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ABSTRACT

This report presents experimental data and calculated
steady-state and transient instrument ancertainties from the
Oak Ridge National Laboratory Small Break LOCA Heat Transfer
Test Series II, The subject test series was composed of six
combined heat transfer and mixture level swell tests, six ad-
ditionel mixture level swell tests, five high-pressure reflood
tests, and five high-pressure boiloff tests., Also, the data
and uncertainties are reported from two supplemental mixture
level swell tests that were not part of Test Series II, Cal-
culated inlet and outlet mass flows and fuel rod simulator
power levels are reported in the report appendices.

1. INTRODUCTION

Under sponsorship of the U.S., Nuclear Regulatory Commission, Oak
Ridge National Laboratory (ORNL) has experimentally investigated rod bun-
dle thermal hydraulics under conditions similar to those expected in a
small break loss of coolant accident (LOCA). Two major test series have
been run, The first test series, run in January 1980, consisted of six
quasi-steady-state uncovered bundle heat transfer and mixture level swell
tests and six high-pressure reflood tests.*~* After extensive test facil-
ity upgrading, the second test series was run in November 1980, The sec-
ond series consisted of six uncovered bundle heat transfer tests, twelve
high-pressure mixture level swell tests, five high-pressure reflood tests,
and five high-pressure bundle boiloff tests, This report presents experi-
mental data from the second test series (Tests 3.09.10I-X and 3,09.10AA
FF)*,% and from two supplemental mixture level swell tests (3.09.10GG and
HH)., 1In addition to the experimental data, calculated mass flows and rod
power levels are presented for each test in Appendices B and C, respec-
tively.* It is expected that data will be of use primarily in the develop-
ment of new heat transfer and void fraction correlations and in the vali-
dation of existing correlations and computer codes.

*Appendix C appears on microfiche,



All of the experimental testing was performed in the Thermal-Hy-
draulic Test Facility (THTF) at ORNL. The THTF is a high-pressure thermal-
hydraulic loop containing an electrically heated 64-rod bundle. The THTF
rod bundle power profile is uniform, both axially and radially, and rod
dismeter and pitch are typical of a 17 x 17 pressurized-water-reactor fuel
assembly, Test matrices for the heat transfer, mixture swell, reflood,
boiloff, and supplemental tests appear in Tables 1-5, respectively.

The matrices are self-explanatory with the exception of two points,
First, it should be noted that Tests 3.09.10I-N were suitable for both
heat transfer and mixture level swell snalysis, Thus, the first six tests
in Table 2 are identical to those in Table 1. The second point concerns
the supplemental tssts, These tests were mizture swell tests that were
unsuitable for rigorous analycis. Test 3.09.10GG was unsuitable because
the test section mass flow could not be computed. All inlet flow instru-
mentation was underranged, and fluid thermometry at the outlet indicated
that liquid was probably being discharged from the test section outlet,
Because the outlet flow may have been two phase, the outlet density was
indeterminate, and thus the outlet mass flow could not be computed. Test
3.09.10HH was unsuitable because the two-phase mixture level was above the
end of the heated length, As such, its position was indeterminate, and,
thus, mixture level swell could not be computed. Despite these limita-
tions, the data are of good quality and may be useful to future investiga-
tors, Therefore, data from Tests 3.09.10GG and 3.09.10HH have been in-
cluded in this report,

Table 1, Uncovered bundle heat transfer test ltttixa

System Linaas Mass flux
v power/ rod Mixture level
Test pressure (kW/m [kg/m?s (m (£t)]

2 -

[MPa (psia)] (x¥/ ££)] (lb-/h ft2) x 1074}
3.09.101 4.5 (650) 2.22 29.7 (2.19) 2,62 + 0,04
(0.68) (8.60 + 0.,13)
3.09.10) 4.2 (610) 1.07 12.7 (0.94) 2.47 + 0.04
(0.33) (8.10 + 0.14)
3.09.10K 4.0 (580) 0.32 3.1 (0.,23) 2.13 + 0.30
(0.10) (6.98 + 0.,98)
3.09.10L 7.5 (1090) 2:17 29.1 (2.15) 2.75 + 0,09
(0.66) (9.02 + 0.29)
3.09.10M 7.0 (1010) 1.02 12.6 (0,93) 2.62 + 0,04
(0.31) (8.60 + 0.13)
3.09.10N 7.1 (1030) 0.47 4.6 (0.34) 2,13 + 0,03
(0.14) (6.98 + 0.98)

—— - — -——— e —

aNunbers in this table have been rounded off, and thus unit con-
versions may not appear to be exact,



Test

01

3.09

31.09,

3.09.

3.09.

3.09.

3,09,

3.09

3.09.

3.09,

3.09.

3.09.

3.09,

10J

10K

10L

10M

10N

J0AA

1088

10¢C

10DD

10EE

10FF

System

pressure
[MPa (psin)]

4.50
(650)

4.20
(610)

4.01
(580)

7.52
(10%0)

6.96
(1010)

7.08
(1030)

4.04
(590)

3.86
(560)

3.59
(520)

8.09
(1170)

7.1
(1120)

7.53
(1090)

Table 2. Mizture

Linear
power/rod
[kW/» (RW/f1)]

1.02
(0.31)

0.47
(0.14)

1.27
(0.39)

0.64
(0.20)

0.33
(0.10)

1.29
(0.39)

0,64
(0.19)

0.32
(0.98)

“Some rounding off of numbers has been done.
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swell may not appear to be exact,

clydton(clic hesd of test section liquid inventory.

Table 3, Reflood test matrix

Defined as the total core volumetric vapor generation rate/unit flow area,

Test

3.09.100
3j.09.10p
3.09.10Q
3.09.10R
3.09.108

Series

I
11
11
11
1

Initial pressure

[MPs (psin)]

3,88 (563)
4.28 (621)
3.95 (573)
7.34 (1065)
7.53 (1092)

12.2 (4.8)
9.2 (3.6)
5.9 (2.3)

11.7 (4.6)

10.2 (4.0)

Flooding velocity
lem/s (in./s)]

Linear heat rate

[kW/m (KW/f1)]

2,03 (0,62)

0.997 (0.30)

1.02 (0.31)
2,16 (0.66)
1.38 (0.42)



Table 4.

Bundle boiloff test matrix

oo Dl Uhess besteste WIS e cmes R et
[KPa/s (psi/s)) (100% = 3.66 m) K (*F)]
3.09.107 200 0.951 (0.29) -11.58 (-1.68) 5.93-3.72 (860—540) 75 1088 (1500)
3.09.100 65 1.94 (0.59) =33.44 (-4.89) 8.14-5.86 (1180-850) 91 994 (1330)
3.09.10v 135 0.656 (0.20)¢ -17.79 (-2.58) 7.79-5.52 (1130-800) 64 819 (1015)
3.09.10¥ 96 0.623 (0.1’)b =21.72 (-3.19) 7.86-5.86 (1140-850) 42 705 (810)
3.09.10x 470 0.623 (0.19) -0.765 (-0.111) 8.56-8.21 (1242-1190) 75 1112 (1542)

“This test experienced a power reductionm to 0.56 kW/mrod (0.17 kW/ft-rod) at 47 s.
This test experienced a power reductionm to 0.33 kW/wrod (0.10 kW/ft-rod) at 12 s.

b



Table S. Test conditions for supplemental tostsa

Test Pressure Linear power/rod Mass flnxb Mixture level
. [MPa (psia)] [kW/m (kW/ft)) [kg/m?s (lb-/h ft?) x 10-4] [m (ft))
3.09.1066 4.04 (586) 1.89 (0.58) 32.5 (24.0) 3.54 + 0.04
(11.61 + 0.13)
3.09.10HH 8.05 (1167) 1.92 (0.59) 32.9 (24.2) >3.66 (>12.00)

aNIIbOt. have been rounded off; thus, unit conversions may unot appear exact.

blass flux based on outlet volumetric flow and saturated vapor density. Should be
used with caution because two-phase conditions may have existed at outlet,



2. FACILITY DESCRIPTION

Experimental testing was performed at ORNL in the THTF. The THTF is
a large, high-pressure, nonnuclear thermal-hydraulic loop., System config-
uration was designed to produce a thermal-hydrauiic environment similar to
that expected in a small break LOCA,

