NUREG/CR-0342
ORNL/NUREG-51

ORTCAL—A Code for THTF Heater Rod
Thermocouple Calibration

1 R2

SUPPORT BRANLH
CH CHIEF

OAK RIDGE NATIONAL LABORATORY:
OPERATED BY UNION CARBIDE CORPORATION - FOR THE DEPARTMENT OF ENERGY




National Technical Information Service
U S Department of Commerce

r Printed in the United States of America. Available from
|
' 5285 Port Royal Road, Springfield, Virginia 22161

Government Neither the United States nor any of its employees, nor any of its

contractors. subcontractors or their employees makes any warraniy express or

implied. or assumes any legal Lability or responsibility for the accuracy
{ completeness or usefuiness of any information, apparatus. product Or process
L disciosed. or represents that its use wouid not infringe privately owned rights

I
‘ This report was prepared as an account of work sponsored by the United States |




NUREG/CR-0342
ORNL/NUREG-51
Dist. Category R2

Contract No. W-7405-eng-26

Engineering Technology Division

ORTCAL — A CODE FOR THTF HEATER ROD
THERMOCOUPLE CALIBRATION

L J. DER R. A, Hedrick

Manuscript Completed — January 15, 1979
Date Published — February 1979

Prepared for the
U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Under Interagency Agreements DOE 40-551-75 and 40-552-75

NRC FIN No. BO125

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
DEPARTMENT OF ENERGY



Contents
Page

LIST OF TABLES o oie ¢ ovinios o s e n e ssesnilesess s eesiesssssees v
LIST OF PIGURES «ississnssisvussinsnteniesssnitssiisssesesneneisson VL
AESTIRALT  + v ounm w00 00000000000 0 i 00 0 0 L i 850 1
Yo | ENTREDUCTION &6 tiwiwe O 605 0lon wials Soos 6o/ nie n e1o085 5 .0 00358 500 00 578600

Lol BOCRETOMBIT osan sve v b am als onn & 5ol oot s ok s & s w st arn aaw 45

L2 wTeRt "FRELIATAGE "5 ciliunnes s brbvesan st dhes s et aleransnes

1.3 Beatax Bod DRSCEIDEION «uvisistavsinenesomennssvansave s

izh Hoatey BOG BUBHER &« vveiltee sns snnndfss som s at s b s ns

1:4+1  Radial GInenBions® . eivssiimes sinidonssssnesaonsoss
1.4.2 Physical properties of components ........eoeeeeee
Vet 3  (CALIDEGEION OBIQTE VRN 1) s woinsin 52 0-tond 655 858005550

ROD - CLASSIFICATION PROCEIUIRE: 5 ¢ o wowsamsissnnssssesssossssses
2] Tralisinary: HOCER. /s «ormes 560 e ab-epan b A oS €78 Rk

2elol ' THOTMOCOUDTRE: wis i v e s sarsinion.m s i sie snm o e w.sas o
Zidad POWRE DRARIDE FABIDEE o3¢ 07ed's 650 5w en ik aih e s o8
Za bo 30, ERPETINBRES 5 o6 603 o upn b, o minbiwis sl mmss Kby ibiswe

ORTOAL — PAEL 1 secsansssssnpivesttansesntssonashsusenss

2.2.1 Production and description of the "statistics"
tapa’ el by ORTCAL = Parf T wivisss avndvivass sdkse
2:2.2 Code logic and methods USEd .sveesessrcsusonsovion

URTGAL =~ Part IT ssinwvs ssnsisnsseivms bes s ssssaeaan-e i

. DEICRL == BPAEE LEL . i vk ilow bowoiinre: v ims b s e6n s € e.sm s s

S5 ORTORE = TRRL IV 5 annwes o5 onids TH0R e o35 b otg SrbmWid =k s &

3. CONSEQUENCES OF NONCALIBRATION OF FUEL PIN SIMULATORS .......

4. CONCLUSIONS. iicennstissnnned®simss bk essls s e meiess e ae s

REFPERENCES: o 56 v vm ionle 0mai 6o 0w 0 om s o wp- s ns e ae--6 558 5 siess 4 s oo

APPENDIX A. PHYSICAL PROPERTIES DATA ..:cionvescns

APPENDIX 8 B8 FAF R R S LR R SR

APPENDIX EXAMPLES OF ORTCAL — PART T OUTPUT ,sosneevommsasenn

APPENDIX EXAMPLES OF ORTCAL — PART II OUTPUT sesssersvesannin

APPENDIX EXAMPLFE OF ORTCAL = PART III OUTPUT Lissaasnednadpranie

APFPENDIX EXAMPLE OF ORTCAL — PART IV OUTPUT .ucassssevossnasnae

APPENDIX DEVELOPMENT OF THE MODIFIED RUSSELL EQUATION .......




