7 x 10¢%) 5.68 x 10 (1.8 x 10%) 1.09 9.19 (1332)
L 529 (3.9 x 10¢%) 7.88 x 10% (2.5 x 10%) 1.005 8.30 (1203)
M 657 (4.8 x 10%) 8.82 x 10* (2.8 x 10%) 0.94 8.57 (1242)
N 800 (5.9 x 10%) 9.45 x 10*% (3.0 x 10%) 0.82 8.52 (1234)
0 307 (2.3 x 10%) 5.36 x 10% (1.7 x 10%) 1.09 5.98 (867)
X 339 (2.5 x 10%) 5.99 x 10* (1.9 x 107) .19 6.01 (872)
P 520 (3.8 x 10%) 8.19 x 10*% (2.6 x 10%) 1.02 6.03 (874)

September 18 Q 326 (2.4 x 10%) 5.68 x 10* (1.8 x 10%) 1.13 6.53 (947) -
R 366 (2.7 x 107) 6.46 x 10% (2.0 x 10%) 1.13 6.57 (952)

October 1 T 240 (1.8 x 10%) 3.15 x 10* (1.C x 10%) 1.03 11.89 (1723)
U 242 (1.8 x 10%) 3.15 x 10* (1.0 x 10%) 1.01 11.69 (1694)
A\ 250 (1.8 x 10*%) 3.15 x 10% (1.0 x 10¢%) 0.99 12.04 (1745)
G 248 (1.8 x 10%) 3.15 x 10* (1.0 x 10%) 1.0 12.54 (1818)
W 257 (1.9 x 10%) 3.78 x 10% (1.2 x 10%) 1.7 12.55 (1820)
F 255 (1.9 x 10%) 3.78 x 10* (1.2 x 10¢) 1.18 12.62 (1830)
e 334 (2.5 x 10%) 5.67 x 10¢% (1.8 x 10%) 1.92 12.46 (1805)
D 517 (3.8 x 10%) 6.93 x 10% (2.2 x 10%) 1.05 12.75 (1847)
E 593 (4.4 x 10%) 6.93 x 10% (2.2 x 10%) 0.95 13.2 (1908)
J 733 (5.4 x 10%) 7.56 x 10% (2.4 x 10%) 0.82 13.37 (1934
B 705 (5.2 x 10%) 9.14 x 10* (2.9 x 10%) 1.04 12.76 (1849)

abuta ranges requested by NRC:
Mass flux 270—4070 kg/s'm?* (2 x 103 x 10*¢ lb-lh-tt’),
Heat flux 3 x 104-3 x 10¢ W/m* (104-10¢ Btu/h-ft2),
Pressure 4.14-18.61i MN/m? (600—2700 psia).
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Table 5.8,
Test 3.08.6C

Initial conditions for

Total bundle power, MW
Average rod power, kW
Flow
Veiumetric, m*/s (gpm)
Mass, kg/s (lb./s)
Inlet temperature, K (°F)
Qutlet temperature, K (°F)
Outlet pressure, MN/m? (psia)

zl‘
40.6

0.0082 (130)
6.39 (14.1)

538 (519)
598 (618)
12.9 (1870)

Table 5.9. THTF upflow film boiling data

ranges — Test 3.,08.6C

NRC requested

Obtained in
Test 3.08.6¢C

Mass flux, kg/s°'m? 270-4070 2001085
(lb./h'ft‘) (2 x 103 x 10%) (1.5 x 10%-8 x 10%)
Quality, % 0-100 25-1060
Pressure, MN/m? 4.14138.61 6.55-11.72
(psi) 1 600-2700) (550—1700)
Heat flux, W/ m? 3 x 1043 x 10¢ 4.73 x 10%-1.1 x i0¢
(Btu/h*ft3) (104—10¢) (1.5 x 10%5-3.5 z 10%)

—

(3) transient reflood tests (total of five), and (4) mixture level swell

tests (total of twelve).

A summary®? of the main features of the transient boiloff tests along

with the test designations is presented in Table 5.10.

The steady-state

bundle uncovery tests are summarized in Table 5,11, and the transient re-
flood tests are summarized in Table 5.12.
The last official run in the THTF Bundle 3 was made on February 3,

1981,

diate to the 3.07.9 and 3.09.10 test series.

have not been analyzed.

These tests were aimed at mass flux and power conditions interme-

At this time, these tests



Table 5.10. THTF transient boiloff tests, November 1980 (preliminary)

Depressurization Maximum bundle
Test Average rod [MN/m?* (psia)] uncovering

duration linear power = i (%)
(s) [kW/m (kW/ft)]

Desired Observed
Desired Observed

3.09.10T 0.95 (0.29) 6.2-4.14 (900-600) 5.79-3.45 (840-500) 80 70
3.09.100 1.90 (0.58) 7.93-6.2 (1150—900) 8.00-5.52 (1160-800) 70 70
3.09.10V 0.66 (0.20) 7.93-6.2 (1150—900) 7.58-5.52 (1100-800) 70 70
3.09.10W 0.62 (0.19) 7.93-6.2 (1150-900) 7.86-5.86 (1140-850) 70 45
3.09.10x 0.33 (0.10) 8.62 (1250) 8.55-8.34 (1240-1210) 60 70




