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11tFRMAL-HYDRAULIC TEST FACILITY BUNDLE 3 IN-CORE ,

INSTRUMENTATION AND OPERATING HISTORY
.

L. J. Ott

*.

ABSTRACT

This report presents the chronological his tory of the Ther-
mal-Hydraulic Test Facility (THTF) 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-
die. Additional information (such as radial dimensions and sur-
face emissivity) that will be needed for thermal ana13:ts 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 Program1 is an ex-

'

| perimental separate effects study of heat transfer phenomena in rod ban-
dies under conditions typical of verious reactor accident scenarios.
Primary test results are obtained from the Thermal-Hydraulic Test Facility
(THIF), a large nonnuclear experimental loop with a test section that con-
tains an array of indirectly electrically heated fuel rod simulators

, (FRSs) with a 3.66-m (12-f t) heated length.
| The FRSs used in the first rod bundle in the TETF had a dual-sheath

design (see idealized rod cross section in Fig. 1.1) with thermocouples 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 surf ace temperature and surf ace heat finx of the FRS during ex-
periments in the THIF (Refs. 2 and 3) . Bundle 1 was a 7 x 7 matrix con-
taining 49 active FRSs 10.7 mm (0.422 in.) in diameter. 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 allied groove away from the outer sheath, thus
forming air pockets around the thermocouples. Two-dimensional modellas of
these BDHT FRSs using HEATING 5 (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.s
The local surf ace flux was perturbed by as much as 30% of the mean finz
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 frce the THTF test section af ter
surviving 38 blowdowns and 223 h at powcr (10.5 h at a full power of 122
kW per rod) with only two FRS failures.8 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 matriz 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 Bundle 1 FRSs only in a slightly,

! thicker (~0.127-am) outer stainless steel sheath. During construction
many of these FRSs developed extensive cracks in the inner stainless steel
sheath in the bottom of the grooves machined for the sheath theonocouples.
Because moisture could easily enter the boron nitride (BN) insulation
through these cracks, the integrity of the cracked FRSs was questionable.
The assembled Bundle 2 has never been installed in the TETF.

Problem areas encountered in the Bundle 1 and 2 FRSs were essen-
tially eliminated in the design and construction of the third 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 lasulator proforms to minimize eccentricity,
and (3) multiple-sheath theonocouples per axial level (as compared with

,

one in Bundle 1) . HEATING 5 analysis of this FRS design showed the surf ace
, heat flux to be perturbed by only _ l of the mean flux. I rays and cross
'

sections of prototypical Bundle 3 Fae . revealed negligible eccentricity. ,

Furthermore, the Bundle 3 FRS incorps sted a flat power profil e (i.e., no

i

!
)

, , .. - , - - - . _ . . . , , , , - , . . . - - - - . , , . , . - - , , - - , - - . , .- - - - . . . - ,
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Fig. 1.2. Cross section of HTF Bundle 3 FRS.

.

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

Assembly of Bundle 3 was completed June 19, 1979. H e 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 *11ITF June 26, 1979.

|

|
|

|
i ,

|
!

e

1

i
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2. OBJECTIVE

.

The 71rIF Bundle 3 is one of the most extensively instrumented bun-
dies 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 (once in March-April
1980 and again in July-August 1980) . This report documents the thermal
measurement sites in the original and refurbished 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 THIF testing. Also, a historical account of the 71r1T Bundle 3
since June 26, 1979, will be given.

.

O

i

+

t

,

O

e

i~
\

|
:
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3. CRIGINAL TETF BUNDLE 3

.

3 .1 Core Confinuration and Instrumentation

.

The original Bundle 3 was installed in the TETF test section on
June 26,1979. The FRS test assembly was an 8 x 8 square array contain-
ing 60 FRSs with a 9.5-am OD (0.374-in.) on a 12.73-am (0.501-in.) square
pitch with a 3.66-m (12-f t) 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 section 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

St S2 S3 S4 S5 S6 S7 S8 $9

1 2 3 4 5 6 7 8

S10 S11 S12 S13 S14 SIS S16 S17 S18

9 to 11 12 13 14 15 16

.

S19 S20 S21 522 S23 S24 S25 S2ti S27

N [EV17 18 20 21 23 24
.

S28 S29 S30 $31 S32 S33 S34 S35 S36

25 26 27 28 29 30 31 32

S37 S38 S39 S40 S41 S42 $43 S44 S45

33 34 35 37 38 39 40T

S46 S47 S48 S49 S50 S5I S52 $53 $54

fuu41 42 43 44 45 47 48

S55 $$6 $57 S58 S59 S60 S61 S62 $63

49 50 51 52 53 $4 - 55 56

$64 565 $66 $67 S68 569 S70 S71 572

$7 58 59 60 61 62 63 64

573 S74 $75 S76 S77 S78 S79 S80 S81

THERMOCOUPLE RODS 19 AND 36
* LEVEL ROD 22

DUMMY ROD 46

h INACTIVE ROOS

Fig. 3.1. Identification of TETF heater rods, subchannel locations,
and inactive rods in IETF Bundle 3.
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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, and the maj or level nomi-
nal locations ( A-G) are presented, along with other critical points, in i

Fig. 3.3. !

As in the case of Bundle 1, normel flow in the test section is upward *

through the bundle, and the temperature of the inter-rod flow channels

ORNL-DWG 82-4714 ETD

X: POSITION NO.
***

THERMOCOUPLE LEVEL LOCATION

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

S1 S2 S3 S4 SS S6 S7 S8 S9
'' *

1 2 3 4 6 7 8
DEFG BCDE DEFG CDEF ABCD CDEF ABCD

S10 S11 S12 S13 S14 S15 S16 S17 S18

9 10 11 12 13 14 15 16ABCD CDEF ABCD BCDE CDEF DEFG BCDE DEFG
.

S19 S20 S21 S22 S23 S24 S25 S26 S27

17 18 20 21 23 24jg 22BCDE DEFG DEFG ABCD ABCD BCDE ,

S28 S29 S30 S31 S32 S33 S34 S35 S36

25 26 27 28 29 30 31 32
ABCD BCDE ABCD CDEF BCDE DEFG CDEF DEFG

S37 S38 S39 S40 S41 S42 S43 544 S45

$3 35 37 38 39 4034 36
BCDE BCDE CDEF ABCD BCDE ABCD

S46 S47 S48 S49 550 S51 S52 553 S54
r

41 42 43 44 45 46 47
ABCD DEFG ABCD BCDE DEFG DEFG BCDE

SSS SS6 S57 S58 S59 S60 S61 S62 S63

49 50 51 52 53 54 55 56
BCDE CDEF BCDE CDEF ABCD ABCD CDEF

S64 S65 S66 567 S68 569 S70 S71 572

57 58 59 60 61 62 63 64
ABCD DEFG CDEF ABCD BCDE DEFG BCDE DEFG

S73 S74 S75 S76 S77 S78 S79 S80 $81 ,

h INACTIVE RODS
.

Fig. 3.2. Identification of 11tTF heater rods and axial thermocouple
levels monitored by each rod in 11tTF Bundle 3.
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* pFRS
f TERMINAL ENDS

'

.

| AlH SHROUD | 47 4l0 TOP OF FHS OUTER SS SHE ATH""

(SHEATH TC EXIT POINT)
534.988 IST O-RING UPPER SET MIDPi ANE I,

522.923 IST O-RING LOWER SET MID*, .4NE

$bTEST '

SECTION-[- A- g.$ 482.000 TEST SECTION OUTLET
OUTLET og

M N
I I 414.536 SUBCHANNEL TCsD I 111.202 UPPER END OF HEATED LENGTH

407.392 TC LEVEL G

380.722 MIDPLANE GRID 7

'147.702 TC LEVEL F

, 319.762 MIDPLANE GRID 6

T 288.012 TC LEVEL E
E

S*

T 258.802 MIDPLANE GRID 5

f 228.322 TC LEVEL D
C
T 197.842 MIDPLANE GRID 4

O
N 168.632 TC LEVEL C

-

4's
136.882 MIDPLANF GRID 3

103.942 TC LEVEL 8

75.922 MIDPLANE GRID 2

29.252 TC LEVEL A
45.442 LOWER END OF HE ATED LENGTH

30.202 MIDPLANE GRID 1
g y 24.487 LOWER END OF SHROUD

TEST A A OF LOWER BAWR RAEJ LOWE R ' -
SE CTIO M-E-h- -10.993 TEST SECTION INLET, PLENUM 3.215 TOP SURFACE OF NIC(EL TERMINALthlET p M.0 GAGE LINE IN NICKEL TERMINALg

9 NICKEL TERMINAL

Fig. 3.3. Nominal location of critical points in 11tTF Bundle 3. All
dimensions are in centimeters and are referenced to the sage line in the.

nickel terminal. .
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(subchannels) at the exit of the bundle heated length is monitored by
thermocouples ~3.3 cm above the upper end of the heated zone. The inlet -

flow to Bundle 3 enters the 'oottom of the test section via an external
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 IETF configuration in Fig. 3.4,
the old downconer 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 nominal 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 80-4545 ETD
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Fig. 3.4. THTF in standard configuration',
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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 0-ring thermocouples
(designated as J 1evel) in rods 4, 33, 60, and 61. Where applicable,

-

locations are given as

I
I d ""* ,

g
"i"

S
I

where

5 = statistical mean,
S = standard deviation about the mean,
I

I = maximum variation about the mean,

I"",* = minimum variation about the mean.