Number

.1

1.2

3.2

A.l
A.2
A.3
A.4
A.5
C.1
C.2

C.3

D.2

D.3

Fol

LIST OF TABLES

Identification

Nominal power profile for the THTF indirect heater
with average power of 12 kW/ft

Nominal location of thermocouples in THTF bundle 1
relative to power zone steps and grid spacers

Radial dimensions of THTF heater

Information contained on an ORTCAL thermocouple
history tape

Calibration results for position TE-318BG in THTF
bundle 1

Calibration results for position TE-301DJ in THTF
bundle 1

Bundle 1 estimated MgO core porosities

The ORTCAL — Part IV contribution to the CDT file
for position TE-318BG in THTF bundle 1

Comparison of case 1 and case 2 surface conditions
for level E at 0 and 2 sec

Local fluid pressure required to achieve surface
temperatures for case 2 during nucleate boiling

Physical property data for Inconel 600
Physical property data for Cupronickel
Physical property data for 316 stainless steel
Physical property data for magnesium oxide
Physical property data for boron nitride

THTF thermocouple calibration runs

Example of ORTCAL — Part I output for thermocouple
TE-31838G

Example of ORTCAL — Part I output for thermocouple
TE-301DJ

Example of ORTCAL — Part II output for thermocouple
TE-318BG

Example of ORTCAL — Part II output for thermocouple
TE-301DJ

Example of ORTCAL — Part 1I output for thermocouple
TE-322BF

ORTCAL — Part IV level regression for G level (at
thermocouple position TE-318BG)

ORTCAL — Part IV individual regression for TE-318BG

15

20
33

b

63

66
70

84

86

115
118
121
124
126
137
138

142

149

154

159

185

190






i e e

Number
1.1
1.2

1.3

Ls7

1.8

L3

1-11

k12

1.13

vii

LIST OF FICURES

Title

Thermal-Hydraulic Test Facility

Indirect heater rod assembly (1 in. = 2.54 cm)
Heater rod cross section (1 in. = 2.54 cm)

Power profile of prototype heater (1 ft = 30.48 cm)
Integrated power profile of stepped, chopped-cosine
heater rod compared to the integrated power profile
of a smooth chopped-cosine curve (1 ft = 30.48 cm)
Typical thermocouple junction configuration

Cross section of BDHT heater 150-5

Cross section of sheath thermocouples in BDHT heater
150-5

Segment of heater showing mean dimensions in the
thermocouple area (1 in. = 2.54 cm)

Low-pressure-drop spacer grid assembly
(1 in. = 2.54 cm)

Test section using indirect heater rod in 49-rod
bundle (1 ft = 0.3048 m)

Distribution of thermocouples in THTF test bundle 1
(May 24, 1976)

Location of thermocouples in THTF bundle 1 (1 in. =
2.54 em)

THTF test bundle 1 rods monitored by metrascope (shown
by cross hatching)

Fill test configuration
Fuel pin simulator zone designations with thermc-
couple levels (bundle 1) and enlarged active compo-

nent assembly

Surface heat flux perturbation due to thermocouple
presence and 0.015-in. heater ecceatricity

Updated ORTCAL thermocouple history tape

10

11

12

)

14

1t

17

18

25

26

29

32






Number

2.21

2525

3'1

3.2

3.3

3.4

3.0

3.6

3.7

3.8

3.9

3.10

3:11

ix

Title

MgO thermal conductivity as a function of temperature
and porosity (comparison of regression results at
318BG and 301DJ with literature data, Ref. 6)

Lines of information flow for ORTCAL — Part 1II
Estimated Mg0 core porosity for THTF bundle 1

Notation relative to the mathematical model of the
thermomechanical behavior of the gap between the
inner and outer stainless steel sheaths

Lines of information flow for ORTCAL — Part IV

ORINC rod surface temperatures, level E, THTF test 105,
case 1

ORINC rod surface temperatures, level G, THTF test 105,
case 1

ORINC rod surface heat fluxes, level E, THTF test 105,
case 1

ORINC rod surface heat fluxes, level G, THTF test 105,
case 1

ORINC rod surface temperatures, level E, THTF test 105,
case 2

ORINC rod surface temperatures, level G, THTF test 105,
case 2

ORINC rod surface heat fluxes, level E, THTF test 105,
case 2

ORINC rod surface heat fluxes, level G, THIF test 105,
case 2

Element notation at the inner stainless steel shec.h
to the outer stainless steel sheath interface