2.1 w Ci i ripti

Figure I is an illustration of the THTF in smail break tesi coufig-
uration, and Fig. 2 is a simplified instrument application diagram for the
loop, Flow leaves the main coolant pump and passes through FE-3, a 2-in,
turbine meter, Upon leaving FE-3, flow enters the inlet flow manifold;
the flow manifold is divided inic two parallel flow lines: a 1/2-in, line
used to meter very low flow rates and a 3/4-in. flooding line used for the
higher flows experienced during reflcod., The entire inlet flow manifold
was constructed of high-pressure stainles: steel tubing. Volumetric flow
rates in the low flow 1/2-in, inlet line were measured by FE-18A (a low-
flow orifice meter), FE-250, and FE-260 (1/2-in., turbine meters). The two
inlet lines converge at the injection manifold from which fluid passes
directly into the lower plenum. Fluid does not pass through a downcomer.
Flow proceeds upward through the heated bundle and exits through the bun-
dle outlet spool piece. Spool piece measurements include pressure, tem
perature, density, volumetric flow, and momentum flux., At very low outlet
flow rates, the volraetric flow was measured by a bank of low flow orifice
meters downstream of the outlet spool piece. Upon leaving the orifice
manifold, flow passed through a heat exchanger anc returned to the pump
inlet,

System pressure was controlled via the loop pressurizer. The pres-
surizer was partially filled with subcooled water, and nitrogen cover gas
was used to control pressure, By filling or venting nitrogen, the system
pressure could be controlled more easily than by the conventional flashing
and condensation of saturated water and steam.

As noted, flow was injected directly into the lower plenum and did
not pass through a downcomer., The shroud plenum annulus (Fig., 3) was used
in earlier THTF testing as an internal downcomer but was isolated from the
primary flow circuit in these tests, The shroud plenum annulus pressure
was equalized with the system pressure. This was accomplished by connect-
ing the bottom of the annulus region to the pressurizer surge line and the
top of the annulus to the test section outlet, The line between the annu-
lus and pressurizer was opened, and the line between the annulus and test
section outlet was closed during the initial boiloff phase of steady-state
testing. This allowed any vapor generated by boiling in the annulus to
displace liquid in the pressurizer, Note that the displacement of liquid
will cause the mixture levels in the downcomer and bundle to equalize,
This is why it was adventageous to install a line between the pressurizer
and downcomer, However, once mixture levels had equalized, it was no
longer advantsgeous to leave this line open because the steam flow through
the ~utlet causes a substantial pressure drop between the test section and
pressurizer, If the annulus was in communication with the pressurizer,
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Fig. 3. Cross section of THTF test section,

then a large pressure difference between the test section bundle and down
comer would exist, This large pressure difference has been observed to
cause substantial leakage from the bundle to the annulus. To minimize
this leakage, the line between the pressurizer and annulus was closed
after mixture level equalization had taken place, The shroud bypass line,
which connects the top of the shroud araulus to the test section outlet,
was opened to maintain pressure equalization (Fig. 1). The possibility of
leakage from bundle to annulus was minimized by closing the shroud bypass
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line shortly before data were taken., This completely isolated the annulns
from the rest of the system, thus providing the least opportunity for un-
desired leakage.

2.2 Bundle Description

The THTF test section contains a 64-rod, electrically heated bundle.
Figure 4 is a cross section of the bundle. The four unheated rods wore
designed to represent control rod guide tubes in a nuclear fuel assembly.
Rod diameter and pitch are typical of a 17 x 17 fuel assembly.

Figure 5 is an axial profile of the THTF bundle illustrating the po-
sitions of spacer grids and fuel rod simulator (FRS) thermocouples. The

ORNL DWG 77 57180

0104 m
(408 in )

Z

t

073 cm
(0.29 in.)

) >7€ S79 !
() UNHEATED RODS . 127 m.l (
HEATED ROD DIAMETER — 095 cm (0.374 0501 in.)
UNHEATED ROD DIAMETER — 102 cn (0.401 in )

Fig. 4. Cross section of THTF Bundle 3.
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heated length is 3.66 m (12 ft), and a total of 25 FRS thermocourle levels
are distributed over that length. An FRS thermocouple level refers to an
axial location where a selected number of FRSs are instrumented with
sheath thermocouples. (FRS thermocouple levels A, B, C, D, E, F, and G
contain most of the ¥RS sheath thermocouples and are referred to as pri-
mary thermocouple levels. All other FRS thermocouple levels are referred
to &s intermediate thermocouple levels.) Note that the upper third of the
bundie is more heavily instrumented than the lower portion. For most
tests the two-phase mixture level is in the top ome—third of the heated
length., The additional instrumentation in the top ome-third of the bundle
is used to better define the mixture level position. In addition, the
increased instrumentation near the spacer grids can be used to ascertain
to what extent spacer grids affect the heat transfer.

Figure 6 is a drawing of an FRS cross section. As can be seen, each
FRS has 12 sheath and 4 center thermocouples., The thermocouples are
either 0.05 or 0.04 cm (0.020 or 0.016 in.) in diameter. The thermocou-
ples may have their junctions at any of the 25 axial levels mentioned
previously. Each rod may iave from none to three sheath thermocouple
junctions at any particular axial level. When an FRS has three junctions
at the same level, they. are spaced evenly around the rod (i.e., 120°
apart). Table 6 describes the convention for naming FRS sheath thermocou-
ples.

In addition to the FRS thermometry, there are a number of locations
where fluid temperature is measured. In-bundle fluid temperature measure-
ment utilizes four different types of fluid thermocouples. The first type

ORNL-DWG 79-4737A ETD
316 STAINLESS
STEEL SHEATH

INCONEL 600
HEATING ELEMENT

BORON
NITRIDE

Fig, 6. Simplified cross section of a typical fuel rod simulator.
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Table 6., Rod sheath thermocouple designations

- . — o . . . T -

Rod sheath thermocouples are designated according to one of the following

two schemes:

1. R ~8 17 A D

' L——-—nxill thermocouple level

L‘-nzi-uthnl thermocouple location

|
!
t>_.—rod number

The above designation refers to the sheath thermocouple in rod 17 at

level D, azimuthal location A,

If the thermoccuple designation ends with a number, then
- & TE 3 54 F8
o axial thermocouple level
~ rod number

The designation refers to the sheath thermocouple in rod 54 at level F8.

— ——— — —— - -

is a thermocouple array rod thermocouple, These are "exposed" fluid ther-
mocouples that project from unheated rods. ("Exposed" in this context
does not mean that the thermocouple junction actually contacts the fluid.
The junction is encased in a stainless steel sheath but does not have a
droplet shield.) Thermocouple array rod thermocouples are installed at
1.83, 2.41, 3.02, and 3.62 m (72, 95, 119, and 142.5 in.) above the be-
ginning of the heated length (BOHL). The second type of fluid thermo-
couple is a shroud fluid thermocouple. These are "exposed" fluid thermo-
couples that project from the bundle shroud into subchaanels adjacent to
the shroud. Shroud box fluid thermocouples are installed at 0.38, 0.64,
1.22, 1.83, 2.41, 3.02, and 3.61 m (15, 25, 48, 72, 95, 119, and 142 in.)
above BOHL, The third type of fluid thermocouple is a spacer grid fluid
thermocouple. These thermocouples are "exposed” fluid thermocouples that
project slightly upstream from each spacer grid. The fourth and final
type of fluid thermocouple is a subchannel rake thermocouple. These ther-
mocouples are attached to a rake located several centimeters ubove the end
of the heated length, They are used to measure tihe cross-sectional tem—
perature distribution,

As previously noted, the THTF bundle is surrounded by a shroud box
(Fig. 3), whose walls have been instrumented with thermocouples in order
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to estimate bundle heat losses. A typical instrumentation site corsists
of a pair of thermocoupies embedded in the shroud box wall (Fig. 7).

Since the thermocouples are separated, the radial temperature gradient can
be cslculated and the bundle heat losses estimated. Figure 8 shows the
axial locations where the shroud box walls have been instrumented.