The nomenclaturo* for Bundle 3 FRS thermocouples takes the following
form:

,

TE-3nnaL ,

where-

nn = a number between 01 and 64 (inclusive) eqt I to the rod (grid)
position number,

a = 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
a level are labeled A, B, and C in a clockwise direction as
viewed from the top of the rod. The centerline thermocouple is

'

designated by the letter M.
L = the level of the thermocouple. A letter in the list A-G (heated

section), J (0-ring area), or Y, H, S, and U (four levels
grouped between C and U 1evels 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 nur.ber 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 a visual multichannel
temperature indicator (Metrascope) in the TETF control 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 listlag for small-
break LOCA test series (8-Jae-80)

.

Rod Sheath angle level Center level

1 AE." AG, BF, CD MD, ME, MF, W
2 AB, AE, BC, CD MB, MC, MD, NE
3 BE, BF, CD, (X3 MD, ME, MF, E

.

4 AC, BD, BE, CF MC, MD, ME, MF
$ AS, BB, BU, CY W, MS, W MY
6 AB, BA, BC, BD
7 AC, AF, G

. MA, MC, MD
MC, MD, NE, NF

8 AA, BC, BD G NB MC, MD
9 AC, AA, G. CD MA, 2, MC, MD

10 AF, BE, CC, CD MC,MD,ME,MF
11 CA, G, CC, CD MA, W. MC, MD
12 BC BD, BE, G MB, MC, MD, ME
13 BC BF, CD, G MC,MD,ME,MF
14 AD. AE, AF, AG. 3D, BE, BF, BC, CD, M, CF MD,ME,MF,MG
15 AB, AE, BC, CD MB, MC, MD, ME
16 AD, BF, G. CG MD, ME, MF, MG
17 AE, G, CC, CD MB, NC, MD, ME
18 AD. AF, BE, BG MD, ME, MF, E
19 Rod 19 is unpowered
20 AD, AE, AF, AG, BD, BE, BF, BG, CD, G. CF, CG MD, MF, MG
21 AA, AB, BC, CD MA, W. MD
22 Rod 22 is unpowered
23 AD, BC, G 2. MC, MD
24 AC, BD, G, G MC, MD, NE
25 AA, AB, AC, BA, BB, BC BD, CA, G. CC, CD MA, 2 , MC, MD
26 AC, BB, BD, G 2 , MC, MD, ME
27 AA, AB, AC, AD, BA, BB, BC, BD, CA, G. CC, CD MA, M. MC, MD
28 AC AD, AE, AP, BC BD, BE, BF, CC, CD, G, CF MC, MD, ME, MF
29 AB, AC, AD, AE, BB, BC, BD, BE, CB, CD, G 2 , MC, MD, ME

,

30 BF, BG, CD, G MD, ME, MF, MG
31 AC, CD, G, CF MC, MD, ME, MF
32 AE, AD, AF, AG, BE, BG, CD, G CF, CG MD, ME, MG
33 AC, AD, G, G 2, MC, MD, NE ,

34 AB, AS, AD, AY, BB, BS, BU, BY, G. CS, CU, CY W. MS, NY
35 AC, BB, BE, CD MB, MC, MD, E
36 Rod 36 is napovered
37 AE, BC, BD, CF MC, MD, ME, MF
38 AB, BA, BC BD MA, W, MC, MD
39 AC, BB, BD, BE M, MC, MD, E
40 BC, BD, CA, G MA, 2, MC, MD
41 AB, BA, BD, CC MA, 2, MC, MD
42 BD, BE, CF, CU MD,ME,MF,MG
43 BA, BB, BC, CD MA, M MC, MD
45 AD. AE, AF, AG, BD, BE, BF, BG, CD, G, CF, (Xi MD, ME, MG
46 Rod 46 is napovered
47 AD, AE, AG, BF MD, ME, MP, MG
48 BC BD, G, G 2, MC, MD, E
49 G. CC, CD, G 2 , MC, MD, NE
50 AC, AD AE, AF, BC, BD, BE, BF, CC, CD, G. CF MC, MD, ME, MF
51 AB, AE, BC, BD MB, MC, MD, E
52 AB, AS, AU, AY, BB, BS, BU, BY G. CS, G, CY W. MS, W. MY
53 AD, AE, AF, CC MC, MD, ME, MF
54 AD, CA, G. CC MA, 2 , MC, MD
55 AA, AD, BC, CB MA, M. MC, MD
56 AD, AF, BE, CC

. MC,MD,ME,MF
57 AA, AB , AC, AD, BA, BB, BC, BD, CA, G. CC, CD MA, W. MC, MD
58 BE, CD, CF, CG 2, E MF, E
59 AD AE, CC, CF MC, MD, E , NF
60 AA, AB, AC, AD MA, B, MC, MD
61 AB, AC, AD, G M. MC, MD
62 AD AE, AF, CG MD, E , MF, MG
63 AD, BC, BE, G 2, MC, W E *

64 AD. AE AF, AG, BD, BE, BF, BG, CD, G CF, CD 2, MF, MG

hermosouple 7E-301AE is a sheath thermocouple in rod 1 at
angle A on level E. .

Thermocouple TE-301MD is a centerline thermocouple (M) in rod 1
at level D.

-

h
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Fig. 3.7. Example of FRS thermocouple nomenclature.

,

In addition to the FRS thermocouples, the TFTF Bandle 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 BG&G Idaho, Inc., for use in the BDET Program,18 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 consist of

'

small electrodes surrounded by cylindrical ground planes. The presence or
absence of liquid at each sensing element is detected by measurement of
the electrical conductivity between the. electrode and the gronad plane.

* The axial location of th...a 19 sensing elements in Bundle 3. is presented
in Fig. 3.10 (Ref.11) .
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Fig. 3.8. Metrascope then > couples. .

I

3 .2 Operatina History

| Af ter installation of Bundle 3 in the TETF test section on June 26, *

1979, the arduous tasks of modifying the IETF loop piping (to the con-|
'

figuration in Fig. 3.4) and instrumentation installation and verification
remained. In addition, following the discovery of a leakage path between -

the test section core and the surrounding annalus, the bundle was raised
out of the test section and the shroud walls were seam-welded to reduce

!

._. . _ . . _ _ _ _
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the leakage rate to (40 ca / min [at a pressure differential of 0.34'MPas

(50 psi) and room temperature]. The leakage rate prior to the welding fix
*

was ~540 cm / min.188

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 the hydrodynamic response of the THTF with Bun-
dia 3 installed. The approximate conditions at blowdown were (1) test
section temperature of 478 K (400*F), (2) test section flow of 0.035 m8/s
(500 spa), and test section outlet pressure of 14.52 MN/m3 (2150 psig).
The break areas were 50% on the inlet and 605 on the outlet, where 100%
refers to a nominal break area of 0.00125 m8 (0.013 5 f t8 ) .18

Bundle characterization (calibration) tests were attempted on Novem-
ber 29 and December 11, 1979; however, neither test was successful. These
tests, the first powered operation of Bundle 3, were designed to gain data

i that would allow in situ determination of the FRS thermal physical prop-
| erties as a function of temperature.id The tests were aborted on each

occasion because of a trip of the crowbar system (bundle protection). The
crowbar system involves f ault detection devices that remove voltage from
each FRS if any overcurrent condition develops. These trips were apper-
ently spurious (i.e., not caused by an unsafe condition); modifications

and testing of the crowbar system were initiated to eliminate the trip
problem but still ensure safe power operations with the bundle.

Af ter 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 in 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 sumatry is pre-,

! sented in Table 3.2.
On completion of the small-break uJCA test series, the loop piping

was changed to its standard configuration (Fig. 3.4), and another attempt
was made to run the bundle classification tests. At this time, the bundle

| inner-seal coolant pressure [0-ring intermediate coolant cavity at the
I terminal end of the FRS (Fig. 3.3)] tracked the primary system pressure,

thus indicating inner 0-ring f ailure, 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 of the classification tests,

i 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 0-rings began leaking badly, and system pressure could
not be maintained; also 4 of the 60 FRSs were unab3- to reach full power
without a fault condition (crowbar) occurring.

On February 26, the TETF operations staff began removing FRSs from
the bundle to replace the damaged 0-rings. It was found that severe elec-.

trical arcing had 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 Postscriptis

.

Initial visual examination of the FRSs af ter removal from the THTF
indicated that some had been overheated in the 0-ring seal region. Sev-
eral rods exhibited local swelling of the clad and had severely burned

.

O-rings. All rods were transf erred to the FRS Technology Development
Laboratory (TDL) for further investigation.

Meanwhile, investigation of the terminal arcing problem 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 insulat,ed prior
to reinsertion in the THTF to provide further assurance against future
arcing.

A schematic of the upper test section in the THIF Bandle 3, illus-
trating the 0-ring locations, is given in Fig. 3.12. Because the FRSs are
bolted to the nickel terlinal in the bottom of the test section, thermal
expansion of the rods is allowed via the arrangement shown in Fig. 3.12.
Details of the 0-ring set construction are shown in Fig. 3.13. The
grooves for the 0-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 0-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 damage 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% mes- -

sured (108 0 and were thus considered severely damaged. To determine the

Table 3.3. Results of annular
insulation resistance checks

on FRS removed from
the TETF Bundle 3

Insulation Number of rods
resistance

D) I '#
Originally

remova)

>1018 8 2

>10' 52 22

>108 0 7"
>10 0 8" -

(108 0 21"
Total 60 60

.

" Damaged.