Table 5.11

. THTF steady-state bundle uncovery
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tests, November 1980

Mixture Maximum
Pressure Power
Test s level temperature
(MN/m* (psie)] [kW/m (kW/ft)]) (m (£t)] (K (°F))
3.09.101 4.14 (600) 2.23 (0.68) 2.67 (8.75) 1050 (1430)
3.09.10 4.14 (600) 0.98 (0.30) 2.92 (9.58) 905 (1170)
3.09.10K 4.14 (600) 0.36 (0.11) 2,13 (7.00) “R0 (1320)
3.09.10L 7.58 (1100) 2.20 (0.67) 2.74 (9.00) 997 (1335)
3.09.10M 6.89 (1000) 1.05 (0.32) 2.54 (8.33) 1011 (1360)
3.09.10N 7.24 (1050) 0.49 (0.15) 2.13 (7.00) 1044 (1420)
Table 5.12. THTF reflood tests, November 1980
(preliminary)
' Pressure Power Flooding rate
i [MN'm? (psin)] [kW/m (XW/{t)] [em/s (in./s)]
3.93.100 4.14 (600) 1.97 (0.6) 15.24 (6)
3.09.10° 4.14 (600) 0.98 10.3) 7.62 (3)
3.09.10Q 4.14 (600) 0.98 {(0.3) 2.54 (1)
3.09.108 7.58 (1100) 1.97 (0.6) 7.¢2 (3)
3.09.108 7.58 (1100) 0.98 (0.3) 7.62 (3)
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F4S RADIAL DIMENSIONS

One of the primary requirements of the BDHT program is the determi-
nation of transient FRS surface temperatures and surface heat fluxes from
the FRS internal-sheath thermocouples (Fig. 6.1) during a transient test
in the THTF. This requires the solution of the inverse heat conduction
problem that is accomplished at ORNL by the computer codes ORINC (Ref, 2)
and ORMDIN (Ref, 33). These codes along with the FRS calibration codes
(ORTCAL) (Ref. 14) require that the FRS radial dimensions be known as
precisely as possible. This should not imply that these codes would fail
if these dimensions are not precise and accurate but that the uncertain-
ties in the computed results would be less (hopefully) or at least could
be estimated., Unfortunately, these dimensions are not readily available
primarily because of the manufacturing technique used for the comstruction
of the FRS, The best method to determine these dimensions is to (1) de-
structively cross—-section an FRS, (2) mount and polish the cross sections,
(3) photograph the cross sections at magnification, and (4) then make the
measurements using a tool maker’s microscope (at 100X magnification). The
estimated accuracy of these measurements is +0.0025 mm (0.0001 in,).

There are disadvantages to this method; namely, an expensive FRS is no
longer available (except in 25-mm sections), and the assump.ion mmst be
mede that the cross-seciioned FRS i¢ representative of the hundle.
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Prior to the assembly of the original Bundle 3 (June 1979), BDHT
FRS-038 was cross-sectioned and measured by the Y-12 Development Division
Metallurgical Department.?* FRS-038 (an original Bundle 3 FRS) was never
placed in a BDHT loop and thus never power-cycled; in fact, this rod
failed an electrical check during comstruction, which was the primary
reason the rod was cross-sectioned. The electrical failure was caused
by metal inclusions in the BN annular insulator that resulted in arcing
between the heating element and the FRS cladding during the electrical
check. Other than the metal inclusions, FRS-038 was typical of the
original Bundle 3 FRSs (noncycled, that is), Table 6.1 contains the re-
sults?® of a statistical analysis performed on the FRS-038 measurements,
The radial results (determined from diametric measurements) are indepen—
dent of those for the thicknesses (the dimensions cross-check)., Estimates
of the uncertainties (ome standard deviation) in the radii and thicknesses
are included in Table 6.2,

The dimensional stability of preproduction Bundle 3 FRSs is indi-
cated in Table 6.3. TL.se measurements were compiled from four rods prior
and subsequent to testing in the BDHT single-rod loop., Even though the
diametric change in Table 6.3 was small, it was decided to cross-section
& THTF-cycled FRS when one hscame available.