2.3 Differential Pressure Instrumentation

A primary objective of this test series was to obtain mixture level
swell and void fraction distribution data under high-pressure, low heat
flux conditions. These data were obtained through the use of "stacked"
differential pressure cells. Figures 9 and 10 illustrate the differential
pressure measurement sites., PJdE-180 to 188 are ranged 0.00.,63 m (0.0~
25.0 in.) of standard water and PdE-189 is ranged 0.00.76 m (0.0-30.0
in.) of water. Spacing of the cells varies from 0.750.22 m (29.4-8.5
in.).

2.4 Summary

The THTF is a large and complex experimental facility. It would be
impractical to discuss in detail the entire facility. However, what has
been presented should allow the reader to interpret the results to be pre-
sented. Key aspects of the THTF design have been summarized in Table 7.

A more detailed description of the THTF may be found ia Ref. 7.

Table 7. THTF design summary

Design pressure, MPa (psia) 17.2 (2500)
Pump capacity, m*/s (gpm) 0.044 (700)
Heated length, m (ft) 3.66 (12.0)
Power profile Flat

FRS diameter, cm (in.) 0.9. (0,374)
Lattice Square
Pitch, cm (in.) 1.27 (0.501)
Number of heated rods 60

Number of unheated rods 4

Unheated rod diameter, cm (in,) 1,02 (0.40)

Bundle shroud configuration Square
Bundle shroud thickness
2 sides, cm (in.) 2.54 (1.0)
2 sides, cm (in.) 1,91 (0.75)

Number of grid spacers 7
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3. EXPERIMENTAL PROCEDURES

As noted in the introduction, this report is concerned with the sec-
ond small break LOCA heat transfer test series conducted in November of
1980. All of these tests were run within a 24-h period. This enabled the
use of a single instrumentation calibration and minimized the preheating
time for the THTF, Preheating of the loop was accomplished by accumulat-
ing pump heat in the primary flow circuit and continued until a stable
base loop temperature of 450—478 K (350—400°F) was obtained.

3.1 asi-Stea State Heat Transfer and

Mixture Level Swell Testing

Once the desired base loop temperature and pressure had been estab-
lished, the test section flow was reduced to a predetermined level. This
was accompl ished by closing the 3/4-in., inlet flooding line and metering
flow through the 1/2-in., flow line (Fig. 1). Excess pump capacity was di-
verted through the pump bypass loop.

When the loop was properly configured, bundie power was applied and
boiloff began. Excess volume was accumulated in the pressurizer with ni-
trogen being vented from the pressurizer to maintain constant pressure.
Eventually the THTF settled into & quasi-steady state with the rod bundle
partially uncovered and inlet flow just sufficient to make up for the li-
quid being vaporized. During this boiloff process, the valves in the
lines from the shroud annulus to the pressurizer and test section outlet
were left open, This aided in the rapid equalization of bundle and down-
comer mixture levels,

When the THTF reached steady state, the lines from the pressurizer to
the shroud annulus and the line from the annulus to the test section out-
let were closed, This isolated the shroud annulus fluid from the system
fluid. After an additional period of stabilization, the bundle power was
trimmed to produce peak FRS temperatures of about 1033 K (1400°F), the
maximum temperature imposed by safety limits. This resulted in the maxi-
mum number of uncovered levels for the subject pressure and mass flow
rate. Once again, the loop was allowed to stabilize, after which a 20-s
data -can was taken., Data were recorded at a rate of 10 points per sacond
per instrument. Once data had been acquired, the pressure, flow, and
power were slowly changed to the next test point., In general, it was pos-
sible to do this without recovering the bundle.

3.2 High-Pressure Reflood Testin

Initial conditions for a reflood test were established in a manner
identical to that used in the quasi-steady-state heat transfer tests.
Reflood was initiated from a configuration in which the THTF bundle was
partially v cvered end peak clad temperatures were on the order of 1033 K
(1400°F) .
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To initiate reflood, the inlet flooding line was opened to a prede-
termined setting. This caused the test section inlet flow to increase,
thus commencing bundle recovery. The equalization line between the shroud
plenum annulus and the test section outlet remained open because the bun-
dle underwent a pressure transient during reflood. Failure to allow the
shroud annulus to equalize with the bundle would have resulted in large
pressure differences across the shroad box. Data were taken approximately
15720 s before opening of the flooding valve and until core recovery was
complete. Scanning rate was 10 points per second per instrument, and time
zoro was defined as the approximate time at which the flooding valve was
opened. Bundle power remained constant throughout reflood.

3.3 Bundle Boiloff Testing

Bundle boiloff data were acquired between dryout of the top of the
heated length and the time when peak clad temperatures reached 1089 K
(1500°F). Tests were initiated by complete closure of the inlet flow
valves. As such, makeup flow was zero and the bundle began to boil. Ni-
trogen was vented as the excess vapor volume was accumulated in the pres-
surizer, The pressure equalization line between the shroud annulus and
the test section outlet was open during the transient to minimize pressure
differences across the shroud wall.

During the early boiloff period, a number of FRS thermocouples near
the top of the heated length were monitored for indication of dryout,

When dryout began to occur, a data scan began, At this time (defined as
time 0.0), venting of nitrogen from the pressurizer was increased to pro-
duce the desired depressurization rate (if called for in the test matrix).
Water in the pressurizer was maintained at a low enough temperature so
that flashing did not occur. The test was continued until a peak clad
temperature of 1089 K (1500°F) was reached. Power was then reduced in
order to prevent bundle power trips due to high-temperature safety limits.
This peak temperature of 1089 K (1500°F) could be tolerated in boiloff
testing because the bundle would not remain at this temperature for ex-
tended periods. In quasi-steady-state testing, the bundle remained at
elevated temperatures for long periods; a lower safety limit of 1033 K
(1400°F) was used.
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4. PRESENTATION OF DATA

This section of the report presents the quasi-steady-state and tran—
sient deta obtained from the subject tests., In addition, the format of
the datas is explained.

4.1 Instrumen cri on d u

Three types of tables are used to describe THIF instrumentation of
relevance to small break testing. The first type (Table 8) lists headings
and subhesdings for instrumentation in terms of instrument function, type,
and location; a brief description of each instrument; and an instrument
application number (IAN).* The IAN is a unique identifier (maximum length
of eight characters) that is associated with each instrument. The follow-
ing example illustrates the format used in Table 8:

Example 1:
Heading denoting function
BUNDLE TEMPERATURE &
Headin noting type
SHEATH THERMOCOUPLE &«
Subheading denoting location
Level A <
__»TE-306-BA SHEATH THERMOCOUPLE, ROD 6, LEVEL A
Instrument application Instr nt descripti
number

The second type of table (Table 9) lists instruments in the order in
which the transient instrument records are plotted. For example, entry 3
in Table 9 corresponds to the third transient data plot (Fig. 13). Con-
tents of Table 9 include an IAN, instrument description, instrument ranmge,
instrument status, and the figure number of the corresponding transient
plot.' Instrument status describes the state of an instrument during a
particular test. In most cases these comments are self-explanatory.

There are two exceptions: first, the comment "instrument failed" does

not necessarily mean that an instrument has physically failed. Rather,

it implies that there is clear evidence that a given instrument is not
reliable and therei ore should not be used. An example is PE-26, a pres-
sure transducer that was disconnected from the data acquisition system for
small break testing. The comment "instrument questionable" implies that,
in the best judgment of the test engineer, & given instrument is unreli-
able and should not be used in the analysis. An example would be a fluid
thermocouple that indicates steam superheat when redundant instrumentation
indicates a saturated condition.

*Table 8 appears in microfiche form at the back of this report.
TTable 9 appears in microfiche form at the back of this report.