Element notation at the heater surface

pistribution of pressure superimposed on cross section
of bundle 1 core

ORINC rod surface heat flux, TE-318BG, THTF test 105,
018 sec

64
66

68

69

74

75

76

77

78

79

80

81

82

83

86

88






e NNl
1

Number

A.5

A.6

A.7

A.8

G.1

G.2

G.3

G.5

G.6

xi

Title

Thermal conductivity of 316 stainless steel

Specific heat of 316 stainless steel

Specific heat of magnesium oxide

Specific heat of boron nitride

MgO thermal conductivity as a function of temperature
and porosity (literature data)

kMgO vs temperature
data and regression

kymgo Vs temperature
data and regression

kMgO vs temperature
data and regression

kMgo Vs temperature
data and regression

for
fit

for
fit

for
fit

for
fit

5% porous MgO [literature
of Eq. (G.8)]

227 porous MgO [literature
of Eq. (G.8)]

5% porous Mg0O [literature
of Eq. (G.12)]

227 porous MgO [literature
of Eq. (G.12)]

MgO thermal conductivity as a function of temperature
and porosity [modified Russell equation — Eq. (G.12)]

125

127

209

211

212

214

215

216



ORTCAL — A CODE FOR THTF HEATER ROD
THERMOCOUPLE CALIBRATION

L: J. Okt R. A. Hedrick

ABSTRACT

This report develops and presents an experimental thermo-
couple calibration procedure and a four-part calibration pro-
gram, ORTCAL (ORNL Thermocouple Calibration), which supplies
heater rod performance information to the inverse heat conduc-
tion code ORINC. Case studies are presented to illustrate the
effect of noncalibration of fuel pin simulators on the inverse
calculations.

1. INTRODUCTION

1.1 Background'

The ORNL Pressurized-Water Reactor Blowdown Heat Transfer (PWR-BDHT)
Program is an experimental separate-effects study of the relations among
the principal variables that can alter the rate of blowdown, the presence
of flow reversal and rereversal, time delay to critical heat flux (CHF),
the rate at which dryout progresses, and similar time- and space-related
functions that are important to loss-of-coolant accident (LOCA) analysis.

Overall program objectives are (1) to concurrently determine, for a
wide range of parameters, pre-CHF heat fluxes, AT (surface driving poten-
tial), heat transfer coefficients, and local fluid properties; time to
CHF; and post-CHF heat fluxes, AT, heat transfer coefficients, and local
fluid properties; and (2) to test the ability of existing codes such as
RELAP to predict the behavior of the single- and multirod loops under
blowdown conditions.

The parameters to be studied include (1) single- and double-ended
coolant line breaks of varying area ratio; (2) depressurization rates;
(3) different combinations of system power and pressure to obtain dif-
ferent values of departure from nuclear boiling ratio (DNBR); (4) a range

of power cutoff delays; and (5) a range of power decay rates.
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present configuration, the FCTF is capable of conducting only single-

ended break tests.

1.3 Heater Rod Description1

The indirect electric heater rods used in THTF bundle 1 are 1.0719 em

in diameter (0.422 in.) with a stepped, chopped-cosine power profile length

of 365.76 cm (12 ft) (see Fig. 1.2).

The overall rod length is 548.64 to

640.08 cm (18 to 21 ft), depending on its location in the bundle. The rod
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is double-ended, with the sheath and ground-lead extension welded together
at the lower end and the power lead insulated from the sheath at the upper
end.

The heater rods have a dual-sheath design (see rod cross section in
Fig. 1.3). The outer sheath is 0.0254-cm~-thick (0.010-in.) stainless
steel; the inner sheath is 0.0762-cm-thick (0.030-in.) stainless steel
and is grooved to accept the 0.0508-cm (0.020-in.) Chromel vs Alumel
thermocouples. The next inner layer is boron nitride (BN), which elec-
trically insulates the heating element from the stainless steel sheaths.
The heater element consists of a series of oversleeves swaged over a cen-
tral base tube to provide the heat-generation zones. The central "hot

zone,"

which consists of only the base Inconel 600 heater tube, has the
highest electrical resistance and the maximum heat-generation rate. Suc-
cessive oversleeves of Inconel 600 or Cupronickel are swaged over the
heater element with each succeeding oversleeve extending to the end. As
oversleeves are added between the central zone and the ends, the resis-

tance and heat-generation rates of that particular zone decrease so that

ORNL-DWG 75-12882R

/—SS OQUTER SHEATH (0 010 in)

/ rf—'SS INNER SHEATH INCONEL
/ / 10030 in) + CUPRONICKEL
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/ / ,~INCONEL 600

HEATING ELEMENT

NITRIDE

Fig. 1.3. Heater rod cross section (1 in. = 2.54 cm).
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the step changes approximate the desired chopped-cosine power profile
shown in Fig. 1.4. The lengths of the steps for different power levels
were chosea to match the integrated chopped-cosine power profile (Fig.

1.5). Nominal heated zone lengths, power ratios, and local powers for
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THTF heaters are given in Table 1.1. The core of the heater element is
filled with magnesium oxide (Mg0O), which serves as both a filler and an
insulator between the heating element and the central rod thermocouple

sheaths.