After the refurbishment of Bundle 3 (July—August 1980), four FRSs
formerly in grid positions 21, 27, 38, and 54 of the origival Bundle 3
were placed in storage. These rods had experienced the first series of
small-break LOCA tests and THTF testing during May and June 1980. Omne of
these rods, FRS-058B (grid position 37) was acquired for testing in the

Table 6.1. Bundle 3 FRS sublayer
radii and thicknesses

Outer radius Thickness
Ssblager (mm (in.)] (mm (in.))
Heated length

Stainless steel clad 4.7523 (0.1871) 0.4801 (0.0189)
Outer boron nitride 4.2723 (0.1682) 1.1557 (0.0455)
Heater element 3.1166 (0.,1227) 0.3505 (0,0138)
Inner boron nitride 2.7661 (0.1089) 2.0523 (0.0808)
Thermocouple bundle 0.7137 (0.0281)

Terminal end

Stainless steel clad 4.7371 (0.1865) 0.4724 (0.0186)
Outer boronm nitride 4.2647 (0.1679) 1.1760 (0.0463)
Heater element 3.0886 (0.1216) 0.3556 (0.0140)
Copper tubing 2.7330 (0.1076) 0.8865 (0.0349)
Inner boron nitride 1.8466 (0.0727) 1.1303 (0.0445)
Thermocouple bundle 0.7163 (0.0282)
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Table 6.2, Bundle 3 FRS sublayer radius and thick-
ness uncertainties (1 standard deviation)

Outer radiu Thickness
Sublayer uncertainty uncertainty
[mm (in.)] [mm (in.))

Heated length

0.0076 (0.0003)
0.0102 (0.0004)
0.0152 (0.0006)
0.0152 (0.0006)
0.0356 (0.0014)

0.0102 (0.0004)
0.0356 (0.0014)
0.0076 (0.0003)
0.0406 (0.0016)

Stainless steel clad
Outer borom nitride
Heater element

Inner boron nitride
Thermocouple bundle

“150 observations.

baoo observations.

Table 6.3. Stability statistics for loop-cycled rods

Before loop testing After loop testing

[mm (in.)] [mm (in.))
a
::‘ Mean value of Standard Mean value of Standard c‘:::'
r rod diameter deviation rod diumeter deviation

40A  9.4945 (0,3738) 0.0127 (0.0005) 9.5352 (0.37%4) 0 0.78 (0.0007) 0.4
18A  9.49%20 (0.3737) 0.0102 (0.0004) 9.5199 (0.3748) 0.0203 (0.0008) 2.3
104  9.4996 (0.3740) 0.0076 (0.92003) 9.4995 (0.3740) 0.0102 (0,9004) 0.0
6A 9.5631 (0.3765) 0.0178 (0.0007)

alolntlvc to rod diameter before testing.

FRS TDL (Sects. 7 and 8) and subsequent cross-sectioning and measurement
by the Y-12 Developwent Division Metallurgical Department., I'RS-058B
should be representative of a cycled THTF rod, and the change i. the rod's
outer diameter (0.3-0.4%) agrees very well with the preproduction Bundle 3
rods (Table 6.3) cycled in the BDHT single-rod facility,

Presented in Table 6.4 are the internal dimensions for the cycled
Bundle 3 FRS., (Sublayer radius and thickness uncertainties are included
in Table 6.5.) These dimensions are the result of a statistical analy-
sis?® performed on measurements’’ from BDHT FRS-058B. The radial results
(determined from diametric measurements) are independent of those for the
thicknesses,

Comparisons of the sublayer radii in Tables 6.1 and 6.4 show appar-
ent dimensional changes., The direction of these diametric changes in the
interfaces is indicated in Fig. 6.2, Apperently, the FRS ‘as stress-
relieved itself, Considering the FRS manufacturing process, *he relief
is in ‘he correct direction. Roughly the manufacturing process takes the
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Table 6.4. Cycled Bundle 3 FRS sublayer radii
and thicknesses
Outer radius Thickness
e [am (in.)] (mm (in.))

Stainless steel clad
Outer boron nitride
Heater element

Inner boron nitride
Thermocouple bundle

4.7630 (0.18752)
4.2997 (0.16928)
3.1227 (0.12294)
2.7882 (0.,10977)
0.6652 (0.02619)

0.4636 (0.01825)
1.1763 (0.04631)
0.3345 (0.01317)
2.1224 (0.08356)

Table 6.5.

Cycled Bundle 3 FRS sublayer radius and

“* -kness uncertainties (1 standard deviation)

Outer radiu
uncertainty
[mm (in,)]

Sublayer

Thickness
uncertainty
[mm (in.)]

Stainless steel clad
Outer boron nitride
Heater element

Inner boron nitride
Thermoccouple bandle

0.0038 (0.00015)
0.0056 (0.00022)
0.0060 (0.00024)
0.0078 (0.00031)
0.0580 (0.,00229)

0.0117 (0.00046)
0.0310 (0,00122)
0.0089 (0.00035)
0.0615 (0.00242)

a69 observations,

138 observations,

following scheme:

1. Four centerline thermocouples and a wire stiffener (Fig. 6.3) are
inserted in a stainless steel tube (~2 mm in diameter).

2. This assembly is inserted into an Incomol-600 tube, and BN preforms
are slipped over the thermocouple bundl. and crushed until the tube is
full, It is now called the active component assembly (ACA).