The third type of table lists instruments alphabetically in terms of
the IAN, Information contained in Tables 70 and 11 includes IAN, corre-
sponding transient plot figure numbers, quasi-steady-state data table
entry number, and instrument type code, Table 10 pertains to reflood
testing and Table 11 to boiloff testing.®* In each table there are five
figure numbers corresponding to each instrument, one for each of the five
reflood or boiloff tests., The entry number corresponds to the instrument
locatior in the quasi-steady-state data tables (Tables 13—26 contained on
microfiche at the back of this report). Instrument type code refers to
the way in which raw data from an instrument are processed, and these
methods are discussed in Appendix A, Tables 10 and 11 coordinate the
information in Tables 8 and 9. One looks vp an instrument by function
using Table 8, and then the associated transient plot or entry number can
be determined by using the IAN and Tables 10 and 11, Finally, Table 9 is
employed to check the instrument status,

As noted, the IAN is a unique identifier for each instrument. Also,
in the case of in-bundle thermometry, the IAN contains information per-
taining to the type and location of thermocouples. Tables 6 and 12 ex-
plain the thermocouple nomenclature used in the IAN,

si-Steady-State t

Quasi-steady—state data for Tests 3.09.10I-N and 3.09.10AA-HH are
presented in Tables 13-26.* The tables contain IAN, instrument descrip-

tion, average instrument reading, standard deviationm of ins’‘rument read-
ing, instrument status, and table entry number, The averages and standard
deviations were computed from a 20-s data scan with a sampling rate of 10
Hz., Appendix D contains a set of tables identical to Tables 13—26 except
that averages and standard deviations are expressed in English engineering
units,

_Reflood and Boiloff Data

Reflood and boiloff test Jata are presented as a series of transient
plots (microfiche Figs, 11 through 8611). Plots are arranged in the same
order as the entries in Table 9.

4.4 Instrument Uncertainty

Table 27 lists critical instruments and associated measurement un
certainties, Uncertainty is divided into three categories., The first
category is the steady-state uncertainty, of relevance to the quasi-steady
state data in Tables 13-26., The second and third categories pertain to
uncertainties under transient conditions typical of reflood and boiloff,
The nominal transient uncertainty refers to the uncertainty that is

*Tables appear in microfiche form at the back of this report,
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Table 12, Thermocouple nomenclature

Spacer grid thermocouples: TE-29na

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

Number Between T/C levels

and B
and C
and D
and E
and F
and G

AnE W
TmOOW>»

'a' = a letter 'A'~'F' designating the subchannel into which the
thermocouple is projecting as follows:

Letter Subchannel

32
43
57
70
17
38

TmOoOw>»

The spacer grids numbered 1, 2, 5, and 6 above have four thermocouples in
subchannels designated "A'~'D.' The spacer grids numbered 3 and 4 above
have six thermocouples in subchannels designated "A'—'F.’'

Shroud box fluid thermocouples: TE-18na

'n’' — a number 1-7 designating the level of the thermocouple in the shroud
box as follows:

Number T/C Level

181
182
183
184
185
186
187

QMmO Aaw>

'a' = a letter designating the side of the box through which the
thermocouples protrudes 'N,’ 'E,’ ’'S,’ 'W' (the compass direc-
tion most clousely matching the direction the side faces).
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Table 12 {continued)

Shroud box wall thermocouples: TE-27nab

‘n’ = a number 0-9 designating the level of the thermocouple in the shroud
box as follows:

i 4 T/C Level
0 A
1 B
2 C
3 D
4 N/A
5 E
6 E3
7 F
8 F3
9 F7

'a’ = a letter designating the thermocouple position depth

ol i Position
A At edge of inner shroud wall
B At edge of outer shroud wall

'b' = a letter designating wall orientation

bt 8
E East wall
S South wall

Subchannel thermocouples: TE-12nn

‘an’ — a number 01-81 equals the number of the subchannel in which it is
located.

Thermocouple array rod thermcouples: TE-18nal

‘n' — the number 8 or 9 designating in which bundle site the T/C array
rod is located.

8 — grid position No. 19
9 ~ grid position No., 22

‘a' — a letter ‘A’ or 'B’ designating which of two subchannels associated
with that rod the thermocouple protrudes into,

Position ‘A’ _subchannel No, s hannel No

19 22 30
22 24 34

‘1" = the thermocouple level 'D'~'G' (same as FRS thermocouple level
designations).




Table 27.

Critical instrument uncertainties

Steady-state uncertainty

Transient uncerta htya

Transjent uncertsi nya

e Ssesiption (20) (nominal) (worst case)
FE-18A 1.27-cm (0.5-in.) inlet flow orifice meter 4.2 F-6 w'/s (0.07 gpm) 8.3 E-6 »'/s (0.13 gpm) 8.3 -6 w*/s (0.13 gpm)
FE-3 S.1-cm (2.0-1n.) inlet flow turbine meter 4.1% of reading Not significant Not significant
FE-250 1.27-cm (0.5-in.) imlet flow turbine meter 4.1% of reading Not significant Not significant
FE-260 1.27-cm (0.5-in.) inlet flow turbime meter 4.1% of reading Not significant Not significant
FE-202 S.1-cm (2.0-in.) outlet flow turbine meter 4.1% of reading Not significant Not sigmnificant
n—uzb 2.54-cm (1.0-in.) ouvtlet flow orifice meter 6.2 E-5 m*/s (0.98 ipm) 1.4 E-5S m'/s (0.36 gpm) 2.9 E-5 w'/s (0.74 gpm)
F!—Zl!b 1.27-em (0.5-1n.) outlet flow orifice meter 8.3 E-6 m’/s (0.13 gpm) 1.4 E-5 m*/s (0.36 gpm) 2.9 E-5 m'/s (0.74 gpm)
TE-256 Inlet fluid thermocouple 10.3 K (18.5°F) 0.3 K (0.54°F) 1.3 K (2.3°F)

TE-208 Outlet fluid thermocouple 10.3 K (18.5°F) 0.3 K (0.54°F) 4.0 K (7.2°F)
TE-3anal FRS sheath thermocouple 10.3 K (1B8.5°F) 0.1 K (0.18°F) 3.8 K (6.8°F)
TE-18nal Thermocouple array rod fluid thermocouple 10.3 ¥ (15.5°F) 2.7 K (4.9°F) 40.6 K (73.1°F)
PE-156 Lower plenum pressure transducer 200 kPa (29 psia) Not significant Not significant
PE-201 Upper plenum pressure transducer 200 kPa (29 psia) Not significant Not significant
PAE-251 Bundle differential pressure cell 2 kPa (0.29 psia) Not significant Not significant

ctoul uncertainties are defined as arithmetic sums of steady-state uncertainties and uncertainties due to transient effects.

bvacortu-ty applies to flow at calibration density [1000 kg/=* (62.4 lb./h')l. To find uncertsinty at other densities,
sultiply bprc“_/D-

§T
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associated with the majority of the transient data. The worst-case tran-
sient uncertainty refers to the largest uncertainty that might be expected
during testing. Generally, the worst-case uncertainty is applicable only
over a small portion of a transient test, For example, the worst-case
transient uncertainty for thermocouples occurs at the thermocouple quench.
Total uncertainties are formulated as arithmetic sums of steady-state
uncertainties, appearing in the first category, and uncertainties due to
transient effects, appearing in the second and third categories. A
description of how the uncertainties in Table 27 were determined and a
detailed list of uncertainties for all instrumentation appear in Appen—

dix A.
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Appendix A

INSTRUMENT UNCERTAINTY ANALYSIS FOR THE THTF LOOP

Summary of Results

Two standard deviation uncertainty bands are described for critical
instrumentation in the Thermal Hydraulic Test Facility (THTF). The
analyzed instruments and their minimum, steady-state, 20 error bands
[root sum square (RSS), 95% confidence interval] include:

1. Turbine flowmeter .....cceecescecssscsssses 4.1% reading

2. Camma donsitomOter ..ccosccccssnancssnsssces 10.4% FS®

3, Strain gage pressure cell ........0000e00se 1.0% FS®

4., Differential pressure cell .......coc00e000 2.0% FS min to 9.9
FS max

5., THormocOUPLloB c.evesssososcsasasesnsnvsnans Je7°C Bin to 10.3°C
max

6. Rod power instrumentation ........eesevseee 1.,1% reading
7. Strain gage drag disk .......cs0sesessesses 356% reading below 10% FS*
19% reading above 10% FS*

Summary of Theory

The measure of the value of a group of n data points (x_ ) with
statistical significance is the mean (x) or expected value given by

x = ——— (A.1)
n

where [ is the usual sum from data point 1 to data point n, The standard
measure of the dispersion of the data is the variance [o? or V(x)] defined

by

(xi -3

However, V(x) has dimensions of engineering units squaxed, which may be
inconvenienit, The square root of V(x), the standard deviation (o), is
usually reported. Furthermore, in normally distributed data with mean x
and variance o? (a good approximation for much variation in physical
datas), statistical inferences may be drawn in terms of probabilities based
on the measured values of X and o as follows:

*Full-scale values are found in Tables A.5~A.8 under instrument range.