- -_ - - - _ . . .
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Fig. 3.12. Upper test section of the IETF Bundle 3. |

location of the short circuit in the FRS, a variable power source was con-
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 heating. All severely damaged rods ex-
hibited heating in the 0-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, a new
single piece 0-ring oversleeve (instead of the six separate ferrules) was
designed, f abrica*:ed, and installed on all FRSs (Fig. 3.14) . An inspec-,

tion and safe braze process were used, and helium leak, dye penetrant, and
electrical checks were incorporated to assure reliable FRS repair.

.y['..;tb- :;fi, ;,J:~ * ,k? - %I '?.ht r. +
. .

- > % -' ' * '7 . -

*~ ' ^

^ ' ~ ~
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h

. -

TUNGSTEN INERT GAS -

TACK WELD (4 AT 90 )

,< ,,

I

BACKUP 5 L' SLIP-ON.

RINGSLOWE R 'O. FERRULES
RING SET

l TE

N
'O' RINGS

, ,

c
.

TUNGSTEN INERT GAS
TACK WELD (4 AT 90 )

Fig. 3.13. Details of TETF Bundle 3 FRS O-ring region.
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An - ditional advantage of this 0-ring oversleeve was realized when
the TdTP pressure seal plates (Fig. 3.12) were examined. The rod penetra-
tion holes in the seal plate had been chrome plated to provide a smooth ~

surf ace for movement of the 0-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 0-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 Confinuration 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 not 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; those 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 axial levels monitored by each rod are
indicated in Fig. 4.2.

A schematic 18 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 special 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 given 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 change s
in the locations given in Figs. 4.5 and 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. One of the original thermo-
couple-array rods was damaged beyond repair and was replaced in the grid
iy a dummy rod.

In addition, pressure taps were installed along the test section
during this time. This modification was primarily intended to provide
improved test section 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 Operatina History

A week af ter the installation of the refurbished Bundle 3 in the
IETF te s t 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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S1 S2 S3 S4 SS S6 S7 S8 S9
.

I 2 3 4 5 6 7 8 !

S10 S11 S12 S13 S14 S15 S16 S17 S18

9 10 11 12 13 14 15 16

S19 S20 S21 S22 S23 S24 S25 S26 S27

17 18 N 20 21 d2 23 24y

S28 S29 S30 S31 S32 S33 S34 S35 S36

25 26 27 28 29 30 31 32

S37 S38 S39 S40 S41 S42 S43 S44 S45

33 34 35 DUMMY 37 38 39 40
.

S46 S47 S48 S49 S50 S51 SS2 SS3 S54

41 42 43 44 45 DU MY 47
-

S55 SS6 S57 S58 S59 S60 S61 S62 S63

49 50 51 52 53 54 55

S64 S65 S66 S67 S68 S69 S70 S71 S72

57 58 59 60 61 2 63 64

S73 S74 S75 S76 S77 S78 S79 S80 S81

THERMOCOUPLE ROD 19

LEVEL ROD 22

DUMMY ROD 46 AND 36

INACTIVE RODS REPLACEMENT RODS

Fig. 4.1. Identification of 111TF heater rods:., suchannel locations,
and inactive rods in refurbished THTF Bundle 3 (Nar c1'taly 1980) .

.

.

+
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*

SHADED POSITIONS INDICATE REPLACEMENT
FUEL ROD SIMULATORS

X
. xxxx POSITION NO.

THERMOCOUPLE LEVEL LOCATION

**HAS SHEATH TCs AT *O' RING SEAL LEVEL

'SPECI AL TC LEVELS

S1 S2 S3 S4 S5 S6 S7 58 59,,

1 2 3 4 6 7 8BCDE BCDE DEFG CDEF ABCD CDEF ABCD -

S10 S11 S12 S13 S14 SIS S16 517 S18

9 to 11 12 13 14 15 16
ABCD CDEF ABCD BCDE CDEF AB CDEF DEFG

S19 S20 S21 S22 S23 S24 S25 S26 S27

17 18 20 21 23 24 j19BCDE DEFG DEFG ABCD 22 ABCD BCDE

S28 S29 S30 S31 S32 S33 S34 S35 S36

25 26 27 28 29 0 31 32
_ ABCD BCDE ABCD CDEF BCDE BCD CDEF DEFG

S37 S38 S39 540 S41 S42 S43 S44 S45,

..

33 34 35 36 37 38 39 40
BCDE BCDE CDEF ABCD BCDE ABCD

*

S46 S47 S48 S49 S50 S5I S52 S53 S54
.

41 42 43 44 45 47 4846ABCD DEFG ABCD BCDE DEFG DEFG YHSU

S55 SS6 S57 S58 S59 S60 S61 S62 S63

49 50 51 52 53 54 55 56 '

BCDE CDEF BCDE CDEF ABCD ABCD CD*

S64 S65 S66 S67 S68 S69 S70 S71 S72

[g57 58 59 60 62 63 64
ABCD DEFG CDEF ABCD BCDE BCDE DEFG

S73 S74 S75 S76 S77 S78 S79 S80 S81

INACTIVE RODS

.

Fig. 4.2. Identification of IIITF heater rods and axial thermocouple
levels monitored by each rod in the refurbished THTF Bandle 3 (March-July
1980).

.
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107.842 MIDPLANE GRID 4m

||.* :.* N -

##.* 79 188.8s7 188.48e TC LEVEL C# :fff. C W a318 N 187.s8e:. e. .*. /
M

138.882 MIDPLANE GRID 3m
C . ::S %

~

B )y 100.157 110.875 TC LEVEL 8
** **o. o .

ff*gggo a330N102.448ko o .o. . . c,
1 8 p 75.922 MIDPLANE GRID 2

#.% s.## \o
o #. o .# A 75 4e.8ss-51.074 TC LEVEL Ag#o0 0.o g. .o o 0.335N40.303* V

00on

57 64 48.185 48.011 LOWER END HEATED-j
0.885N44.935 SECTION

p 3a202 M60 PLANE GRID 1,

o NO TC
e THREE SHEATH 1&Oe3 TEST SECTM INLET

+ ONE CENTRAL TC

e ONE SHEATH j 0.0 GAGE UNE IN NICKEL
+ ONE CENTRAL TC TERMINAL

e INACTIVE RODS
*;*; SPACER GRIDS

X" '

WHERE APPLICA8LE LOCATIONSGIVEN AS E#
8,\ .i,X

Fig. 4.3. Location of thermocouples in refurbished THTF Bundle 3 -

(March-July 1980). All dimensions are in centimeters and are referenced
to the sage line in the nickel terminal.
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erenced to the sage line in the nickel terminal.
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Table 4.1. In-service thermocouple listing for
Bundle 3 power-drop test (02-May-80)

,

Rod Sheath angle level Center level

1 AB, AD. AC, AE 2. MC, MD, ME *

2 AB, AD, AE, BC MB,MC,MD,ME
3 BE, BF, CD, CU MD ME, MF, MG
4 AC, BD, BE, BF MC, MD, ME, MF
5 AS, BB, BU, CY MR, MS, 2 , NY
6 AA, AB, BC, BD MA, MC, MD
7 AC, AF, G MC, MD, ME, MF
8 BB, BC, BD, G MB, MC, MD
9 AC, BA, G. CD MA, 2 , MC, MD

10 AF, BE, CC, CD MC, MD, ME, MF
11 AA, AD, G, CC MA, 2 , MC, MD
12 AD. AE, BC, G 2 , MC, MD, ME
13 BC, BF, CD, G NC, MD, ME, MF
14 AA, AB, AC, BD MA, 2 , MC, MD
15 AC, AD, AE, AF NC, MD, ME, MF
16 AD, BF, CE 02 MD, ME, MF, MG
17 AE, G CC, CD MB, NC MD ME
18 AD, AF, BE, BG MD, ME, MF, MG
19 Rod 19 is unpowered
2D AD AE, AF, AG, BD, BE, BF, BG, CD, CE, G. OG MD, MF, MG
21 AA, AB, BC, CD MA, MB, MD
22 Rod 22 is unpowered
23 AA, AD, BC, G MB, MC, MD
24 AC, BD, G, G MC, MD, ME
25 AA, AB, AC, BA, BB, PC, BD CA, G CC, CD MA, 2 . MC, MD
26 AC, BB, BD, CE 2. MC, MD, NE
27 AA, AB, AC, AD, BA, BB, BC, BD, CA, G. CC, CD MA, 2 . MC, MD

*

28 AC AD AE, AF, BC, BD, BE, BF, CC, CD, G, G MC, MD, ME, MF
29 AB, AC, AD, AE BB, BC, BD, BE, G. CD, CE 2 MC, MD, ME
30 CB, CC, CD, G 2 , MC, MD, ME
31 AC, CD, CE, G MF *