3. The ACA is swaged (outer diameter reduced) in a hammer mill to a
specified outer diameter.

4. The ACA is inserted in the stainless stoel clad (a jig holds the ACA,
clad, and sheath thermocouples in the proper positicns), and grooved
BN preforms are slipped ovar the ACA a:d crushed until the assembly is
full,

5. This completed assembly (FRS) is then svayed (outer diameter reduced)
in a hammer mill until the outer diametcr, the position of the sheath
thermocouples, and active heated lemgth are correct.
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The procedure®® is actually more complicated than outlined in the preced-
ing paragraphs; but, generally the process follows this scheme. Thus,
given the swaging process and the diametric reductions, expected stress
relief would follow the directions shown in Fig., 6.2,

During the coastruction of tue FRS, a strict inventory (weight) of
the BN preforms used in the ACA and the annular FRS region is maintained,
Thus, given the final FRS dimensions (length and diametric), the BN den—
sity can be determined., Using the dimensions from Table 6.1, the average
BN core density for 61 rods was 2.215 g/cm® (138.3 lb-/ft') with a stan-

dard deviation of the observations of 0.013 g/cm? (0,81 lb-/ft’); also,

the average annular BN density was 2.175 g/cm? (135.8 1b /ft?) with a
standard deviation of 0,019 g/cm?® (1,19 1b /£ft?), Now, =|ing the cycled
rod dimensions from Table 6.4, the nverl;o-BN core density was 2 158 g/cm?
(134.7 lb./ft') with a standard deviation of 0.012 g/cm?® (0.8 lb./ft’).

and the average annular BN density was 2.135 g/cm? (133.3 1b /ft?) with a
standard deviation of 0.019 g/cm?® (1.19 lb-/It’). COIpltilogl of the as-
constructed FRS BN densities and the BN densities after rod thermal cy-
cling show further evidence that the rods underwent stress relief,

The discussion on rod radial dimensions has dealt exclusively with
the original Bundle 3 rods. The rods that were cross—sectioned for the
data in Tables 5.1 and 6.4 were original Bundle 3 rods. However, as noted
in Sect, 4 (and Fig. 4.1) during the first refurbishment of the bundle,
seven of the original rods were replaced with "preproduction” medels
(these units contained cnly ten thermoccuples, six skeeihs, and four cen-
terlines), Using thke dimensions from Table 6.1, it would be expected that
the core BN dersity wonld be approximately the same as the production
model wiith the annular density possibly less than the production model;
this was observed to be the case., The ecycled rod data in Table ¢.. in-
cludes that from a preprototype rod, two preprocduction rods, and one
production rod; thus, after cycling, these rods (and FRS-0.8B) exhibit
similar diametric changes (~0.3-0.4%). Additionally, the new rcds in-
serted in tie bundle during the rerefurbishment phase (Sect., 5) nere
slightly different from the production models in that 0.4-mm (0.016-in.)
thermocouples instead of 0.5-mm (0.020-in.) thermocouples were used.
Neither a preproduction FRS or a new FRS have ever been cross-sectioned,
photographed, and measured. Therefore, no internal dimensions are avail-
able for these rods. However, given that (1) the outer diametric changes
are esseriially the same, (2) the heating element (Inconel-600) «lectrical
resistance per unit length is approximately equal, and (3) the relative
density difference between the core and annular BN is the same as che
production FRS, the internal radial dimensions and BN densities of the
preproduction FRSs and the new FRSs can be estimated from the dimensions
in Table 6.4, This has been done and the dimensions (and BN densities)
for the three rod types are given in Table 6.6,

It is suggested that for all thermal analyses of THTF Bundle 3 rod
response that the internal FRS radial dimensions and BN densities speci-
fied in Tuble 6.6 be used.
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Table 6.6, Internal dimensions and borou nitride densities of
Bundle 3 FRSs (for the original and refurbished bundles)

Sublayer

Original or
production
FRS

Preproduction
FRS

Stainless steel clad
Outer borom nitride
Heater element

Inner borom nitride
Thermocouple bundle

Core
Annulus

Outer radius

Jmm (in,)]

4.7630 (0.18752) 4.7630 (0.18752)
4.2997 (0.16928) 4.2997 (0,16928)
3.1413 (0.,12367)  3.1227 (0.12294)
2.8090 (0.11059) 2.7882 (0.10577)
0.6652 (0.,0261%) 0.6652 (0.02619)

Boron nitride density
3 (1b /Lt®
[g/em® ( _IL, )]

2,139 (133.5) 2,158 (134.7)
2.117 (132.1) 2.135 (133.3)

4.7630 (0.18752)
4,2997 (0.16928)
3.1436 (0.12376)
2.8116 (0.11069)
0.6652 (0.02619)

2.154 (134.5)
2,131 (133.1)
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7. FRS HEATING ELEMENT ELECTRICAL RESISTANCE