68% probability that x ~ o ( x_ ( X + o ,

95% probability that x = 20 ¢ x, < X + 20,

99.7% probability that x — 3¢ ¢ x, ¢ X + 30,

where x, is the true value of the variable,
Brownlee has shown® that the variance of a linear function

Z=A, + A X, + AX, + ... Anxn
is a linear function of the variance of the variables as long as the cor—
relation coefficients are zero, i.e., as long as they are physically unre-
lated, (Linearly independent variables have zero correlation coeffi-
cients, but linear independence is not a reyuirement.,) That is,

V(Z) = A V(X,) + AV(X,) + ... AnV(Xn) ’ (A.3)
where the A ,'s are constants and the X ,'s are independent variables.

Similarly, Scarborough has shown? that an analogous relation holds
for a system where the independent variables are not linear:

Z=F (X, Xy eoen L)

The variance of Z is given by
B Y =) V( + =Y V(Y
- = — + —— ————
v(Z) ay,) V(Y,) aY, Y,) + ... ayn n) . (A.4)

where the correlation coefficients of the Y 's are zero and the value of
V(Y) is small compared to (GZ/OYi)’. Noticé that in situations where the
standard deviation can be expressed legitimately as a percentage of the
value of aZ/OYi, Eq. (A.4) can be rewritten as

o%(2) = V (o%Y,)* + (o%Y,)2 + ... + (oWY )? . (A.5)
The above equations can best be understood through the use of an il-

lustrative example. Consider the amplifier of Fig. A.1. The uncertainty
in the input voltage can be derived from the function vin = F(vont'

ORNL -DWG 81-22671 ETD

m
o__.___q: v
out

Fig. A.1. Amplifier.
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voffsot' GAIN) given the measured values for vout' V(vont)‘ voffset'

V(voffoot)' and GAIN, V(GAIN), where V‘n is the input voltage, GAIN is the
amplifier gain, and Vo““t is the offset voltage,
Assuming the following data, the value of vin is given by

vout - voffset

¥ GAIN g

and the variance in the input voltage can be found by applying Eq. (A.4)
or (A.5).

s 2
V. ) = v(vont) * V(voffset) % V(GAIN) (voffset Vout}_ (A.6)
in GAIN? GAIN? GAIN* ! %
where
v max = 20.0 volts,
out
v = 10,0 volts,
out
VIV._.) = (0,2 volts)? = (2%)? reading,
out
voffset = 0.5 volts,
= 2 = 2
V(voffsct) (0.05 V) (0.5%)* reading,
GAIN = 200 volts/volt,

V(GAIN) = (1 volt/volt)? = (0.5%)% reading,

_ (10.0 volts — 0.5 volt)

Vin 200 = (0,0475 volts,
_(0.2)2 , (0.05)2 ., (-9.5)?
VOV = oo Y ooy 1T ooy ¢

o(V;,) = 1077 volts or 2.1% reading .

Because V is a function of V » ¥ , and GAIN in the form
in out offset

given above, it is reasonable to assume that stating the variances as
percentages of the readings is equivalent to stating the variances as per-
centages of the respective partial differentials, In fact, this will al-
ways be reasonable as long as the variables are of the first order. The
arithmetic for computing c(Vin) becomes simply

oV, ) =V (2%)? + (0.5%)* + (0.5%)2 = 2.1% reading .

Equation (A.4) or (A.5) applied to each major component of a complex
information loop is often the only method available to arrive at an uncer—
tainty value., However, in the case of the gamma densitometer and the
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strain gage pressure cell, in situ standards are available that allow di-
rect measurement of the uncertainty. Heise gages are used as in situ
standards for strain gage pressure cells., Pressure and temperature meas—
urements in subcooled water can be used to determine density with steam
tables for comparison with the gamma densitometers., Such a comparison is
made using a linear regression analysis based on the method of Gauss,

The equation of a line in slope-intercept form is given by

y= Az + B,

where A is the slope (Ay/Ax) and B is the value of the y intercept,

The best-fit values of A and B can be found by minimizing the sum of
the distances between the experimentally determined points and the best-
fit line,.

The pertinent equations are

ExiZyi -n % (xiyi)

T (L )% =~ P (x,)? (A.7)

and

4 - 3
(xiyi) L X L L (xi)

S » (A.a)
(Z xi)' ~-n I (xi)’

where the ’i" are the values determined by the instrument under discus-—

sion and y.'s are the corresponding values determined by the in situ stan—
dard, The uncertainty of the instrument values can then be defined analo-
gously to Eq. (A.2):

L (, - yi)

o g Sewe———— (A.9)
n

where the Yi’s are computed from the best-fit equation and the instrument
values are ¥ie A perfectly calibrated and properly operating instrument
will have A= 1.0, B =0, and o {{ reading.

Although the slope-intercept form of an equation is one of the eas-
iest to interpret, it does have a disadvantage: A and B are not linearly
independent variables, so drawing statistical inferences about A and B in
terms of their variances is hindered. A solutionm to this probler is to
solve for the best-fit Jine equation in the form:

Y=alx-TX) +8 . (A.10)
The variances of a and p are then known to be

Vie) = & (A.11)
n
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and

o.
V(p) = - ’ (A.12)
L (x1 - x)3

as shown by Brownlee,® where o is defined as in Eq. (A.9). We can still
arrive at ap estimate of V(A) and V(B) by modifying Eq. (A.10) to show

Y=ax~ax + B ,

which implies a = A and B = (-aX + ). Applying Eq. (A.4) yields

via) = & (A.13)
and
o* _ o? x? i
V(B) = - x2 + = g _ + - % (A.14)
L {x, = %) r tx, = x)*

Equations (A.2)—(A.5) and (A.9) should be applied with caution for several
reasons,

Definitions for variance assume perfect knowledge. However, actual
sampl ing procedures are limited to finite sample sizes, and formulas im-
pose limits on the degrees of freedom by imposing constraints. To adjust
for the limits to the number of degrees of freedom, Eq. (A.2) is modified
to provide an estimator for the standard deviation denoted S such that

L(x, =~ x)?

S = -—-(—n":-lT— . (A.15)

Equation (A.9) becomes

L (Y, —y,)?
i i
S -\[ G (A.16)

Equations (A.15) and (A.16) are the proper equations to use in all sam—
pling situations where the standard deviation is to be used as the measure
of the uncertainty, Furthermore, the value for § should be substituted
for the value of o and $% for V(X) or V(Y) in each of the other equations
where o appears, Because of the common association between the standard
deviation defined by Eqs. (A.15) and (A.16) with the symbol o, the symbol
o will be used for § in the balance of this paper, In a practical sense,
where the standard deviation is reported as two significant figures, there
is essentially no difference between o and S [Eqs. (A.4) and (A.9) versus
Eqs. (A.15) and (A.16)] as long as the number of data points is large.
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A class of practical problems that arises in the actual error analy-
sis is centered around the interpretation placed on uncertainties supplied
by manufacturers., These uncertainties are often supplied as percentages
in such a manner that it is difficult to determine whether it is reason
able to apply Eq. (A.5). Fither it is difficult to determine how the
stated error relates to the standard deviation, or it is difficult to de-
termine whether the error canm be applied as a percentage of the partial
differentials required by Eq. (A.5). Furthermore, it is seldom stated
whether the given uncertainties meet the required criterion of zero cor-
relation coefficient, It is common for manufacturers to quote error bands
as 20 (95% confidence) or 30 (9% coafidence) though sometimes without
assigning confidence limits, In this report it is conservatively assumed
that the error reported by instrument manufacturers is 20. Unless other—
wise stated, it is also assumed that & statement of error as a percent
with respect to the partial difierentiels of Eq. (A,5) is reasonable and
that the correlation coefficient is zero for all variables.

The second class of problems relating to the uncertainty analysis
dealt with multiple estimates of o for & class of instruments where o
varied widely from instrument-to-instrument and from trisl-to—trial. The
method of choice was to use a value of o large enough to include about 95%
of the measured values. This was accomplished by using

o ~@ + olo)

That is, the value of the standard deviation used was the average value
for all instruments and files read plus one standard deviation of o, This
is different from the probability statements above because o is a span
that includes zero to o. Such a distribution cannot be normal in the
sense that the probability statements require.