32 AD, AF, AG, BE, BG, CD, CF., CF, 03 MD, ME, MG
33 AC, AD, G. CE 2 , MC, MD, ME
34 AR, AS, AD, AY, BH, BS, BU, BY, G. CS, G. CY MR, MS, NY
35 AC, BB, BE, CD MB, MC, MD, ME
36 Rod 36 is unpowered
37 AE, BC, BD, G MC, MD, ME, MF
38 AB, BA, BC, BD MA, 18, MC, MD
39 AC, BB, BD, BE 2. MC, MD, ME
40 BC, BD, CA, G MA, 2. MC, MD
41 AB, BA, BD, CC MA, 2 , MC, MD
42 BD, BE, G. Q3 MD, ME, MF, MG
43 BA, BB, BC, CD MA, 2, MC, MD
44 G, CC, CD, CE 2. MC, NE
45 AD, AE, AF, AG, BD, BE, BF, BG, CD, CE, CF, CG MD, ME, MG
46 Rod 46 is unpowered
47 AD, AE, AG, BF MD, ME, MF, MG
48 AR, AS, AU, AY MR, MS, 2 MY
49 G , CC, CD, CE MB, MC, MD, ME
50 AC, AD, AE, AF, BC, BD, BE, BF, CC, CD, G, G MC, MD, ME, MF
51 AB , AE, BC, BD MB, MC, MD, NE
$2 AH, AS, AU, AY, BH, BS, BU, BY, G, CS, QJ, CY MR, MS, 2. MY
$3 AD, AE, AF, CC MC, MD, ME, MF
54 AD, CA, G, CC MA, 2. MC, MD
55 AA, AD, BC, G MA, 2, MC, MD
$6 AC, AE, AF, CD MC, MD ME, MF
$7 AA, AB, AC, AD, BA, BB, BC, BD, CA, G CC, CD MA, 2, MC, MD
58 BE, CD, G, CG MD, ME, MF, MG *59 AD. AE, CC, G MC, MD, ME, MF
60 AB, AC AD, CD MA, 2, MC, MD
61 AB, AC, AD, G 2 , MC, MD
62 AB, AC, AE, CD 2, MC, MD, NE
63 AD, BC, BE, G 2. MC, MD, ME ,

64 AD AE, AF, AG, BD, BE, BF, BG, CD, G, G, CG MD, MF, MG
m
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Table 4.2. Power-drop bundle characterization
test conditicus

.

Test section My3 May 15a
.

Average rod power, kW 89.2 119.2
Flow, a /s (spm) 0.022 (350) 0.019 (304)s

Inlet temperature, K ('F) 496.8 (434.6) 460.8 (369.9)
Outlet temperature, K ('F) 553.2 (536.1) 549.7 (529.8)
Outlet pressure, NN/m8 (psia) 13.29 (1928) 13.91 (2018)

i

With the THIF in standard configuration (Fig. 3.4), the first attempt
at a powered blowdown occurred on May 15 (test 3.03.6A) af ter 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 conditions for test 3.03.6AR see presented in
Table 4.3. The purposes 17 of the experiment were to: (1) obtain tran- -

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 analysis codes, (2) obtain data in the high-

.
; flow film boiling data ranges 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.se The purposes of the experiment were the same as previously de-

scribed; however, the core phenomena were different f rom 3.03.6 AR. 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 heat flux (CHF) was achieved throughout the lower part of the
bundle; however, the lateness of CEF 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 loss-of-
coolant experiment (test 3.05.5B) was conducted in the THTF.18 The ob-
jectives of the test were to: (1) measure times to departure-frce-
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

j (2) provide a benchmark for transient reactor analysis codes. The initial .

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-
die 3. To meet future needs of planned small-break LOCA tests, more FRS

.

j thermometryse-ss would be needed at the D-G bundle thermocouple levels;
j also there was a special NRC request to determine the effects of the

|

!
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Table 4.3. Initial conditir for
Te st 3.03.6 AR

.

Total bundle power, NW 3.96
Average rod power, kW 65.9-

Flow

Volumetric, m8/s (spm) 0.018 (285)
Mass, kg/s (Ib,/s) 14.1 (31.0)

Inlet temperature, K (*F) 540 (512)
Outlet temperature, K (*F) 590 (602)
Outlet pressure, MN/m8 (psia) 14.1 (2065)

Table 4.4. THTF upflow film boiling data
ranges - Test 3.03.6AR

* "' "NRC requested
Test 3.03.6AR

r

Mass flux, kg/s m8 270-4070 203-543
(Ib ,/h ft8) (2 x 108-3 x 108) (1.5 x 10s-4 x los)

Quality, % 0-100 30-100
Pressure, MN/m8 4.14-18.61 5.17-9.7
(psi) (600-2700) (750-1400)

Heat flux, W/m8 3 x 108-3 x 108 15.7 x 108-6.3 x 108
(Btu /h fts) (108-108) (5 x 104-2 x 10s)

Table 4.5. Initial conditions for
Te st 3.04.7R

Total bundle power, NW 2.18
Average rod power, kW 36.4
Flow

Volumetric, m8/s (spm) 0.0128 (203)
Mass, kg/s (Ib ,/s) 9.34 (20.6)

.

Inlet temperature, I (*F) 571.4 (568.9)
Outlet temperature, K (*F) 605.6 (630.4)

*
Outlet pressure, MM/m8 (psia) 13.76 (1996)

. . .- -
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Table 4.6. Initial conditions for
Test 3.05.5B

1
.

I

l
Total bundle power, NW 7.51 '

,

Average rod power, kW 125.3
Flow

Volumetric, m8/s (spm) 0.032 (506)
Mass, kg/s (Ib,/s) 24<44 (53.88)

Inlet temperature, K ('F) 549.7 (529.7)
Outlet temperature, I ('F) 601.7 (623.4)
Outlet pressure, NN/m2 (psia) 14.64 (2124)

bundle grid spacers on the FRS heat transfer during core recovery. Addi-
tionally, 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 repisce the FRSs .

but also to improve the instrumentation in the core by adding an in-bundle
densitometer and thermocouples in the test section shroud wsil.

9

.

O
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5. REFURBISHED '111TF BUNDLE 3
( August 1980 to Present)

.

5 .1 Core Confinuration and Instrumentation
.

The refurbishment of IETF Bundio 3 was completed by August 15, 1980.
During the down-time between test 3.05.5B and August 15, ten new FRSs were
f abricated and installed in the IETF 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 f rom positions 50, 34, and 17, respectively. Thus,
only two of the replacement rods from the first refurbishment of the bun-

die were lef t (positions 30 and 48) . The axial levels monitored by each
rod are indicated in Fig. 5.2.

A schematic 2d of the refurbished Bundle 3 giving the location of
all primary level (A-G 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 illasta:ted in Table 5.1.

*

Table 5.1. Naming convention
super-levelFRSthermocouples{or

.

Levelazigi
| position al

(ca)
i

297.292 El
304.366 E2

'. 312.511 E3 i
I 329.966 E6

33$.514 E7
343.172 E8
358.107 F1
365.849 F2
373.377 F3
380.528 F4
385.763 F5
391.246 F4
396.2e4 F7
403.664 F8

#
General form: TE-3nnai,

where na is a number between 01
and 64 equal to the rod or grid
position number, and al is a com-.

bination of a letter (E or F) and
a number (1-8). H is combination
is given along with the level
axial position.e

Figures 5.4 and 5.5.

.

- - .._ - _ .__ _ _ _ _ _ _ . _ _ . __
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S1 d S2 S3 S4 S5 $6 S7 $8 59
',,

1 2 3 4 5 6 7 8

S10 S11 S12 513 S14 S15 516 S17 S18 -

%
9 10 11 12 13 4,1 15 16

*

S19 S20 S21 S22 S23 S24 525 S26 S27

18 20 I 14 2II9
23 24C =gN TCj

S28 S29 S30 S31 S32 S33 S34 S35 536

25 26 27 28 29 30 31 32

S37 538 S39 S40 S41 S42 S43 544 545
'

36 %33 4 - 35 '3_o/ t 3 39 40

546 S47 S46 * S49 550 SSI SS2 S53 SS4

; t 41 42 43 44 45
_ f 47

S55 556 S57 S58 559 560 S61 S62 563
'

g C-0* 51 52 53 54 55 56,4 49 - . .

564 565 566 567 568 S69 570 S71 S72

'I 57 58 59 g 61 2 63 64

$73 S74 S75 576 S77 S78 Sis S80 S81

INACTIVE RODS:

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

ORIGINAL BUNDLE 3 RODS

NEW RODS WITH SPECIAL THERMOCOUPLE POSITIONS

REFURBISHED OR ORIGINAL RODS:
~

POSITION 15 - ORIGINAL ROD 50 (FIGh.4.1 AND 4.1)
POSITION 30 - REPLACEMENT ROD DURING APRIL

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

R E FU RBISHMENT (FIG. 4.1)
POSITION 56 - ORIGINAL ROD 34 (FIG. 3.1 AND 4.1)
POSITION 62 - ORIGINAL t'OD 17 (FIG. 3.1 AND 4.1)

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

.

to present).

.
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_ POSITION NO.

xxx
THERMOCOUPLE LEVEL LOCATION

.

**HAS SHE ATH TCs AT O-RING SE AL LE VEL
*SPECIAL TC LEVELSm

St S2 S3 9 $5 g $7 g sg
.

,.

1 2 3 4 5 6 7 8FG* BCDE DEFG CDEF YHSU ABCD CDEF ABC.D
S10 Sit S12 513 514 SIS Sf6 S17 518

9 10 11 12 13 14 15 16ABCD CDEF ABCD BCDE CDEF FG* CDEF DEFG

S19 520 $21 S22 523 S24 525 S26 527
17 18 19 20 21 22 23 247FG* OEFG TC. DEFG FG*

,T,C ABCD BCDE
S28 S29 S30 S31 S32 S33 534 535 536

25 26 27 28 M 30 31 32ABCD BCDE ABCD CDEF BCDE BCDE CDEF DEFG

S37 $38 S39 540 541 542 543 544 545

hh 34 35 3'6 ' 37 38 39 40
BCDE FG* BCDE y - D'/ FG* FG* BCDE ABCD

S46 547 S48 S49 $50 S51 552 553 S54

41 42 43 44 45 /46 47 48ABCD DEFG ABCD BCDE DEFG y-D/ DEFG YHSU
555 S56 557 S58 559 560 561 562 563

49 50 51 52 63 54 SS 56BCDE FG* BCDE YHSU CDEF FG* ABCD YHSU

564 565 566 S67 $68 569 S70 571 572
*

57 58 59 6u 61 62 63 64
ABCD DEFG CDEF FG* BCDE BCDE BCDE DEFG

$73 S74 575 S76 577 S78 579 580 581

THERMOCOUPLE RODS 19 AND 22

IN-BUNDLE GAMMA DENSITDMETER 36 AND 46

h 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, and shroud-fluid sites re-
main the same as in Figs. 3.9, 4.5, and Appendix A. The thermocouple-
arrsy rod that was ir. position 19 in the refurbished bundle was removed
and discarded. (It was theorized that the thermocouple extensions 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 1evels) and installed in the refurbished bundle in grid
positions 19 and 22.