Table 1.1. Nominal power profile for the
TOTF indirect heater with average power
of 12 kW/ft%

Length of et
heated zone Local /average (i, i
from beginning power ratio g
(.} (kW/ft)
018 0.422 5.06
18-31.5 0.597 .16
31.542 1.065 12.78
4254 1.285 15,42
54-90 167 20.0
90-102 1.285 15.42
102-112.5 1.065 12,78
112.5-126 0.597 7416
126144 0.422 5.06

%] in. = 2.54 cm; 1 KW/ft = 3.28084 kW/m.

The sheath thermocouples are located in axial grooves (two per groove)
machined in the inner sheath. After the tips of the thermocouple sheath
are spot-welded at the proper location, a stainless steel filler rod is
added to the remainder of the groove (Fig. 1.6). The heater is then
slipped into the 0.0254-cm-thick outer sheath and the whole assembly swaged
to a 1.0719-cm OD.

BDHT heater 150-5 (originally S/N-5) was cross sectioned and micro-
photographed’ by the Y-12 Development Division Metallurgical Department.

A typical cross-sectional view (Fig. 1.7) shows the peripheral location

of sheath thermocouples and heater components., An enlarged view of the
inner sheath groove area (Fig. 1.8) reveals that the groove has been
milled to a depth of 0.0394 cm (0.0155 in.), which is less than the origi-
nal 0.0508-cm OD of the thermocouple. As a result, during swaging opera-

tions the thermocouple is crushed to a somewhat elliptical shape and the
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Fig. 1.6. Typical thermocouple junction configuration.

edge of the milled groove is pulled away from the outer sheath (Fig. 1.8).
A review of all photographs of cross sections at thermocouple bead junc-
tions in heater 150-5 results in the composite drawing shown in Fig. 1.9.
The heater rod is reduced to its final diameter by swaging, often
creating an imperfect fit between the inner and outer sheaths at the
thermocouple locations and resulting in a gap between the thermocouple
junction and the outer sheath (Figs. 1.7 and 1.8). The thermocouple is
welded to the inner sheath; thus, the gap between the junction and outer
sheath grows with increasing fluid temperature and closes with increasing
heater power. With successive blowdown transients, the residual gap in-

creases, apparently due to plastic deformation of the outer sheath.

1.4 Heater Rod Bundle'

Bundle 1 consists of 49 rods in a 7 * 7 array spaced on 1.43-cm
(0.563-in.) centers which are contained in a 10.l16-cm-square (4-in.)

shroud box. Low-pressure~drop grid spacers (Fig. 1.10) are provided at
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Fig. 1.10. Low-pressure-drop spacer grid assembly (1 in. = 2.54 cm).

approximately 30.48-cm (12-in.) intervals along the box which supports
the spacer grids and forms the bundle flow channel. A cross-sectional
view of the test section with the shroud box and bundle assembly in place
is shown in Fig. 1.11.

The nominal locations of thermocouples, together with locations of
power steps and spacer grids, are summarized in Table 1.2. After THTF
bundle 1 was assembled, all thermocouples were tested for open circuits;
337 of 348 sheath thermocouples and 75 of 106 center thermocouples were
in good condition. The distribution of these thermocouples in bundle 1
is presented in Fig. 1.12; a schematic illustration showing the locations
of thermocouples at different levels is given in Fig. 1.13.

Of the available "good" sheath thermocouples, 50 are monitored by a
multichannel temperature monitor (metrascope) with the thermal responses

visually displayed. The cross-hatched rods in Fig. 1.14 are monitored
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Table 1.2.

15

Nominal location of thermocouples in THTV

bundle 1 relative to power zone steps and grid

spacers (1 in. = 2.54 cm)

Distance (in.) from

Grid

Nominal power

lower end of spacer The;:gzguple
heated zone location kW/m kW/ft
~3/4 to +3/4 X T
1 A
11 1/2 to 12 5/8 X 14.12 4.30
13 1/8 i lﬁ B
14
* t
19 19.95 6.08 e
23 to 24 1/2 X lA l
31 1/2
34 7/8 to 36 3/8 X r T
36 7/8 35.56 10.84 D
42 1 1
43 T 1 E
45 1/2 to 47 X 42.91 13.08
56 " 1
55 T F
58 5/8 to 60 1/8 X
70 1/2 to 72 X
77 b 1 17.0 G
82 3/8 to 83 7/8 X
89 H
90- Y
93 T T :
93 1/2 to 95 X 42.91 13.08
101 l l 3
102
105 5/8 T T K
106 1/8 to 107 5/8 X 35.56 10.84
111 1/2 l Al L
112 1/2
118 to 119 1/2 X T T
125 19.95 6.08 M
126 i’ 1
129 7/8 to 131 3/8 X T T
141 1/4 14.12 4.30 N
141 3/4 to 143 1/4 X Al l
144
41*7 0’37 0
145 4 1:21
d v 12

aDistances in most cases are nominal and *1/4 in.
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by the metrascope. Also, there are 19 thermoccuples on level 0 for
which the inverse model in QRINC" is not applicable. Therefore of the
thermocouples scanned by the computer-controlled data acquisition system
(CCDAS), inverse calculations can be made for 266 possible positions in
bundle 1.