As mentioned in Sect, 6, accurate determination of the FRS radial
dimensions is required for thermal analysis of the rods by ORINC, ORMDIN,
and ORTCAL; however, the accuracy of the boundary conditions for these
codes is much more important than the FRS radiel dimensions.?® The
boundary conditions for ORINC and ORMDIN are the power generation rate
in the heating element and the FRS sheath thermoccuple response(s). The
uncertainty in the BDHT FRS sheath thermocouple response is relatively
well known;*° however, during prel iminary analysis of the THTF tests, the
ability to compute the power imput to the THTF core was only marginally
accurate, For instance, the summed EI product [i.e., the sum for all rods
of the product of the rod curremt (I) and the gemerator voltage (E)] was
~3 to 10% greater than the observed power delivery to the core fluid,
Also, if the power to each rod was computed by using the rod current I and
FRS heating element resistance R, where R is determined from literature
data for Inconel-600 electrical resistivity and the cross-sectional area
of the heating element, then the total power to the core was 2 to 4%
greater than observed. These uncertainties in the computed power to each
FRS (and the method of calculation) were totally unac.eptable. Therefore,
after the refurbishment of Bundle 3 (July—August 1980), FRS-05S8B (rod in
grid position 37 in the refurbished bundle) was sent to the FRS TDL for
tests to determine the in situ electrical resistance of tke ACA (the FRS
heating element) as a function of temperature,

S. D. Sayder of the Infrared Inspection Section of ihe FRS TDL has
devised techniques for inspecting and characterizing FRSs.** The FRS is
an electrical heating device, and, during its comstruction, the ability
to measure accurately electrical parameters such as low and high resis-
tance and leakage current is essential.** Low-resistance measurements
ar: necessary to monitor the condition of the central heating element (the
ACA). High-resistance and leskage-current measurements are necessary to
determine the condition of the electrical insulation between the ACA and
the sheath of the FRS and between the ACA and the FRS centerline thermo-
couples.

The circuit shown in Fig. 7.1 was assembled to measure the low-resis-
tance value of the ACA with an accuracy of +0.5%. The FRS is heated to
the desired temperature (as monitored by the FRS centerline thermocouples)
by resistance heating of the FRS clad (the clad is electrically insulated
from the ACA by the annular BN). Then, with the switch turned to position
one, thus placing the dc voltmeter (DVM with a 0.1-mV sensitivity) across
a 1.0000-Q resistor, the power supply potential to the ACA is raised until
the soltmeter reads 1,000 V. This establishes a 1.0000-A current through
the ACA and resistor circuit, When the switch is moved to position two,
the voltmeter reading is the ohmic value of the ACA resistance, because
the current is 1,0000 A,

Using this techmique, the ACA resistance curves vs temperature in
Figs. 7.27.4 were generated. A comparison of four different runs is
shown in Fig. 7.2. Nome of the four separate runs duplicated each other,
and the extreme spread was ~3%. To provide a reason for this onrepeat-
ability, it is necessary to look at the run sequence and time fiame for
the tests. Run 1 (Fig. 7.2) was generated as the rod was heated up; the
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Fig. 7.1. ACA resistance measurement circuit,

starting point (condition) of the rod was as it was received from the
THTF. The data for run 2 were obtained as the rod cooled down (after run
1), and the time required to complete run 2 was ~1 d (i.e.,, it was a very
slow cool down). Two days elapsed between runs 2 and 3; after completing
the test, the power to the FRS sheath was turned off, and the rod cooled
to room temperature in ~1 h, Several ramped heating tests were made be-
tween runs 3 and 4, and these are indicated in Fig. 7.3. In these runs,
the power to the sheath was turned on, the rod attained equilibrium condi-
tions, data were taken, and then power was turned off. The cooling period
in each case was 30 to 60 min, Run 4 was made after these ramp tests.

The rod was cooled to room temperature in ~20 min by using a fan. Note
that the ACA resistance at room temperature was repeatable vhen the rod
had been previously cooled from >1000 K to room temperature im <1 h, Runs
14 and the ramp tests were made with the entire ACA; that is, the ACA
consisted of the 3.672-m heated length and the terminal leed-in. After
run 4, the terminal lead-in section of FRS-058B was cut-off, leaving just
the 3.672-m heated length, The final run and run 4 are shown in Fig. 7.4.
The difference between run 4 and the final run in Fig. 7.4 is the resis-
tance of the ACA terminal lead-in sectiom,

The resistance behavior illustrated by Fig. 7.2 is typical of alloys
that can undergo order-disorder phenomenon, The order-disorder phenome—
non has been extensively studied for Chromel (a nickel-chromium alloy)*?®
because it is a common thermoelement material (type K thermocouples).
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Some of the pertinent points follow:

1. Between 475 and 875 K, the nickel and chromium atoms in Chromel tend
to occupy specific sites in the crystal lattice (the ordered state).