- - .. - - - _ _ _ _ _ _ _ _ _ -
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Table 5.2. In-service thermocouple listlag for
Te st 3.06.6B (29-Aug-80)

.

Rod Sheath sagte level Center level

1 AF, AG, E1, E3, E7, ES, F1, F2, F3 F6, F7, F8 NF, MG, M2, MS
2 AB, BC, AD, AE 2, MC, IE)*

3 CD, BE, G, BF, (X) MD, ME, MF, MG
4 AC, AD, BE, AF MC, MD, ME, MF
5 BU, AS, BH, CT MU, MS, IEI, NY
6 AA, AB MA
7 AC, BE, G AF, BF MC, ME, MF
8 G, BC, AD, CD MB, MC, MD
9 G. AC, CD MB, NC

10 CC, BD, CD, BE, AF, BF, G MC, MD, ME
11 AA, AB, CC MA, NC
12 CB, BC, CD, AE REl, MC, MD, NE
13 BC CD, AE, G BF, CF
14 AF, AG, E1, E3, E7, E8, F2, F3, F6, F7, F8 MF, MG, M2, MS
15 AC, AD, BD, BE, G AF MC, MD, E . MF
16 AD, BE, G, BF, BG, G MD,ME,MF,MG
17 AF, AG, E3, F1, F2, F3, F6, F7, F8 NF, MG, M6, M7
18 BD, CD, AE BE, G. AF, G, AG, BG, CG MD, ME, MF
19 Rod 19 is napovered
20 AD, BD, CD, AE, BE, G, AF, BF, CF, AG, BG, al MD, MG
21 AF, AG, E2, E3, E6, F1, F3, F4, F5. F6, F7 F8 NF, MG, M1, M3
22 Rod 22 is unpowered
23 AA, BC
24 AB. AC, BD, AE, G MC, MD, NE
25 CA, G, BC, CC, BD, CD MA, IEl, MC, MD
26 BB, AC, AD, BD, CD, AE, BE, G MC, MD, NE
27 BA, G. AC, CC, AD, BD, CD MB-

28 AC, CC, AD, BD, CD, AE, G, AF, BF, CF MC,MD,ME,MF
29 G AC. BC, AD, BD. CD, AE, BE. G IER, MC, MD, NE
30 G , AC, AD, AE, BE lei MC, E
31 CD, G. BF, CF NF~

32 CD, AE, G G, CG MD, ME, MG
33 AC, AD, AE, BE, CE MC
34 AF, AG, E3, E7, E8, F1, F2, F3. F6, F7, F8 MF, M6
35 BB, BD, BE tel, MD, ME
36 Rod 36 is napovered
37 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 MF, MG, M2, M8
39 BB, AC, BD IGI, MC, MD
40 CA, G, BC, BD MA IEI, MC
41 AB 181

42 BD, BE, BF, AG, BG, CU
43 BA, BB, BC, AD, BD
44 G , CC, C), AE, G SEl, MC, IE!
45 AD. BD, AE, BE, AF, BF, CF, AG, BG, CG MD, ME, MG
46 Rod 46 is napovered
47 CF, CG MF, MG

48 AB, AY MB, NY
49 G. CC, CD, AE, BE, CE IER , MC, MD, ME
50 AG, E1, E3, E7, F1, F2, F3 F6, F7, F1 M6, M7
51 AB, BC, BD, AE, BE MC

52 AU BU, CU, AS, BS, CS, AH, BH, G, AY, BY, CT MU, MS, IEI, NY

$3 CC, AE, BE, BF MC, NE
$4 AF, AG. E2, E3, En , F1. F3, F4, FS, F6, F7 F8 NF, MG, M5. M6

I 55 AA 01, BC, CD MA, 101, MC, MD
56 BU, BS, G. AY MS, IEI
57 BA, G, AC, BC, BD, CD MA, 101, MC, MD
58 AD, CD, AE, BE, BF, CG MD, ME, MF, 3E3

,

59 CC, AD AE, BE, CE, AF, BF, CF MC, ME, MF
60 AF, AG, E2, E3, E6, F3 F4, FS, F6, F7, F8 NF, MG, M3
61 AB, AC, AD, AE, BE, CE 801 MC, MD

i 62 BB, AC, AD, G
! * 63 G, BC. AE, BE 101, MC, ME

64 AD, BD, CD AE, BE, AF, BF, CF, AG, CG MD, MF, MG
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.Bundle 3 ( August 1980 to present). All dimensions are in centimeters and
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During the refurbishment of the 'IIITF bundle, considerable improve-
ments in the in-c, ore instrumentation were being made:

.

1. Installation of shroud-wall thermocouples at 13 test section loca-
tions,

2 fabrication and installation of 2 new in-bundle gamma densitometers.

and a motor drive systen.

The locations of the pressure taps installed during the first refurbish-
ment and the shroud-wall thermocouples ss 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 contains the location of the inside

Table 5.3. Location of shroud-wall thermocouples
relative to the core side of the shroud

Level Thermocouple Location of inside Locationofoutsige" ***I *
and assembly thermocouple beadG thermocouple bead

*

wall IAN [cm (in.)] [cm (in.)]
#

1 OE TE-270AE 0.2769 (0.1090) 1.8669 (0.7350)bTE-270BE

2 iE 1E-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-275BE

7 6E TE-276AE 0.3744 (0.1474) 1.9042 (0.7497)
TE-276BE

| 8 7E 1E-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) 1.7033 (0.6706;
| TE-279BE

! 11 2S TE-272AS 0.4747 (0.1869) 2.1549 (0.8484)#
| TE-272BS
! 12 SS 1E-275AS 0.2489 (0.0980) 1.7689 (0.6964)

TE-275BS

13 9S TE-279AS 0.4016 (0.1581) 1.9715 (0.7762)#
TE-279BS

-,

#
Inside thermocouple.

Outside thermocouple.
* #

Location of outside thermocouple is in the purge stream, not in the
shroud wall.



44

ORNL-OWG 82-5059 ETD -

| ! TOP OF FRS OUTER SS SHEATH
547.410-(SHEATH TC EXIT POINT). . . . .

[ 534.988 - 1ST O-RING UPPER SET MIDPLANE
522.923 jsT O-RING LOWER SET MIDPLANE

TEST
SECTION- E-g 482.005- TEST SECTION OUTLETOUTLET

M

414.536_ SU8 CHANNEL TCsM P 411.202 - OPPER END OF HEATED LENGTH
SHROUD TC 10,13

DP 10
I'

SHROUD TC 9 373.102-380.722- MIDPLANE GRID 7
SHROUD TC 8 351.512

SHROUD TC 7
DP7 315.317 *

64 '
SHROUD TC 6.12 288.012-TC LEVEL E

SHROUD TC 5
'

DP5 254.357

5-
SHROUD TC 4 228.322-TC LEVEL D

197.842 - MIDPL AN E GRID 4

166.092 &3SHROUD TC 3,11 168.632- TC LEVEL C

136.882-MIDPLANE GRID 3

106.402 DP2SHROUD TC 2 08.942- TC LEVEL B

75.922-MIDPLANE GRID 2
)

47.347 DP1
SHROUD TC 1 49.252-TC LEVEL A

45.442-LOWER END OF HEATED LENGTH

30.202-MIDPLANE GRID 1
Q Q 24.487-LOWER END OF SHROUDTEST 19.407-FLANGE FACE OF LOWER BARREL FLANGEa u

SECTION-{ % g 10.993-TEST SECTION INLETINLET 3.215- TOP SURF ACE OF NICKEL TERMINAL[% ~% 0.0 GAGE LINE IN NICKEL TERMINAL
.

Fig. 5.7. Nominal location of critical points in 11tTF Bandle 3 in-
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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 nosienclature used for these thermo-
-

couples has the following form:

,

TE-27abc ,

where

TE-27 is the same for all positions,
a = level (0-9),

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

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

The in-bundle gamma densitometerse-se uses low-energy gamma sources
and high-temperature ion chambers positioned in two of the instrumer 'ed
rods. A line-of-sight path that crosses two subchannels exists betr i
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 attenuation of the source across the subchannel path length. A
detail of the source-detector radial geometry is shown in Fis. 5.9. The

.

ORNL-DWG 80-4828 ETD
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\ FRS 1 FRS | \ \
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,

SCALE: 4X *

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 and 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.

OHNL DWG 80 5372 ETD
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Fig. 5.10. Azial 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.

.

5.2 Operatina Historv
.

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 sita 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 71tTF in standard con-
figuration (Fig. 3.4). no initial conditions for test 3.06.6B are pre-
seated in Table 5.5. The purposes of the experiment were the same as for
test 3.03.6AR (Sect. 4.2). He upflow film boiling data ranges se 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
l'1ow

.