1.4.1 Radial dimensions"

For the inverse model and calculations and the calibration codes, the
internal radial dimensions of the heater rod must be as accurate as pos-
sible. However, because of the rod manufacturing procedure, these di-
mensions are not readily available (i.e., as specifications or in any
published form). The fellowing description of the manufacturing proce-
dure clarifies the reasons for this problem. The 'atsarnal thermocouple
cluster and a piano wire stiffener are inserted into the Inconel tube,
and MgO cores are inserted over the thermocouple cluster. This assembly
is then swaged to a given outer diameter, thus crushing and compacting
the MgO. Successive sleeves of Inconei or (Cupronickel are swaged over
the base tube to a uniform outside diameter (further cespacting the core
and elongating the assembly). The finished heater assembly is placed
inside the inner stainless steel sheath, and BN powder is poured into
the annular region and compacted. A.ter another swaging operation, the
grooves are milled in che surface. The sheath thermocouples are subse-
quently tack-welded in the grooves and filler rods are added; this as-
sembly is inserted in the outer sheath for the final swaging operation.
Each swagi g operation compacts (and elongates) the ceramic insulators
and thins (and clongates) the metallic annular regions of the assembly.

The Y-12 Development Division Metallurgical Department measured the
internal dimensions’ of the cross sections of BDHT heate. 150-5. The
radial dimensions used by ORINC and the calibtration codes for THTF bundie

1 are given in Table 1.3 (see Fig. 1.13 for zone designations).

1.4.2 Physical properties of components"’

The inverse model and calibration codes requirc the following physi-
cal properties for each compuhent in the heater rod: density p, thermal

conductivity k, and specific heat Cp.
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An extensive literature search®™'’ was conducted to collect the avail-
able physical property information for MgO, Inconel-600, Cupronickel, BN,
and 316 stainless steel. Except for the thermal conductivities of MgO
and BN, the optimum polynomial fit in terms of temperature was determined
for the heat capacity and thermal conductivity of each component. These
least-squares fits and graphical displays of the fits are presented in
Appendix A.

The difficulty in presenting a single curve for the thermal conduc-
tivity of MgO is that it is an extreme function of the packed density

(porosity) of the ceramic.®

As stated in Section 1.4.1, the compaction
of the Mg0 core varies according to the axial position in the rod and thus
the effective MgO thermal conductivity must be determined in situ.

There are several obstacles to determining BN thermal conductivity:
(1) therma. conductivity is a function of the packed density;’® (2) most
of the avail. le data have been collected at temperatures in excess of
1089 K (1500°F), which is outside the range of our application;® and
(3) the thermal condu~ vity is dependent on the direction of the molding
(or applied) pressure (i.e., the ratio of the conductivity measured per-
pendicular to the molding pressure to that measured parallel to the mold-
ing pressure can be as much as 2).'' Therefore, the effective BN thermal

conductivity must also be determined in situ.

1.4.3 Calibration objectives

Because of rod-to-rod variance in manufacturing, the mechanical and
thermal transients involved during a blowdown of the THTF, and changes

in bundle response due to "aging,"

an extensive thermocouvple calibration
procedure was needed to supply heater rod performance information to the
inverse heat conduction model.

The primary purpose of this report is to develop and present an ex-
perimental thermocouple calibration procedure and a four-part calibration
program, ORTCAL (ORNL Thermocouple Calibration).

Part I of ORTCAL calculates basic gap information such as width and
temperature drop and provides the "aging" history of each location.

Part Il uses temperatures indicated by the sheath and middle thermo-

couples to produce the effective thermal conductivity of the BN insulator.
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In the THTF, the lower limit of the heat sink temperature for cali-
bration runs is set by the type (i.e., direct current) of power used by
the core. In early 1976, during the first applications of power to

bundle 1, temperatures indicated by the core Chromel/Alumel thermocouples

were in error by about *150% at 373 K. Studies’“s’” showed that these

large errors could be attributed to an interaction of the temperature
gradient and the magnetic field imposed on the thermocouples — the Et-
tingshausen-Nernst effect — which produces an electromotive force (emf)
in a conductor, such as a thzrmocouple, placed in a magnetic field and
a temperature gradient which are both transverse to the length of the
conductor. These thermometry errors in the THTF core disappeared above
423 to 439 K (300-330°F), the Curie temperature of Alumel at which a
material transforms from the ferromagnetic to the paramagnetic state;
however, these thermometry errors do not occur when ac power (as in the
FCTF) is used rather than dc power. With ac power, both the magnitude
and direction of the magnetic field oscillate; therefore, the Ettings-
hausen-Nernst emf appears as an oscillating emf on the thermocouple out-
put and is removed by the filters of the data acquisition system. In

the THTF facility, the initial calibration points start aL a core inlet

temperature of 478 K (400°F), which is 39 to 55 K above the Curie tem-

perature of Alumel.