2. Above 875 K, the atoms are distributed randomly among the lattice
sites (the disordered state).

3. A change from the ordered to the disordered state or vice versa is
reversible.

4. The rate and extent at which the ordered state is formed are time and
temperature dependent,

McCulloch** has shown that the resistance change can approach +4% for
Chromel. This background on Chromel has been given because the heating
element in the BDHT rods consists of Inconel-600, which is a nickel,
iron, and chromium alloy. Inconel-600 can undergo the same order-disorder
phenomena as Chromel,

Referring to Fig. 7.2, the resistance curves for runs 1 and 2 (runm 2
data were generated over an ~8-h cool-down period after run 1) start di-
verging (a: the temperature decreases) at ~875 K. The ordering process
appears to be complete at ~575 K, and the two runs are essentially paral-
lel below that temperature with approximately +3% change in the resistance
at room temperature. Rum 3 resistance should treck the run 2 results up
to ~575 K, and ahove that temperature it should be greater than rua 2 (at
the corresponding temperature) because the degree of ordering is ereater,
In all runs subsequent to run 2, some degree of ordering (approximately
+0.6% change in the resistance) appears even at temperatures >875 K, How-
ever, because the ordering is a time and temperature rate comtrolled pro-
cess with faster cooling perivds (as following run 3), the degree of

ordering (and the resulting change in resistance) is less. Little differ-
ence appears in the resulting resistance (approximately +0.6%) at room
temperature after cooling periods of 20 min and 1 h, Also, it must be
stated that the laboratory cooling environment for FRS-058B is totally
different from that in the THTF, Following a typical test inm the THTF,
the rod would be steamcooled or water-quenched at a rate three orders of
magnitude faster than the best rate obtained in the Infrared Laboratory.

The resistance curve generated in run 1 is asswaed to be typical of
Bundle 3 FRSs in the THTF. Run 1, however, included the entire ACA.
Knowing the resistance of the heated section and the terminal lead-in
separately would be preferable. The primary resistance in the ACA in the
terminal lead-in section is in copper sleeves inside and outside of the
Inconel-600 tube, and this resistance can be determined from Fig. 7.4.
Thus, if the terminal end resistance is subtracted from the run 1 resis-
tance curve, the resistance of the FRS-058B heated section as received
from the THTF may be determined. This resistance along with the curves in
Fig. 7.4 and run 1 are overlayed in Fig. 7.5.

If the ACA heated-section electrical resistance (lower curve im Fia,
7.5) is divided by the heated lemgth (3.672 m for FRS-058B) and then mul-
tiplied by the heating element cross-sectional area (using dimensions from
Table 6.6), the in situ Inconel-600 electrical resistivity is obtained.
This is compared with literature data*® in Figs. 7.6 and 7.7. The ACA
heated-section electrical resistance per unit length for FRS-058B is shown
in Fig. 7.8, and the ACA terminal end electrical resistance per unit
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length for FRS-058B is shown in Fig. 7.9.
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Fig., 7.6. Inconel-600 electrical resistivity comparison,

Using a correction factor pi

defined by

heated length of rod i

By ™ Beated length of FRS-058B °

%

the electrical ?nhtnnco of rod i in the THTF core can be determined
from Fig. 7.8 sad " by

B = Pms-oq. %Py

where l‘ has units of ohm per unit length,
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Using the in situ elsctrical resistance of the Inconel-600 (Fig.
7.8) and the terminel end electrical resistance (Fig. 7.9), the computed
power input to the THTF core was +1.0% of the observed power delivery to
the core fluid,
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8. FRS SURFACE EMISSIVITY

In many of the tests conducted in the THTF during 1979 and 1980,
radiative heat transfer from the rod surface was a significant mode of
heat removal from the FRS. Specifically in those tests in which the core
was partially uncovered (i.e., the small-break LOCA tests and the steady~-
state film boiling tests), FRS surface temperatures reached 950 to 1150 K
(1250 to 1610°F); at these temperatures radiation from the surface becomes
an important mode of heat transfer, Heat transfer at the surface occurs
by two mechanisms acting in parallel; that is, the total heat transferred
at the surface is the sum of the hest transferred by convection and by
radiation:

Yotal ~ Yconvection ¥ Yradiation ° (8.1)

Because these tests (small-break LOCA and steady-state film boiling) are
steady state, qtotal is =imply the power gemerated by the FRS that can be

calculated given the current to the rod and the rod resistance (Sect. b
If the objective of the test is to determine the ccnvective component of
the total heat transfer at the surface of the FRS, then the radiative com-
ponent must be extracted from the total heat transferred. This determina-
tion of the radiant heat transfer requires that the rod surface emissivity
be known. Estimates of the emissivity of stainless steel for different
types of surfaces (i.e., polished or oxidized) can vary from 0.05 to 0.90,
Also, the condition of the FRS cladding surface in the THTF does not nec-
essarily fit in the literature categories and essentially is dependent on
its environment and operating history (i.e., possible chemical corrosion,
surface deposition, and surface discoloration due to high temperature).
Because the facilities in the Infrared Iuspection Section of the FRS TDL
are available, it was decided to test ome of the FRSs removed from the
THTF during the bundle refurbishment in July—August 1980 to determine the
surface emissivity,

S. D. Snyder used the circuit shown in Fig. 8.1 [FRS-026 (grid posi-
tion 15)] for the FRS emissivity determinmation, The procedure used is as
follows:

1. Take the FRS as received from the THTF (i.e., no surface preparation),
and place the rod in the circuit as shown in Fig. 8.1,

2, Heat the FRS via resistance heating of the ACA to a desired tempera-
ture (as indicated by the FRS sheath and middle thermocouples), and
determine the power to the rod and the rod temperature,

3. Repeat step two by 55 K increments over the range of 300 to 750 K, and
then shut off the power and cool the rod with a fen.