Volumetric, m8/s (spm) 0.0177 (28J)
Mass, kg/s (Ib,/s) 15.19 (33.5)

Inlet temperature, I (*F) 487.5 (417.8)
Outlet temperature, I (*F) 587.7 (598.2)
Outlet pressure, M/m8 (psia) 13.61 (1974)

Table 5.5. Initial conditions for
Test 3.06.6B,

|
|

| Total bundle power, M 2.26
( Average rod power, kW 37.7
i

L Flow
|

1 Volumetric. m8/s (spa) 0.0079 (125)
{ Nass, kg/s (Ib,/s) 6.04 (13.3)

.

Inlet temperature, I (*F) 547 (526)
.

; Outlet temperature, I (*F) 610.2 (638.7) .

{ Outlet pressure, M/m* (psia) 14.98 (2173)
.

|

)

_. _ __ __ ._- -~ .___, -_ _. _ _ _ _ . - - _ _ _ _ _ , _ . _ __ _. , . _ _ _ _ ,-
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Table 5.6. TETF upflow film boiling data
ranges - Test 3.06.6B

.

Obtained inNRC requested Test 3.06.6B-

Mass flux, kg/s m8 270-4070 135-340
(1b ,/h.ft8) (2 x 10s-3 x los) (1 x los-2.5 x 10s)

Quality, % D-100 15-100
Pressure, MN/m8 4.14-18.61 6.03-12.4
(psi) (600-2700) (875-1800)

Heat flux, W/mi 3 x los-3 x los 15.7 x 104-4.7 x 10s
(Btu / haft 8) (104-108) (5 x 104-1.5 x 10s)

Between September 11 and October 1,1980, a series of steady-state'

experiments ** (test series 3.07.9) were conducted in the TUTF. The se ex- -

periments provided steady-state rod bundle film boiling data over a range
of flow conditions. These tests provided a means of obtaining data in the.

high-flow film boiling data ranges r equested by the NRC. These tests were
conducted with the THIF slightly altered from its standard configuration
(Fig. 3.4); that is, the pressurizer connection was located in the pump

"

bypass line rather than just beyond the horizontal outlet spool piece.

Conditions for these tests are shown in Table 5.7. The FRS in grid posi-
tica 32, normally a heated rod, f ailed on October 1 about halfway through
the testing on that date.

At the end of the steady-state testing on October 1, a transient film
boiling heat transfer experiment (test 3.08.6C) was conducted in the TETF. I

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 'rangessa 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 PRS-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 (af ter 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 3.09.101-N was made on November 25, 1980. These tests
were designed to complement the first maall-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),

______ ___ _ -__- __-- _ -_ __
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| Table 5.7. THTF steady-state upflow film boiling" data ranges,
{ test series 3.07.9a (a = test letter)

Test Mass finz Heat flux Core exit Pressure***
(a) [k /s as8 (1b,/h ft*)] [W/m* (Bta/h ft2)] quality [MN/m3 (p g,})

September 11 K 225 (1.7 x 108) 4.41 x 10' (1.4 x 108) 1.1 4.38 (635)
'

'

H 257 (1.9 x 10s) 4,10 x los (1.3 x 10s) 1.08 8.89 (1290)
I 362 (2.7 x 108) 5.68 x 108 (1.8 x 108) 1.09 9.19 (1332)
L 529 (3.9 x 108) 7.88 x los (2.5 x los) 1.005 8.30 (1203)
M 657 (4.8 x 10s) 8.82 x 10s (2.8 x 108) 0.94 8.57 (1242)
N 800 (5.9 x 10s) 9.45 x los (3.0 x 10s) 0.82 8.52 (1234)
0 307 (2.3 x los) 5.36 x 10s (1.7 x 108) 1.09 5.98 (867)

. I 339 (2.5 x 108) 5.99 x 108 (1.9 x 108) 1.13 6.01 (872)
{ P 520 (3.8 x 108) 8.19 x 108 (2.6 x 108) 1.02 6.03 (874)

September 18 Q 326 (2.4 x 108) 5.68 x 108 (1.8 x los) 1.12 6.53 (947) g
R 366 (2.7.x 108) 6.46 x los (2.0 x 10s) 1.13 6.57 (952)

October 1 T 240 (1.8 x 108) 3.15 x 10s (1.0 x 10s) 1.03 11.89 (1723),

U 242 (1.8 x 108) 3.15 x los (1.0 x 10s) 1.01 11.69 (1694)
V 250 (1.8 x 108) 3.15 x los (1.0 x 108) 0.99 12.04 (1745)
G 248 (1.8 x 10s) 3.15 x 10s (1.0 x los) 1.0 12.54 (1818)
W 257 (1.9 x 108) 3.78 x 108 (1.2 x los) 1.17 12.55 (1820)
F 255 (1.9 x 10s) 3.78 x 108 (1.2 x 108) 1.18 12.62 (1830)
C 334 (2.5 x 108) 5.67 x 108 (1.8 x 10s) 1.32 12.46 (1805)

'

D 517 (3.8 x 10s) 6.93 x 10s (2.2 x los) 1.05 12.75 (1847)
E 593 (4.4 x 10s) 6.93 x los (2.2 x 10s) 0.95 13.2 (1908)-
J 733 (5.4 x 108) 7.56 x los (2.4 x 10s) 0.82 13.37 (193's)
B 705 (5.2 x los) 9.14 x 108 (2.9 x 10s) 1.04 12.76 (1849)

,

1

| Data - ranges requested by NRC:#

Mass flux 270-4070 k /s as (2 x 10s-3 x 108 lb /h fts),8

j Heat flux 3 x 104-3 x 108 W/m8 (104-108 Btu /hft*),
1 Pressure 4.14-18.61 MN/m3 (600-2700 psia).

;

. . . . . .
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Table 5.8. Initial conditions for
Test 3.08.6C

,

Total bundle power, Mt 2.4
.

Average rod power, kW 40.6
Flow

Vciametric, a /s (spm) 0.0082 (130)s

Mass, kg/s (Ib,/s) 6.39 (14.1)

Inlet temperature, K (8F) 538 (519)
Outlet temperature, K (8F) 598 (618)

'

Outlet pressure, MN/m8 (psia) 12.9 (1870)

1 Tabl e 5.9. THTF upflow film boiling data
ranges - Test 3.08.6C

* **# I"NRC requested'

Test 3.08.6c- -

,

Mass fint, kg/s m8 270-4070 200-1085 -

| (Ib ,/h ft8) (2 x 10s-3 x los) (1.5 x 10s-8 x 10s)

I Quality, % 0-100 35-100
Pressure, MN/m8 4.14-18.61 6.55-11'.72

'

(psi) 4600-2700) (950-1700)
Heat finx, W/m8 3 x 104-3 x 108 4.73 x 108-1.1 x 108
(Btu /h ft*) (104-108) (1.5 z 108-3.5 x los)

| . . _ .

l

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

| A summary 88 of the main features of the transient bolloff 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. -

'Ihe last official run in the IllTF Bundle 3 was made on February 3,
1981. These tests were aimed at mass flux and power conditions interne-
diate to the 3.07.9 and 3.09.10 test series. At this time, these tests

,

have not been analyzed.

|

I
L___ _. _ . _ _ . _ . . . - - - - - - - - - - - - - -
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Table 5.10. THTF transient boilof f tests, November 1980 (preliminary)
t

Depressurization Nazimum bundle
Test Average rod [NN/ m3 (psia)] uncovering

Test duration linear power (%)
(s) [kW/m (kW/f t)]

Desired Observed
Desired Observed

3.09.10T 200 0.95 (0.29) 6.2-4.14 (900-600) 5.79-3.45 (840-500) 80 70 $
3.09.10U 60 1.90 (0.58) 7.93-6.2 (1150-900) 8.00-5.52 (1160-800) 70 70

3.09.10V 135 0.66 (0.20) 7.93-6.2 (1150-900) 7.58-5.52 (1100-800) 70 70

3.09.10W 100 0.62 (0.19)- 7.93-6.2 (1150-900) 7.86-5.86 (1140-850) 70 45

3.09.101 280 0.33 (0.10) 8.62 (1250) 8.55-8.34 (1240-1210) 60 70
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Table 5.11. TJTF steady-state bundle uncovery
tests, Novembe.r 1980

MI***** "**I"""Pressure PowerTest level temperature[MN/m* (psia)] [kW/m (kW/ft)]
*

[m (ft)] [K (*F)]
3.09.101 4.14 (600) 2.23 (0.68) 2.67 (8.75) 1050 (1430)
3.09.10J 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) .'do (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 IMwer Flooding rate** (MR/m8 (psia)} [kW/m (kW/ft)] [ca/s (in./s)]
,

3.09.100 4.14 (600) 1.97 (0.6) 15.24 (6)
3.09.10P 4.14 (600) 0.98 (0.3) 7.62 (3)
3.09.10Q 4.14 (600) 0.98 (0.3) 2.54 (1)
3.09.10R 7.58 (1100) 1.97 (0.6) 7.(2 (3)t

,

3.09.10S 7.58 (1100) 0.98 (0.3) 7.62 (3)

!

:

.

.

- , , e -
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6. FRS 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 TETF. This requires the solution of the inverse heat conduction
problem that is accomplished at ORNL by the computer codes ORINC (Ref. 2)
and ORKDIN (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 f all
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 construction
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 10.0025 mm (0.0001 in.) .
There are disadvantages to this method; namely, an expensive FRS is no
longer available (except in 25-am sections), and the assumption erst be
made that the cross-sectioned FRS ir representative of the bundle.

.