As a final note, only calibration scans above the 30 iW/rod power
level are used for the regression runs. In essence, at 10 kW/rod, the
approximate temperature difference between the temperature indicated by
the sheath thermocouple and that of the middle thermocouple is 13.9 K
(Jn°F) for zones I and II in Fig. 2.2. This is of the same magnitude
as the combined three standard deviations of the two temperature measure-
ments, 14.3 K (25.7°F). Therefore, the 30-kW/rod power level was chosen
as the minimum calibration scan to be included in the regressions. At
a nominal 30 kW/rod, the approximate indicated temperature differences
between sheath and middle thermocouples are 35 K (63°7) for zone Il

and 48 K (86.4°F) for zone I.



2.2 ORTCAL — Part 1

2.2.1 Production and description of the "statistics" tape read by
ORTCAL — Part I

During the approach to test power in the THTF, the operating check-
list given in Appendix B is applicable (effective for tests after 166S
for bundle 1); the checklist applies to the sequence, the type, and the
number of computer scans to be taken. The operation log and/or T/C scan
files are used for steady-state calibration points.

The steady-state files on the raw data tape are processed by a series
of conversion codes and finally by a statistics code; the end product from
data management is a statistics tape of the steady-state calibration points
which consists of 1000-word block files (one file per calibration point).
The first 500 words of each block contain the mean engineering-units re-
sponses of the instruments monitored by the CCDAS, and the second 500
words contain the standard deviations of those responses.

More flexibility is allowed in the FCTF operations. The calibration
checklist for rhe FCTF is shown in Appendix B. However, the data process-
ing is the same as for the THTF, and the end product is again a statis-
tics tape which is read and processed by the FCTF version of ORTCAL —

Part I.

The following discussion on Part I of ORTCAL pertains to the bundle
1 THTF configuration and the CCDAS; however, the code logic, structure,
and purpese are independent of the loop configurations and are readily

adaptable for instrumentation changes, loops, pin designs, etc.

2.2.2 Code logic and methods used

Given a statistics tape containing a number of steady-state calibra-
tion points, ORTCAL (Part 1) reads one file at a time. The code computes
the core coolant flow rate from a core heat balance and the local fluid
conditions (i.e., bulk temperature, saturation temperature, and pressure)
for each thermocouple level; subsequently, the heat transfer coefficient,
heat transfer regime, pin radial gap, and pin temperature profile are
determined for each bundl’e thermocouple position. All this information

is accumulated on an updated ORTCAL thermocouple history tape (i.e., the
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Fig. 2.7. Notation relative to the derivation of the heat transfer
model at the heater surface.

The following mathematical derivations for the heat transfer models
in the substrates and at the interfaces are based on the same assumptions
as the ORINC models. All the ORTCAL mathematical models are one dimen-
sional and no attempt is made to fine-structure the sheath thermocouple;
it is treated as part of the solid inner stainless steel sheath (Fig. 2.5).
Normally, during the discretizing of the inner sheath, an effort is made
to subdivide the inner sheath such that the radial position of the last
node (;NODS' Fig. 2.6) is at approximately the same radial position as
the thermocouple bead (Fig. 2.5).

The following assumptions are given:

1. steady-state conditions exist;

heat flow between nodes is constant for any r between nodes;
3. the thermal conductivity k
T

i is evaluated at the nodal temperature

i;
4. a gap exists at the sheath-to-sheath interface and heat can be trans-

ferred by conduction, convection, and radiation across the gap;

5. the last node (NOD5, Fig. 2.6) temperature (T ) in the inner

NOD5
sheath is known;












Eq. (2.14). Thus, the remaining unknowns in Eq. (2.23) are h

k
o gap,’ “gapg’
and Argap4° Since the gaps measured *'’ by the Y-12 Development Division