4. Paint the FRS black and then repeat steps 1-3. (Two paints were used;
each had a different temperature range over which it was applicable,
and each had a known surface emissivity,)

These experiments could not be carried out in a vaceum, and as a re-
sult the total heat transferred at the surface (known) wss the sum of the
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heat transferred by convection and radiation [Eq. (8.1)]. However, in the
test spparatus, the convective heat transfer is via free (natural) convec-
tion to air that is adequately described by available correlations, The
correlation used*® is a Nusselt type of the form

]I

h
2. 8 [NGr x N ’ (8.2)

K Pr

where the parameters a and m are dependent on the product of the Grashof
number (NG‘) and Prandtl number (NPr)' For the specified temperature

range, the free convective film heat transfer coefficient [h in Eq. (8.2)]
is plotted vs the rod temperature in Fig, 8.2, Thus, the couvective heat
transfer can be estimated by

q chA ), (8.3)

convection

where h is defined by Eq. (8.2) and Fig. 8.2, A is the surface area of the

heated section of the FRS, and T - is the temperature diff~-rence
rod sink

between the rod and the surroundings. Then the radiant heat transfer is
just the difference between the known power generation in the heated sec-
tion and the convective heat trunsfer; that is,

qrndiltion " qtotnl & qconvoctton

The heat transfer at tke rod surface (total, comvective, and radiative)
for the three experimental runs is given in Figs. 8.3-8.5. Run 2 was made
with the rod painted with Krylon paint, which has an emissivity of 0.98 at
temperatures >475 K; this paint turned to ash at ~700 K. Run 3 was made
after painting the rod with Deshter paint, which has an emissivity of 0.92
at 670 K. A simplified formulation of radiant heat transfer is givem by

= gAe (T* = T Y (8.4)

q ‘
radiation sink
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Given two surfaces (one with a known emissivity e, and the second with an
unknown emissivity e,) and letting

Ay = A, ,

T, =T, ,
and

Tuhnk1 5 Tahk. ’
Then,

Qr‘ e,

" 8, *



75

ORNL -DWG 82--5073 ETD

1500 T T T T 1
1400 P~ -
1300 p=— -
1200 = —
1100 p= —
1000 - TOTAL -
900 —
§ 800 - -
@
.
=
9 700 b p—
600 e —
500 | A ™
400 —
a
CONVECTIVE
LOSS
300 je= p—
a
-
200 e / —
- \
/,// RADIATIVE LOSS
100 ™ -
— S ./
.
-
-—
i / W el L ! l
K 300 400 500 600 700 800
I 1 1 i 4 1 1 1 | 1 il
°Fy 0 100 200 300 400 500 600 700 800 900 1000

TEMPERATURE

Fig. 8.3, Heat generation in the heated length of FRS-026 (un-
painted).



76

ORNL -DWG 82-5074 ETD

2200 I l ' ]
2000 p— . <y
1800 p———— —
1600 P \ —
® TOTA
1400 p-=- .
-
é 1 20K mm— —
= L]
E RADIATIVE
-4 1000 P LOSS —
L]

BOO p=——

* :/‘
7

CONVECTIVF LOSS

—

400 p—

L J
200 f— '/ i
. Lé: | 1 ! !

- 300 100) 500 600 100 800
1 1 ] | I | | 1 | |
100 200 30K 100 500 60 700 800 900 1000

TEMPERATURE

Fig., 8.4, Heat generation in the heated length of FRS-026 (painted
with Krylon paint, & ~ 0,98 at )>475K).



77

ORNL -DWG 82- 5075 £7(

2600
J 1 | !
L
2400 -~ ol
2200 r— —
2000 p=- il
. TOTAL

800 r~ p—

L3
3 1400 b= w Ul
x
w
=
o
S 1200 P~ il
® RADIATIVE
O <
LOSS —
L]
8200 - /‘ -
® A
e 1 / 4 4
/ { { 5!

. ONVECT ¢ S
100 p—- -

/,/”l
A /
00 P~ [ Y —
»
.
K 300 400 50 GOO 700 800
A J ! J BEHE Al l .
' 10K 200 300 100 0 600 700 800 900 1000
TEMPERATURE

Fig. 8.5. Heat genmeration in the heated length of FRS-026 (painted
with Deshler paint, ¢ ~ 0.92 at ~670K).