*
ORNL-CWG 79-4737 ET)

31G STAINLESS
STEEL SHEATH
INCONEL 6007
HE ATING ELEMENT

30* ,

\

%

'N: # e;#e
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T RI E / O.05 cm TC
.

Fig. 6.1. Cross section of THTF Bundle 3 FRS.

.
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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.s4 FRS-038 (an original Bundle 3 FRS) was never
] placed in a BDHT loop and thus never power-cycled; in f act, this rod

failed an electrical check during construction, 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 (noneycled, that is). Table 6.1 contains the re-
suitsss of a statistical analysis performed on the FRS-038 measurements.
The radial results (determined from diametric measurements) are indepen-
dont of those for the thicknesses (the dimensions cross-check). Estimates
of the uncertainties (one standard deviation) in the radii and thickassses
are included in Table 6.2.,

The dimensional stability of preproduction Bundle 3 FRSs is indi-
cated in Table 6.3. 7tase 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 '
'

a THTF-cycled FRS when one became available.
Af ter the refurbishment of Bundle 3 (July-August 1980), four FRSs

formerly in grid positions 21, 37, 38, and 54 of the original Bundle 3
were placed in storage. These rods had experienced the first series of '

,

. small-bresk LOCA tests and THTF testing during May and June 1980. One of - :
I these rods, FRS-058B (grid position 37) was acquired for testing in the

.

,

! Table 6.1. Bundle 3 FRS sublayer
j radii and thicknesses

i

Outer radius ThicknessSublayer
[mm (in.)] [mm (in.)]

2

i Heated lenath
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 boron 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)

|

-,. - - . ~ - . , . . . - - - c , - - , - - - . - , . , n,.- .-
, ,,, . , - ~ . - _ . - - . . - - . . - . . .. .,-- .
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Table 6.2. Bandle 3 FRS sublayer radius and thick-

ness uncertalaties (1 standard deviation)
.

Outer reding Thickness
3

i Sableyer ascertainty uncertalaty

{ (mm (ia.)] Imm (la.)]-

!

Esated lenath

Stainless steel clad 0.0076 (0.0003) 0.0102 (0.0004)
Outer boron altride 0.0102 (0.0004) 0.0356 (0.0014)
Heater element 0.0152 (0.0006) 0.0076 (0.0003)
Inner boron altride 0.0152 (0.0006) 0.0404 (0.0016)
Thermocouple bundle 0.0356 (0.0014)

"150 observations.
300 observations.

Table 6.3. Stabs!!ty statistics for loop-cycled rods

Before loop testing After loop testing,

(ma (in.)] [mm (in.)]
Rod Chanse"Mesa value of Standard Ween valso of Standard'
'' rod diameter deviation rod diameter deviatiu

40A 9.4945 (0.3738) 0.0127 (0.0005) 9.5352 (0.3754) 0.0178 (0.0007) 0.4
| 18A 9.4920 (0.3737) 0.0102 (0.0004) 9.5199 (0.3748) 0.0203 (0.0008) 0.3

*

! 104 9.4996 (0.3740) 0.0076 (0.0003) 9.4995 (0.3740) 0.0102 (0.0004) 0.0
6A 9.5631 (0.3765) 0.0178 (0.0007)

#
Relative to rod diameter before testias.

FRS TDL (Sects. 7 and 8) and subsequent cross-sectioning and measurement
by the Y-12 Development Division Metallurgical Department. TRS-0588;

should be representative of a cycled TETF rod, and the change 1. the rod's.
'

outer diameter (0.3-0.4%) agrees very well with the preproduction Bundle 3
rods (Table 6.3) cycled in the BDET single-rod f acility.

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-
sises performed on measurements 8' from BDET 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 apper-

: est dimensional changes. The direction of these diametric changes'in the
! interfaces is indicated in Fig. 6.2. Apparently, the PRS Aas' stress-,

relieved itself. Considering the PRS manuf acturing process? *he relief
is in 'he correct direction. Roughly the manufacturing proces's takes the

:

i

!

l
-_
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Table 6.4. Cycled Bundle 3 FRS sublayer radii
and thicknesses

.

Outer radius ThicknessSublayer
[mm (in.)] [mm (in.)] ,

t

Stainless steel clad 4.7630 (0.18752) 0.4636 (0.01825)
Outer boron nitride 4.2997 (0.16928) 1.1763 (0.04631)
Heater element 3.1227 (0.12294) 0.3345 (0.01317)Inner boron nitride 2.7882 (0.10977) 2.1224 (0.08356)
Thermocouple bundle 0.6652 (0.02619)

. Table 6.5. Cycled Bundle 3 FRS sublayer radius and
I

kness uncertainties (1 standard deviation)' ' -

Outer rading Thsckness 3Sublayer uncertainty uncertainty
[mm (in.)] [mm (in.)]

*
r

Stainless steel clad 0.0038 (0.00015) 0.0117 (0.00046)
*

2

Outer boron nitride 0.0056 (0.00022) 0.0310 (0.00122),

Hester element 0.0060 (0.00024) 0.0089 (0.00035) ;.

Inner boron nitride 0.0078 (0.00031) 0.0615 (0.00242)
Therrocouple bandle 0.0580 (0.00229)

i

"69 observations.
b
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 Inconol-600 tube, and BN preforms
are slipped over the thermocouple bundle 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 positicas), and grooved
BN preforms are slipped over the ACA and crushed until the assembly is

-

full.
5. This completed assembly (FRS) is .then swaged (outer diameter reduced)

in a hammer mill until the outer diameter, the position of the sheath ,

thermocouples, and active heated length are correct.

. _ - - - _ _ .- . - _ _ -, - . _ - - . ._ -- - _ - _ _ - _ - _ _
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l
The procedure ss 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 construction of the 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/cm3 (13 8.3 lb,/ f t8) with a stan-
dard deviation of the observations of 0.013 g/ca (0.81 lb ,/ft8); also,s

the average annular BN density was 2.175 g/cm 8 (135.8 lb /f t ) with a8

8 (1.19 lb /ft8). Now, Ising the cycledstandard deviation of 0.019 g/cm
rod dimensions f rom Table 6.4, the average"BN core density was 2.158 g/cas

(134.7 lb,/f t8) with a standard deviation of 0.013 g/cm (0.8 lb,/ f t 8 ) ,8

and the average annular BN density was 2.135 g/cm 8 (133.3 lb /f t8) with a
8 (1.19 lb / f t8 ) . ComparisoEs of the as-standard deviation of 0.019 g/cm<

constructed FRS BN densities and the BN de,nsities af ter rod thermal cy-
cling show further evidence that the rods underwent stress relief.2

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 6.1 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" m:dels
(these units contained only ten thernoccupies, six sheaths, and four cen-
terlines). Using the dimensions from Table 6.1, it would be expected that
the cora BN density wonid be approximately the same as the production *

model with the annular density possibly less than the production rodel;,

this was observed to be the case. The cycled rod data in Table 6.2 in-
cludes that from a preprototype rod, two preprctuction rods, and one
production rod; thus, after cycling, these rods (and FRS-058B) e xhibit
similar diametric changes (~0.3-0.4%) . Additionally, the new rods in-,

serted in t!ae bundle during the rerefurbishment phase (Sect. 5) were
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 essentially the same, (2) the heating element (Inconel-600)3clectrical
resistance per unit length is approximately equal, and (3) the relative,

| density difference between the core and annular BN is the same as the
I 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-

~

fled in Table 6.6 be used.

.

. . _ . _ _ - __ _ _ . - . -
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Tabl e 6.6. Internal dimensions and boron nitride densities of
Bundle 3 FRSs (for the original and refurbished bundles)

.

Original or
Preproduction

Sublayer production New FRS*

p,3
FRS

Outer radius
Imm (in.)]

Stainless steel clad 4.7630 (0.18752) 4.7630 (0.18752) 4.7630 (0.18752)
Outer Foron nitride 4.2997 (0.16928) 4.2997 (0.16928) 4.2997 (0.16928)
Heater element 3.1413 (0.12367) 3.1227 (0.12294) 3.1436 (0.12376)
Inner boron nitride 2.8090 (0.11059) 2.7882 (0.10577) 2.8116 (0.11069)
Thermocouple bundle 0.6652 (0.02619) 0.6652 (0.02619) 0.6652 (0.02619)

Boron nitride density
(g/cas (Ib,/ft }}

Core 2.139 (133.5) 2.158 (134.7) 2.154 (134.5)
Annulus 2.117 (132.1) 2.135 (133.3) 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 radici dimensions.38 The
boundary conditions for ORINC and ORMDIN are the power generation rate
in the heating element and the FRS sheath thermocouple response (s) . The
uncertainty in the BDHT FRS sheath thermocouple response is relatively
well known;4' however, during preliminary analysis of the THTF tests, the
ability to compute the power input to the THTF core was only marginally
accurate. For instance, the summed EI product [i.e., the sua for all rods
of the product of the rod current (I) and the generator 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 unacceptable. Therefore,
af ter the refurbishment of Bundle 3 (July-August 1980), FRS-05SB (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 the ACA (the FRS ~

heating element) as a function of temperature.
S. D. Snyder of the Inf rared Inspection Section of the FRS TDL has

devised techniques for inspecting and characterizing FRSs.41 The FRS is -

an electrical heating device, and, during its construction, the ability
to measure accurately electrical parameters such as low and high resis-
tance and leakage current is essential.45 Low resistance measurements
are necessary to monitor the condition of the central heating element (the!