A generalized procedure for dats analysis follows:

A common form for a large system is generalized in Fig. A.2. This
system consists of a number of tranmsducers (T,), their associated signal
conditioning equipment (S.), and the data acquisition system (DAS). The
DAS is understood to include both the hardware and the software., The
standard deviations of the output signals are measured by reading the in-
formation from the magnetic tape written by the DAS and applying Eq. (A.2)
or (A,14) over en arvitrery lemgth of time where the process is defined as
being in a steady state, The measured value of the DAS output can then be
incorporated with other measures of uncertainty using Eq. (A.5). If an
in situ standard is going to be used to develop the total uncertainty di-
rectly, the data for the secondary standard need to be accessed and cor-
related in time and space with the instruments under consideration,

ORNL -OWG 81-22672 ETD

} )

DAS

L f—t
L {5 S J—1%]

Fig, A.2, Generalized form for a large system,

T ]




35

The development of software to perform the above estimates may be the
most time-consuming part of the analysis., The software has to be able to
perform the following functions for 2 magnetic-tape-based system:

1, Confirm that the tape is at the beginning.
2, Confirm that the tape density and number of tracks are system compat-
ible,
3., lLocate the instrument datea base (IDB) and transfer the IDB ‘o disk or
core in a rapid access format,
4., Extract certain system constants from the IDB (record lemgth, etc.).
5. locate the scan table,
6. Use the scan table and instrument identifier code to determine the
location of the desired instrument data in data racords,
7. Llocate the first data file of the type desired,
8. Read a fixed number of records from the data file,
9. Store data in arrays or keep running totals for averaging.
10, Compute averages and standard deviations for steady-state data in the
file.
11, Write the desired combinations of data, averages, and standard devia-
tions to arrays.
12, locate the next data file of the type desired and repeat steps 812
until end-of-tapz is detected,
13, At end-of-tape, write the arrays to disk for later analysis.
14, At each tape operation, check for proper positioning.
15. Analyze data written to disk as required,

The following sections provide a detailed analysis of the critical
instrumentation in the THTF loop. As stated above, the exact nature of
the uncertainties is not always known, The RSS value of the uncertainty
is the statistically defined one if variables are unrelated (correlatiorn
coefficient = 0) and the percentage uncertainty is given as a percent of
partials required for Eq. (A.5). However, to the extent that the uncer—
tainties stated do not comply with the assumptions, the more comservative
strict sum of errors may need to be applied. Both the RSS value and the
strict sum velue are given in the text., The RSS values are reported in
tabular form at the end of this Appendix, The superscript (*) is used to
denote manufacturer derived data.

A.1 Turbine Flowmeter

The turbine flowmeter channel consists of a turbine flowmeter with
integral magnetic pickup, an electronics package that conditions the sig-
nal to provide an output voltage proportional to flow rate, and the DAS,
which converts the analog signal in volts to digital information and
writes it to magnetic tape. In operation, the turbine Ulade generates an
electrical pulse as it passes ihe magnetic pickup. The ORNL electronics
package senses this pulse and within 250 us resets the count registers and
begins accumulating the count until the next pulse disables the count,
During th~ disabled period the count is passed to the digital-to-analog
converter where it is converted to millivolt reading., The voltage divider



then inverts the millivolt sigaal snd outputs a voltage proportionmal to
the angular velocity of the turbine blade, with 10-V full scale (FS) cor-
responding to 1200~-Hz input rignel frowm the flowmeter pickup., The DAS
then converts the output of the ORNL electronics to a digital value and
writes it to magneti:z tape,

The identified sources of error in the turbine flowmeter are:

Channel noise (blade angle tolerance) ........v0.. 3
Calibention NGRSty .svscevssesansansnsavncnses 3
Inheoront tuehind LimBasity® .. ssececssvvsessninnses O
ORI o3antzanins PRORDBS ssoccsisssssitonssvsesiis e
A/D convession BE DAB® ...ssssssnssscensancassseoss B
Effect of bearing change each run® ,.....c00000060 0
SS2iet B, 30 220F BB csccsccvecevesssssanseen T
BB, 20 0FE0F DOME .sscrssivesesrvessenncvsinssssse Bad

FREESF

—
P

The fcllowing items need to be considered when applying the above
error bands to THTF data:

1. The above uncertainties are all reascnably expressed as a percent
of reading., However, the value of turbine linearity quoted applies only
over the range 10% rated FS through 100% rated FS, Below 10% rated FS,
error bands increase rapidly (see Fig. A.3) as friciional drag becomes
more significant, with a cutoff of useful information occurring near 6% of
rate FS flow due to signal-to—-noise problems in the electronics,

2. Random noise was measured for 30 records of data taken during
Reactor Simulation Test 3.05.5B., When the standard deviation was computed
for each of the 10 flowmeters without excessive channel noise, the average
value (1.53% of reading) was found to agree very well with the predicted
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Fig. A.3. Error due to turbine linearity: characteristic curve.
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channel noise because of blade manufacturing tolerances (72° £1.56%)., It
would be optimistic, however, to conclude that this is the only source of
random error, Data taken over a much wider range of flows would be needed
to confirm this conclusion,

3. The calibration uncertainty was estimated from two different cali-
bration laboratories (Flow Technology, Inc., and Measurements, Inc.) in-
dependently calibrating the same turbine flowmeters. The results of those
calibrations indicated approximately 1.2% (as 1o) differences frum labora-
tory-to-laboratory,

4, The most troublesome problems of interpreting flowmeter error are
those that occur during two-phase flow., 1In a 1977 report* MPA Associates,
Inc.,, investigated the possible errors due to slug flow, annular flow re-
gimes, steam-water ratios, and differential two-phase velocities. This
investigation was strictly theoretical, based on momentum exchange between
the blade and the fluid, These analyses were based on steady-state flow,
belancing the transverse momentum of one phase against that of the second.
Assuming no net momentum exchange with the rotor, the turbine response was
interpreted in light of the point effective radius (establish.? as the
calibration constant) in the presence of two phases with different flow
regimes and different velocity profiles. The conclusion reached was that
errors up to #25% might be expected.

By assuming equal probabilities for the parameters investigated, it
vaus determined that a lo error band of 10% might reasonably be expected.
However, until experimental verification of both model and results can be
obtained, it would only be prudent to use the above figures in a qualita-
tive manner.

A.2 Gamma Densitometer

The gamma densitometers consist of a nearly monoenergetic *'7Cs gamma
source, an ionization chamber to detect the gamma rays, an instrument am—
plifier, and the DAS. In use, the gamma rays pass through the steel pipe,
through the water (in whatever phase) in the pipe, and into the ionization
chamber. In the ionization chamber the gamma rays are converted into an
electric current such that the current is proportional to the intensity of
the impinging gamma rays. The instrument amplifier takes this current and
converts it into a voltage that is proportional to the input current, At
the DAS the voltage is converted to a digital value and stored on magnetic
tape.

Given that the source approximates a point source, the density of the
water (p') in the pipe should be given by

Vp . Vd
p' = KFACIR In (v—-_—‘v’:) »

where KFACTR is an experimentally determined constant that includes the
effect of pipe diameter and the mass absorption coefficient of the water
(including any dissolved salts), Vp is the output voltage when the pipe is



38

empty, Vo is the output voltage with the source shielded (dack voltage or

zero offset), and V is the output voltage when there is water in the pipe.
Due to the stromg theoretical dependence of density error as a func-
tion of density, the lo error band was investigated as a statistical func-
tion of the density reading compared to an in situ standard based on the
physical propesties of the water in the pipe under known conditiomns of
temperature and pressure and a steady-state, one-phase flow, Ten gamma
densitometers in service during Test 3.05.5B were used as a basis of the
study. The output voltage of each instrument was sampled 150 times in
each of ten 3-s files. The output voltage was then used to compute the
water density using values of KFACITR, V_, and Vo measured in a recent cal-

ibration run, Those densities were then compared to the expected den
sities based on water properties derived from the temperature and pressure
instruments located adjacent to each gamma densitometer,

The measured uncertainty expressed as lo in kg/m® (and 1b/ft?) is
shown in Table A.1., It was discovered, however, that at least part of the
large variation in the uncertainties resulted from a systematic error that
varied from instrument to instrument (see Fig. A.4, where the densitometer
density is plotted against the Jater property density for DE-204B)., Fur-
thermore, the expected strong dependence of error on total demsity is mot
obvious over the range of data compared. Not all densitometers showed
positive deviations from the standard as did DE-204B,

Table A.1, Absolute error analysis

o o
Densitometer (kg/m®) (1b/ft?)