78
or

I (8.5)

where the radiative heat transfer . and q, are known and the emissivity

e, is known, Thus, the emissivity o} the nn;aintod rod (i.e,, the FRS as

received from the THTF) can be estimated as a function of rod temperature

from the plots in Figs. 8.3, 8.5, and the known*’ paint emissivities, The
emissivity of the FRS-026 surface after removal from the THTF is shown in

Fig. 8.6. The best linear least squares fit to the points in Fig, 8.6
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takes the following form

e (T) = 0.25617 + 0.000348 (T — 616.67) , (8.6)

where T has anits of K; or

e (T) = 0.25617 + 0.000193 (T — 650) , (8.7)

where T has units of °F, Using the available Infrared Iaspection Section
experimental apparatus, 750 K was approximately the maximum temperature
to which the painted rods could be heated without oxidizing the paint

(as noted, the Krylon paint oxidized at ~700 K), Therefore, for the
range of temperatures of interest (i.e., 9501150 K) an extrapolation of
the experimental dates must be made. Remember that it is an extrapolation
beyond the range over which the data were gathered. For the temperature
range of 950-1150 K, the estimated FRS surface emissivity in the THTF is
0.372-0.442.,
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9. CONCLUSIONS

A chronological history of the THTF Bundle 3 has been compiled, This
compilation includes not only the original Bundle 3 but also two major
refurbishments in 1980, The material documents the in~core instrument
measurement sites and the actual operating history of the THTF (i.,e.,
tests and experiments performed) with Bundle 3. Additionally, information
is provided on the Bundle 3 FRSs (such as radial dimensions, heating ele-
ment electrical resistivity, surface emissivity) that will be needed for
thermal analysis of the FRS respomses during THTF testing.
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Appendix A

LOCATION AND NOMENCLATURE FOR FLUID
THERMOCOUPLES IN THTF BUNDLE 3

The location (axial and subchannel) of all fluid thermocouples moni-
tored in the original THTF Bundle 3 is presented in Fig., A.1., These core
fluid thermocouples can be subdivided into four distinct groups, The
naming cenvention and location of these subgroups are given in the follow-
ing four sections,.

A.1 Subchannel Thermocouples

The subchannel thermocouple rake is located ~2.3 cm above the upper
end of the heated section (414.5 cm above the gauge linme). The naming
convention takes the following form

TE-12an ,

where

nn = & number between 01-81 that equals the number of the subchannel
in which it is located,.

Figure A.2 indicates those subchannel thermocouples monitored by the CCDAS
as of January 8, 1980.

A.2 Spacer-Grid Thermocouples

The spacer-grid fluid thermocouples are attached to core grids 2-7.
The naming convention for these thermocouples has the following form

TE-29na ,

where
n = a number 16 designating the spacer—grid level as follows

Between
thermocouple Actual Bundle 3
Number levels spacer-grid No.

AiB
B&C
C&D
DSE
E&F
F&G

AL AW
SNownmes we
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Fig. A.1. Location of fluid thermocouples in THTF Bundle 3. All

dimensions are in centimeters and are referenced to the gage line in the
nickel terminal.
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L _] SHADED AREAS REPRESENT THOSE SUBCHANNEL THERMOCOUPLES
~e—s==d WHICH ARE CURRENTLY MONITORED BY CODAS

*OUT-OF -SERVICE

Fig. A.2. Subchannel thermocouples.

and

a = a letter "A-F" designating the subchannel into which the
thermoccuple is projecting, as follows

Letter Subchannel

34
43
57
70
17
38

TmOOwW>»

Those fluid subchannels monitored by spacer-grid thermocouples are
indicated in Figs, A.3(a"f).



Fig. A.3. Spacer—gr




thermocouples,
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A.3 Shroud-Box Thermocouples

Shroud-box thermocouples protrude through the shroud wall into the
fluid in the wall subchannels. A typical installation is shown in Figj.
A.4, The naming convention for these thermocouples has the following form

TE-18na ,

where

n = a number 1~7 designating the level of the thermocouple in the
shroud box as follows:

Thermocouple

Number level

181 A

182 B

183 C

184 D

185 E

186 F

187 G

ORNL-~DWG 82-5080 ETD

l€—0.250 TYPICAL
SHROUD TIE

J/NM6 R TYPICAL

Fig. A.4. Typical installation of a shroud-box thermocouple. Di-
mensions are in inches (1 in, = 2.54 cm).
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and

a = a letter designating the side of the box through which the
thermocouple protrudes N, E, S, W (being the compass direction
most closely matching the direction the side faces).

Those fluid subchannels monitored by shroud-box thermocouples are shown in
Fig. A.5(a=g).

A.4 - 0 0 e

The thermocouple-array rods occupied grid positions 19 and 36 in the
original Bundle 3. Each array rod contains 14 thermocouples, and at each
axial level in the core where there is a primary FRS thermocouple level
two of these thermocouples protrude from the rod into the fluid (as illus-
trated in Fig, A.6). The naming convention for these thermocouples has
the following form

TE-18nal ,

where

n = the number 8 or 9 designating which grid position the thermo-
couple-array rod is located:

8 — grid position 19
9 — grid position 36

a = a letter "A" and "B" designating which of two subchannels as-
sociated with that rod into which the thermocouple protrudes,

Rod grid position "A" subchannel "B" subchannel

19 22 30
36 41 49

1 = the thermocouple level A~G (same as FRS thermocouple level
designations),

Those fluid subchannels monitored by the thermocouple-array rod thermo—
couples are indicated in Fig. A.5(a"g).
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Fig. A.6. Cross section of thermocouple array rod illustracing pro-
trusion of thermocouples from the rod. Dimensions ere in inches (1 in, =
2.54 cm).
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