ACA). High-resistance and leakage-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 oc voltmeter (DVM with a 0.1-mV sensitivity) across'

a 1.0000-0 resistor, the power supply potential to the ACA is raised until
the voltmeter 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
i the current is 1.0000 A.
) Using this technique, the ACA resistance curves vs temperature in ~

Figs. 7.2-7.4 were generated. A comparison of four different runs is
shown in Fig. 7.2. None of the four separate runs duplicated each other,
and the extreme spread was ~3%. To provide a reason for this oncepeat- -

ability, it is necessary to look at the run sequence and time frame 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 (af ter 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; af ter completing
the test, the pcwor 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. Ran 4 was made af ter these ramp tests.
The rod was cooled to room temperature in ~20 min by using a f an. Note
that the ACA resistance at room temperature was repeatable when the rod
had been previously cooled from >1000 K to room temperature in (1 h. Runs
1-4 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 lead-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 ran 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 tensinal lead-in section.
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)4:
,

because it is a common thernoelement material (type K thermocouples).

. _- --. _ - - _ .- - ,-
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Fig. 7.3. ACA. resistance vs temperature for entire ACA of FRS-058B
(ACA heated by ramping sheath).
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!
Some of the pertinent points follow:

'

! 1. Between 475 and 875 K, the nickel and chromium atoms in Chrome 1 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 BDET rods consists of Inconel-600, which is a nickel,
iron, and chromium alloy. Inconel-600 can undergo the same order-disorder
phenomena as Chrome 1.

Referring to Fig. 7.2, the resistance curves for runs 1 and 2 (run 2
data were generated over an ~8-h cool-down period af ter run 1) start di-
verging (as the temperature decreases) at ~875 K. The ordering process
appears to be complete at ~575 K, and the two runs are essentially paral-
1el below that temperature with approximately +3% change in the resistance
at room temperature. Run 3 resistance should track the run 2 results up
to ~575 K, and above that temperature it should be greater than run 2 (at
the corresponding temperature) because the degree of ordering is erester. i

-

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 controlled pro-.

cess with f aster cooling periods (as following run 3), the degree of
ordering (and the resulting change in resistance) is less. Little dif fer-
ence appears in the resulting resistance (approximately +0.6%) at room

I temperature af ter cooling periods of 20 min and 1 h. Al so, it must be
i

stated that the laboratory cooling environment for FRS-058B is totally
different from that in the THTF. Following a typical test in the IETF,
the rod would be steam-cooled or water-quenched at a rate three orders of
magnitude f aster than the best rate obtained in the Infrared Laboratory.

The resistance curve generated in run 1 is ass.aed to be typical of
Bundle 3 FRSs in the TETF. 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-6 00 tube, and this resistance can be determined from Fig. 7.4.
Thus, if the tensinal end resistance is subtracted from the run 1 resis-
tance curve, the resistance of the FRS-058B heated section as received
from the TETF may be determined. This resistance along with the curves in
Fig. 7.4 and run 1 are overlayed in Fig. 7.5.

i If the ACA heated-section electrical resistance (lower curve in F4 3
7.5) is divided by the heated length (3.672 m for PRS-058B) and then mal--

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 4 s in Fiss. 7.6 and 7.7. The ACA'. .

i 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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Fig. 7.6. Inconel-600 electrical resistiirity comparison.

length for FRS-058B is shown in Fig. 7.9. Using a correction factor p g
defined by

|
i

; heated length of rod i
~

i heated length of FRS-058B *

'E

the electrical esistance of rod i in the IETF core can be determined
| from Fig. 7.8 r.2d pgh

., c,

Gb ,

"i -"rRs-Ogg''81-

.N-

|
'

where R has units of ohn per unit length.g

:
I

- .-- ,.
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Using the in situ electrical resistance of the Inconel-600 (Fig.
7.8) and the terminal end electrical resistance (Fig. 7.9), the computed
power input to the 11rIF core was +1.0% of the observed power delivery to
the core fluid.

.

e

___ _ _ _ _ _ _ _ _ _
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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 flim boiling tests), FRS surface temperatures reached 950 to 1150 K
(1250 to 1610*F); at these temperatures radiation from the surf ace 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:

9 total " 9 convection + 9 radiation * (0*I

Because these tests (small-break LOCA and steady-state film boiling) are
steady state, q is ainply the power generated by the FRS that can betotal
calculated given the current to the rod and the rod resistance (Sect. 7).
If the obj ective of the test is to determine the cenvective 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 Inspection Section of the FRS TDL
are available, it was decided to test one of the FRSs removed from the
THTF during the bundle refurbishment in July-August 1980 to determine the
surf ace emissivity.

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

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 f an.

i 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,

.

j and each had a known surf ace emissivity.)

j These experiments could not be carried out in a vacuum, and as a re- .

'

suit the total heat transferred.at the surface (known) was the sum of the
i

.

i
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heat transferred by convection and radiation [Eq. (8.1)]. However, in the
test apparatus, the convective heat transfer is via free (natural) convec-
tion to air that is adequately described by available correlations. The
correlation used** is a Nasselt type of the form

hd
j{ = a [N , x NPr]a (8.2),g

.

where the parameters a and a are dependent on the product of the Grashof
number (N ** *** "'" ** r t e spec le temperatureG: Pr .*

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 convective heat
transfer can be estimated by

! ' convection A (T sink) (8.3)= ~
,

rod
|

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 -- T is the temperature differencerod 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 transfer; that is,

' radiation " 9 total ~ ' convection *

The heat transfer at the rod surface (total, convective, 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
af ter painting the rod with Deshter paint, which has an emissivity of 0.92
at 670 K. A simplified formulation of radiant heat transfer is given by

.

G = aAe (T* - Tsink )
d (8.4).

radiation

i
!

- . , _
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Given two surf aces (one with a known emissivity s and the second with an3unknown emissivity s ) and letting

A, = A, ,

T, = T, ,

and

sink, " sink, *

Then,
.

S, *2r
,

,
q a,
r,
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or

.

S.r
e =4 (8.5)3 3 ,

q
r -
1

where the radiative heat transfer q and q are known and the emissivity
e, is known. Thus, the emissivity of the unpainted rod (i.e. , the FRS as
received from the HTF) can be estimated as a function of rod temperature
from the plots in Figs. 8.3, 8.5, and the known*7 paint emissivities. The
emissivity of the FRS-026 surf ace af ter removal from the HTF 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 units of I; or

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

where T has units of 'F. Using the available Infrared Inspection 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. , 950-1150 K) an extranoistion of
the experimental data 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.

.

O

O

e
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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 TETF (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 responses during THTF testing.

.

9

i

.
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Appendix A

LOCATION AND NOMENCLAIURE FOR FLUID.

.

THERN0 COUPLES IN *MTF BUNDLE 3
|

i The location (axial and subchannel) of all fluid thermocouples moni--

tored in the original TETF Bundle 3 is presented in Fig. A.1. These core
fluid thermocouples can be subdivided into four distinct groups. The
naming convention and location of these subgroups are given in the follow-
ing four sections.

A.1 Subchannel Thermocounles

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

TE-12nn ,

where
.

nn = a 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 Snacer-Grid Thermocounles

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

TE-29na ,
I

l

where

n = a number 1-6 designating the spacer grid level as follows

Between
thermocouple Actual Bundle 3

Number levels spacer grid No.
.

| 1 A2 2
i 2 B&C 3

3 C&D 4.

4 D&E 5
5 ESF 6
6 F6G 7

_ _ - - - _ .
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] SHADED ARE AS REPRESENT THOSE SUBCHANNEL THERMOCOUPLESe
WHICH ARE CURRENTLY MONITORED BY CODAS

51 ' $2 S3 54 '55' 56 57 58 ' 59
.

1 2 3 4 5 6 7 8 -

$10 511. 52 S13 Sie ' $15 ' ' S16 . S17, S18
.

9 10 11 12 13 14 15 16
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.

57 58 59 60 61 62 63 64 . ,
* /'.
S73 - $74 $75 576 1 577 $78 579 580 581:

.

* OUT-OF-SE R VICE

Fig. A.2. Subchannel thermocouples,

and

a = a letter "A-F" designating the subchannel into which the
thermocouple is proj ecting, as follows

Letter Subchannel

A 34
B 43
C 57
D 70

.

E 17
F 38

* Those fluid subchannels monitored by spacer grid thermocouples are
indicated in Figs. A.3(a-f) .
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A.3 Shroud-Box Thermoconoles

O

Shroud-box thermocouples protrude through the shroud wall into the
fluid in the wall subchannels. A typical installation is shown in Fig.

. A.4. ne naming convention for these thermocouples has the following form

TE-18aa ,

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 82-6080 ETD

Y
,

I

i

I-

| <

l

4 .

'
4-0.250 TYPICAL-

SHROUD TIE

- |

3/16 R TYPICAL k~ ! )~
7 '

_

.

' '

Fig. A.4. Typical installation of a shroud-box thermocouple. Di-

mensions are in inches (1 in. = 2.54 cm).
,

l
;

i
. - - .
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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 s).

A.4 Thermocouple-Array Rod Thermocounles

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 those 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-18aal ,

where .

n = the number 8 or 9 designating which Srid 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 thernocouple level A-G (same as FRS thermocouple level
{designations).
l

|

Those fluid subchannels monitored by the thermocouple-array rod thermo- |

couples are indicated in Fig. A.5(a s). {
1
I

i

|.

|
!

.

|

|
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Fig. A.6. Cross section of thermocouple array rod illustrating pro-
trasion of thers:ocouples from the rod. Dimensions are in inches (1 in. =
2.54 cm)..
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