Metallurgical Department were less than 0.0013 cm wide, the convective
heat transfer effect in Eq. (2.23) can be neglected. Also, because of
the BDHT heater design,’' the gap between the sheaths is exposed to the
atmosphere (cutside the bundle); therefore, the gas in the gap must be

air, which has a known thermal conductivity. Thus, kgap4 is evaluated
* Tourg,)/2:0. Solving Eq. (2.23) for br . yields

from ka
7 8 4

at (Tsu

ir gt

gap

{ exp o 1.(’/

rgnpa = TNops \ QDPI1/2
(T
, surf

Yy ~ Fxops hrA ¢

ST (2.24)
surf8

7
The "aging" of THTF bundle 1 is illustrated in Figs. 2.8 to 2.10
for thermocouple positions TE-318BG and TE-301DJ. These are graphs of
the calculated gap thickness (Atgap ) vs the number of times bundle 1
has been brought to power (with the curves drawn through approximately
equivalent boundary conditions). White’®™?? noted an upward drift in
the indicated sheath thermocouple temperatures in the FCTF during testing
of bundle 1 produ~t’on heaters and conjectured that the shift was caused
by an "increase in the thermal resistance from the inner sheath to the
outer sheath which probably grows due to the decrease in contact pres-
sure as the outer sheath expands plastically during heatup."” The data
also indicated that the thermocouple responses stabilized (i.e., no
further drift) as the rod "aged." Actually, the increase in the thermal
resistance occurs due to an increase in the gap (Argapa) between the
sheaths as shown in Figs. 2.8 and 2.9. Also in the "aged" THTF bundle 1,
the gaps have stabilized at thermocouple positions TE-318BG and TE-301DJ
(Figs. 2.8 and 2.9) and the thermocouple responses have stabilized.
Figures 2.8 and 2.9 show gap closure when the rod surface tempera-
ture is held constant and the rod power-generation rate is increased
(i.e., the inner sheath thermally expands, thus closing the gap). Figure

2.10 shows the gap opening when the power-generation rate is held constant
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where Ci are the polynomial coeirficients. Thus, given a set of coeffi-
clents (C,) for Eq. (2.26), the siiulator centerline temperature (Tcenterj)
can be calculated for each steady-state observation (j) given the following
boundary conditions (for each observation): (1) the sheath “hermocouple
response [entry F(16) in Table 2.1] and (2) the linear power-generation
rate [entry F(4)].

The regression procedure for determining the temperature dependence

of kBN [Eq. (2.26)] involves the minimization of rhe sum-cf-syuares func-

tion
No.
" = —_ 2 2
F{C1s C24 Cas L) 2: (Yceuter, Tcenter ) ‘& d?)
j=1 i 3
with respect to the Ci parameters, vhere Ycenterj represents the observed
middle thermocouple response [entry F(17) in Table 2.1, T is the

center;
calculated steady-state pin centerline temperature, and N is number of

observations.

The technique employed for optimizing Eq. (2.27) is a numerical
search using essentially a pattern search strategy. Pattern search is
a direct search procedure which operates on an objective function [i.e.,
Eq. (2.27)] and proceeds to minimize the function. In general, this -
method involves the sequential examination of a finite set of trial
values of the independent variables to determine whether the objective
function can be improved and then changing the independent variables
simultaneously in a pattern move based on information acquired in the
exploratory search. Each pattern move is {ollowed by a sequeuce of ex-

ploratory moves which revise the pattern. Tre search continues until

the value of the objective functior +ne . be reduced. The initial work
on pattern search was done by ” . J\eves,33 but the search technique
used by ORTCAL (Part II) is « .« . . .mproved algorithm developed by

Weisman, Wood, and Rivlin.**

Examples of the regression output are given in Appendix D for thermo-
couple positions TE-318BG (Table D.l1) and TE--301DJ (Table D.2). The in-

situ correlations from Tables D.1 and D.2 and literatute values for the
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Figure 2.17 is actually a simplification of the network required to
classify the thermal conductivity of the BN insulator. One computer pro-
gram does the individual and level regressions and a second program
handles the bundle regression; lines of information flow required to
fully classify the BN thermal conductivity for the entire bundle are
shown in Fig. 2.18. For comparison with the individual regressions in

Figs. 2.12 and 2.13, a plot of the bundle regression is shown in Fig. 2.19,

2.4 ORTCAL - Part III

The thermal conductivity of MgO is a strong function of its packed
density (or porosity) as shown in Fig. 2.20. Since the construction pro=
cedure for the THTF heaters involves a series of swaging operations with
certain sections of the heater being swaged more than others, the estimated
density of the MgO ceramic core ranges from 70 to 907 of the theoretical
density.

Part IIT of ORTCAL uses the temperatures indicated by the sheath
and the middle thermocouples along with the power-generation rate to pro-
duce the effective thermal diffusivity of the Mg0 core. [The regressions
of ORTCAL — Part II (determination of the effective thermal conductivity
of the BN insulator) must precede the regressions of ORTCAL — Part IIT.]

Power drop tests (i.e., controlled transients) are performed for use
by Part III of ORTCAL. These tests involve simply "tripping” power to
the bundle with the core mass flow rate and core inlet pressure and tem-
perature remaining essentially constant throughout the test. The CCDAS
is on fast scan during the test (duration 3 min); but most of the action
is over within 10 sec after power is tripped.