DE-20 18.9 1.18
DE-36 199.0 12 .42
DE-168 3.6 0.22
DE-218 87.5 5.46
DE-204A 4.4 0.27
DE-204B 3%.7 3.60
DE—204Ca 33.6 2.10
DE-262A

DE-262B 22.9 1.43
DE-262C .5 2.34
Average 52.0 3.20

aPtobnblo equipment failure
during test,

The data for each densitometer were fit to a straight line, densitom-
eter calculated density to water property density, using linear regression
analysis. The random error, expressed as lo, was then calculated for each
gamma densitometer using the formula above, but Yi is the best average

value from the linear regression equation., The value of uncertainty was
much more uniform from densitometer to Jensitometer (see Table A.2). A
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Table A.2, Least-squares best-fit line

RHO = A * DERHO + B

o
Densitometer A B (k'7-,) (1b/ £t9)
DE-20 0.945 64.9 8.6 0.54
DE-36 0.131 745.0 9.7 0.61
DE-168 1.00 0.4 0.9 0.06
DE-218 0.711 176 .0 2.5 0.16
DE-204A c.981 14,0 4.4 0.27
DE-204B 1.19 -85.9 6.0 0.37
DB—ZO‘CG 1.01 248 12.4 0.77
DE-262A
DE-262B 0.740 246 .0 5.3 0.33
DE-262C 1.16 =100.0 4.3 0.28
Average .8 0.36

aProblblo equipment failure during test.
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preliminary analysis of the calibration procedure indicates that it may be
possible to recalibrate the densitometers analytically to remove the sys-
tematic error, Since the analysis performed on the experimental dats does
not use the densitometer responses, it was not deemed worthwhile to expend
the effort required to perform this recalibration,

Since the density of water at room temperature is approximately 1000
kg/m* (62.4 1b/ft?), the above results can be summarized as follows:

20 error band under current operating procedures .... (10.4% FS)

The following items need to be considered when applying the above
error bands to THTF data analysis:

1. An analysis of data scatter indicates an sverage o of 31 kg/m® or
3.1% FS over 150-point data files, Therefore, individual points within a
fiie have much higher uncertainties than those stated for files as a
whole.

2. No other factor has been identified which would degrade the error
bands beyond the steady-state, one-phase flow values listed above, How-
ever, it should be understood that the densities computed from densitom—
eter voltages during transients and two-phase flow are time-and-path aver-
aged values. Furthermore, direct application of the above data to tran-
sient, two-phase flow is done at the risk of the data user until experi-
mental verification can be obtained.

A.3 Strain Gage Pr re C

The pressure channel investigated consists of a strain gage pressure
cell, an instrument amplifier, and the DAS. In operation, pressure on the
diaphragm of the pressure cell causes a change of resistance in the foil
strain gages attached to the diaphragm., The change in resistance in the
gages causes a voltage output from the cell that is proportional to the
applied pressure, This output is amplified by the instrument amplifier,
The DAS converts the amplifier output to digital format and writes it onto
magnetic tape.

The following errors were identified as contributing to the pressure
cell uncertainty:

Noal insanity (P=sons0f)® ..iccicvsavnsonnene O 9% FB
Repeatability (P-sensor)® .......cc000000:.. 0,1% FS
Hysteresis (P-30ns02)® .. ovcecessrcvsscesces 0,18 F8
Tempco, gage factor (P-sensor)®* ............ 0.5% Reading
Tempco, zero offset (P-sensor)®* ............ 0.5% FS
Gain instability (instrument amplifier)®* ... 0.1% Reading
Output offset (instrument amplifier)® ...... 0.1% FS
DAS 0alibration® ..ccesnesscsscsscoassesansse 0.5% Reading
CAeneel SO0 ..issesisnvssseonrsavssisenssnves U2 FS
Location of calibration standards ..... eesss 0.4% FS
Strict sum 20 error band .....cccc0000000s 2.5 FS
RBE 20 02202 DABE .iscvosansovesvanerasses 1% FB
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The following items need to be considered when applying the ebove
error bands to THTF data:

It is fairly obvious that the rcsults of the in situ calibration runm
(see item 2 below) agree respectably with the 20 error band determined
above. The probable reasons that in situ calibration errors are smaller
than the theoretically determined value can be attributed primarily to
smaller than estimated temperature changes in actual operation for both
gages and amplifiers. In the absence of contradictory experimental evi-
dence, the 20 error band for the strain gage pressure cells should be set
at 1.0% FS or 200 kPa (29 psi).

1. The temperature effects were assumed to be operable over a range
of only 56°C (100°F) in actual use, This seems like a reascnable assump-
tion since the sensors themselves are installed at the end of a connecting
tube ensuring cooling by ambient air flow and the instrument amplifier is
mounted where ambient air flow should keep the temperature change within
the 56°C (100°F) range. Channel noise was measured during Test 3.05.5B
using Y, [see Eq. (A.16)] as the average within a data file. Five in-

struments were sampled with 30 points per data file, 10 data files each.
The 1o value measured in this manner wus quite variable, so that it was
deemed expedient to select a value of o large enough to include about 95%
of the data.

2. The strain gage pressure cell does have a useable in situ stanm
dard for comparison, With data from a recent pressure cell calibration
run, the standard deviation for system pressure was determined for six
strain gage pressure instruments by comparing P-cell output converted to
pressure using the measured calibration constants with the average reading
of two Heise bourdon tube gages accurate to 20 kPa (3 psi). The results
of that comparison are:

Instrument o (kPa) o (psi) o (% FS)
PE-26 37.2 5.4 0.18
PE-42 66 .2 9.6 0.32
PE-44 18.6 2.7 0.09
PE-76 43 .4 6.3 0.21
PE-106 47 .6 6.9 0.23
PE-156 91.0 13.2 0.44
Average 51.0 7.4 0.24
Plus location of cali- 40.0 5.8 0.18

bration standard
Total 20 value 130 18.9 0.6

3. The in situ calibration uses the average reading of two Heise
gages as system pressure, These gages may be separated by 8.53 m (26 ft)
vertically, The result of the difference in static water pressure can
produce an offset of ~40 kPa (5.8 psi) (lo) depending on the location of
the specific instrument,
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4, The DAS seems to be the limiting factor in instrument response
time, including the response time of the transducer itself since pressure
waves should reach the diaphragm much faster than the normal sample rate,
No other source of error has been identified to degrade the error band
established for steady-state, one-phase flow. However, the application of
the above error bands to transient or two-phase flow without corroborating

data might be overly optimistic, ard any such use is the respomsibility of
the data user.

A.4 iff nti Pressure Cells

The strain gage dp cell (A, B, C) instruments are very similar to the
strain gage pressure cells above, except that they have lower full-scale
capability,

A. The identified sources of error in the BLH strain gage
(1380 and 6870 kPa or 200 and 1000 psi, respectively) dp cell

are
Bench calibration (note 1) ....c.cvveveseees 2.4% FS
Tempco, gage factor (P-semsor)® ............ 0.1% FS
Tempco, zero offset (P-sensor)® ............ 0.1% FS
Gain instability (instrument amplifier)®* ... 0.1% FS
Output offset (instrument amplifier)* ...... 0.1% FS
A/D inscourany (DAB)® ..ccivinsiccssnssssses U % FS
Random 80180 (ot 2) coscocesssssnsssonssee 4.00 FB
Strict sal 30 erxor DaRd ...censesscessses J:19 FB
RS 3¢ o520% BB ..ccvonrncosesenivissesse Jein FB