An engineering units tape of the "trip" file is read by preprocessor
programs, which determine trip point and mean steady-state instrument re-
sponses (prior to trip) and reorganize the information into the input
tormat required by Part 111.

It is assumed that the thermal conductivity of Mg0 can be approxi-

mated by a polynomial in terms of temperature, that is

.2 ~ 3 e
') = +C 23T + CuTY + CeT®
kMgO(I) Cy C2T 4+ Cjl CyT I
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where Ci are the polynomial coefficients. The MgO thermal diffusivity
regression is based on minimization of the following sum-of-squares func-

tion,

N
b n

1
(Y - T , (2.31)
121 centeri centeri j

F(C;, C2, C3, Cy, Cs) =
J=1

with respect to the Ci parameters. The term Y represents the ob-

center

served middle thermocouple response, T is the calculated pin cen-

center
terline temperature, 7. is the number of obsérvations per power drop, and
;9

N¢ is the total number of power drops.

Part I1I essentially solves the forward conduction problem given a
set of C1 coefficients and the following boundary conditions: (1) power-
generation rate (as a function of time) and (2) sheath thermocouple re-
sponse (as a functior of time). The program runs the inverse package
developed for ORINC“ as a subroutine driven by a numerical pattern search
(the same routine used by Part II) for the optimum polynomial coefficients.

Appendix E gives an example of ORTCAL — Part III regression output
for thermocouple position TE-301DJ. Line plots which overlay the pre-
1icted (i.e., calculated) centerline temperatures and observed middle
thermocouple responses for TE-301DJ for five power drops are also pre-
sented. The appendix also gives the overall regression results for posi-
tion TE-301DJ, power trip 1.1 (from 50 kW/rod), power trip 1.2 (from
90 kW/rod), power trip 1.3 (from 122 kW/rod), power trip 1.4 (90 kW/rod),
and power trip 8.1 (from 50 kW/rod).

A plot of the regression fits for TE-301DJ and TE-318BG vs litera-
ture data for the thermal conductivity of MgO is shown in Fig. 2.21. The
"blocked" portion of Table 2.3 represents the contribution of Part I1I to
the CDT file. A simplified flow chart of the information flow required
for ORTCAL — Part III is presented in Fig. 2.22.

There are a limited number of locations in THTF bundle 1 that have
sheathrmiddle thermocouple pairs monitored by the CCDAS (see Section 2.3).
Therefore, the number of locations in bundle 1 for which the rigorous
regressions of Part III can be applied is limited; however, the entire

bundle (266 sheath thermocouple locations) must be classified. The
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Table 2.3. Calibration results for position TE-301DJ

in THTF bundle 1
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The contribution of Part IV to the CDT file is illustrated in the blocked

portion of Table 2.5. A simplified flow chart of the information flow to

and from Part IV is presented in Fig. 2.25.

Note that the coefficients, standard deviations of the coefficients,

and variance of the fit are zeroed in Table 2.3. This indicates that the

Part IV regression failed at this position and level. Failure modes for

the gap coefficient regression are:

1

the nonlinear least-squares routine diverges in attempting to find a
solution;

the nonlinear least-squares routine fails to converge (within speci-
fied error criterion) to a solution;

either or both of the level and individual regressions have negative

first derivatives at any of the bias points.

ORNL DWG 78 18432
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Fig. 2.25. Lines of information flow for ORTCAL — Part 1V,
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The primary failure mechanism for the Part IV regressions is item 3, which
implies that the simple one-dimensional linear thermal expansion model
described by Eq. (2.33) is not capable of describing the dynamic gap be-
havior at those locations where regression failure occurs. A negative
first derivative of Eq. (2.35) implies that the thermal expansion coeffi-

cient of stainless steel decreases with increasing temperature, but avail-

able physical property data® refute this behavior. The linear thermal

expansion model accounts only for the radial expansion or contraction of
the gap and does not allow for other mechanisms of stress relief. For
instance, it is conjectured that there are severe torsional stresses im-
parted to the stainless steel sheaths by the swaging process during con-
struction of the heaters and that these stresses would be worse at levels
H and J. (The heaters are swaged in the directicn of A to O level, and
levels H and J are located in close proximity to power level breaks with
significant radial dimensional differences prior to swaging.) The ex-
pected relief of these torsional stresses would be azimuthal rotation of
the sheaths relative to each other and the heating element; thus, the
gap could not be described by Eq. (2.33).

Part IV regressions are summarized in Table F.4 for THTF bundle 1
through run 24.1. Of the available 269 bundle thermocouple positions,
approximately 65% (175) can be calibrated by use of Eq. (2.33). Of the
94 regression failures, 75 (80%Z) are due to the mode 3 failure mechanism
and 73 of the failures occur on H and J level.

If the regressions fail for any of the above reasons, the bias gap
is used as a mean gap (i.e., constant gap throughout the transient) in

the inverse calculations.
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