B. The identified sources of error in the BLH strain gage
(1380 kPa or 200 psi) (pit) dp cell are

Bench calibration (note 1) .....ceevesvcaces 2.4% FS
Tempco, gage factor (P-sensor)® ............ 0.,5% Reading
Tempco, zero offset (P-semsor)® ............ 0.5% FS
Gain instability (instrument amplifier)® ... 0.1% Reading
Output offset (instrument amplifier)* ...... 0.1% FS
A/D insccuracy (DAB)® . ..cccevcvcccscsscvesse 0.3 Reading
Rendom sblse (BOte B) cesecarivsssassssasanss S0 PFE
Strict sum 20 error band .......cc000000.. 13.5% FS
RES 20 ox2ox DaABd cvcoscsesesncessincsnsse. 9.9 FB

C. The identified sources of error in the GENISCO (41 kPa or 6
psi) strain gage dp cell are

Static prosours ofledt .cvivirvsossessescanuns 2:000 PS8
2020 Balance® ..icsscessscisrsiscsnsssnvsecs 4,09 FS
Linsarity, Dysteresis?® ...viennsvecvsvnsonsee O 0% F8
Toupoo sonsitivity® ..cvecvvansessssnseasesss 0.3% FS
Tompoo 20 Offsot?® .ivcsivsssassrosisecnnse 0.3% FS
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Noldos Laots ) sercscavssssonnssvnnnenssssss S00 P8
AID cotvension DABY .i.vsveeivessossievennee 0.0 NS
Strict sum 20 orror band ..c.icvcvscctsces 1.9 FS
RES 2¢ o220 BBBE .ocsassevsssnsnvesiasase . 3:90 P8

D. The identified sources of error in t"e ITT Barton (25 kPa or
100 in.) dp cell are

Transduction accuracy® ....ccccecescccsscees 0.25% FS
Static pressurd effect® ..icoccsvssncssseves 0.4% FS
Tempco zero offset® . .....ccvcsvscssvsnseees 0.,2% FS
SORPes MRBIEIVILEY iissnasersusssennianive Dol PR
NOLES  ssssivsssevivesnsqsnssnsasnsnnserssnce Bl FS
BAR® ccovensvsssssssncansessssnsssevncsssvesse Wbk FS

Strict sum 20 error band ....ccvccc0c00sss 3.4% FS

BB 30 02200 DABA  L.encevesssnrnnsresisios  2:3% FB

E. The identified sources of error in the Rosemouut Capacitance
dp cell are (see note 4)

6.2 and 7.4 kPa 37 and 50 kPa
(25 and 30 in,) (150 and 200 in,)

Transduction 8COUTRCY covseces D25 F8 ..c0cc. 0.29 FS
Tempco combined® .......c000.. 0.95%%9 FS ....... 0.14% FS
Static pressure offset ....... 1.0%FS ........ 1.0% FS§
SEabiLIY®  Lasievesssavenioce D2TBFE osuvir D.2THFB
MOLE® cosrcnscosnsessnssvnsnns @B PB seesvess 0.3 FB
DAB® [ iesssesssapsisvanansens QiR PR ssvisesn D00 FE
Strict sum 20 error band ... 3.0% FS ........ 2.1% FS
RSS 20 error band ..cvce0eee 1.5 F8 ........ 1.1% FS

F. The identif.ed sources of error in the FOXBORO Force Balance

dp cell are
Transduction ACCUTACY® ..cceccevscsscaccsses 0.25% FS
BB  rusnvasscssssssssessnnonsssvinnssssnsas  $:08 FB
R e e e SN SRr R r s  RE
Strict sum 20 error band ......ccc00000000 2.6% FS
BB8 30 9x20F Band | L.ccivvnnssesanvnssnsnse B4 FB

The following notes need to be considered in evaluating the above 2o
error bands:

1. Bench calibration data were substituted for the values of nonlin-
earity, repeatability, and hysteresis since bench data were available and
indicated significantly larger error bands for strain gage. The dp sen-
sors in use show a dependence on system pressure for both gain and offset
(see Figs. A.5 and A.6). The approach has been to use a calibration equa-
tion based on a linear regression calibration of both gain and zero offset
in the form:

P = (P*A + B )[V — (P*A + B )] ,
dp g g z z
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where Pd is the differential pressure measured by the dp cell; A , B ,
A;' Bz are the calibration coefficients; V is the sensor outpu! voltage;

and P is the system pressure. However, the linear correlation of system
pressure and the constants A , B , Az' and B' are not high enough to make

the correlation better than !.2"(:3 lo) overall.

2. When tLe error band was checked using digital data from Reactor
Simulation Test 3.05.5B, an average value of o equivalent to 1.0% FS was
measured using 13 PDE's in service prior to blowdown, The average output
was used as the standard.

3. VWhen the strain gage dp cells are used as pit dp cells, they are
connected to different parts of the systum by long lines of small diameter
tubing. Analysis of Test 101 showed that resonant ringing could account
for an increase in the noise level (as 1o0) tu 4.8% FS just prior to blow-
down and up to 65% FS after blowdown when the 28-Hz (the measured resonant
frequency) notch filter is used as a standard (see Fig. A.7).

4. An in situ calibration was made during steady-state scans for
Small Break LOCA II tests of October and November 1980, The uncertainty
estimate used water properties as a basis of known differential pressure,
The results indicated an average lo uncertainty of +0.05 kPa (0.2 in.)
(0.8% FS).
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Fig. A.7. PDE-200 output from Test 101,
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5. Temperature coefficients were applied over a range of 15°C
(27°F).

6. No pararcter was identified that would degrade error bands beyond
those !isted above during two-phase flow. However, extension of the
stated error bands to two-phase flow or transient conditions without sup—
porting experimental evidence is dome at the data user’'s risk,

A.5 Thermocouple Temperature Instrument

The thermocouple instruments consist of Chromel-Alumel thermocouples,
a "cold-junction" reference box, and the DAS.

The following error sources were identified for thermocouple instru—
ments:

Minimum value  ,\ove 350°C (660°F)

(eC) (°F)
Thermocouple material® 2.2 4.0 0.76%
Random noise 0.5 1.0 0.2%
DAS calibration 1.8 3.2 0.46%
Reference junction 2.2 4.0 2.2°C (4.0°F)
calibration
Reference junction 0.16 0.3 0.16°C (0.3°F)
controller
Strict sum 20 error band 6.9 12.4 (See below)
RSS 20 error be-J 3.7 ¢.7 (See below)
Conversion of the above percentage values to °C results in the
following:
Temperature 20 Error band Z:tf:::r‘::nd
o
(*C) (*F) (*C) (°F) (°C) (OF)
350 662 3.1 6.7 T4 13.3
400 752 4.2 7.6 8.3 14.9
450 842 4.7 8.5 1% | 16 .4
500 932 5.1 9.2 10,0 18.0
550 1022 5.6 10.1 10.8 19.4
600 1112 6.1 11.0 33,7 - 222
650 1202 6.6 3.5 12.9 22.5
700 1292 Tl 12.8 13.4 24.1
750 1382 7.6 13.7 14.2 25.6
800 1472 8.0 14.4 5.1 - 31.8
850 1562 8.5 18.3 15.9 28.6
900 1652 9.0 16 .2 16.8 30.2
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The following items need to be considered when applying the above
error band estimates to THTF data:

1. The reference junction box calibration error was determined by
analyzing long-term calibration data from February 4, 1976 to February 10,
1981, and includes any offset from the mean set-point value of 2.666 mV,
Reference junction box anomalies were discovered during a 7-day steady-
state period. Controller errors up to 0.08°C (0,14°F) were observed for
periods of approximately 1 h duration, Operating four units continuously
over 7 days, the average error was determined to be less than 0.006°C
(0.01°F).

2. Random noise was determined by analyzing the data from Reactor
Simulation Test 3.05.5B for five Type Code = 6 and nine Type Code = 1
thermocouples in operation during that test for steady-state, one-phase
flow conditions. Because of considerable scatter from instrument-to-
instrument and file-to-file, a value of o large enough to include approxi-
mately 95% of all data was chosen. In an effort to provide a comservative
estimate, it was assumed that the noise at higher temperatures would be
proportional to the millivolt signal above 350°C (660°F).

3. Data Acquisition System calibration was checked after a test
calibration with the voltage output compared with a 32.0-mV input signal.

4, A thermocouple that had been in service at the THTF facility was
analyzed by R. L. Anderson® of the I&C standards lah to determine the ef-
fect of nickel crystal reordering. The results indicate that errors from
1.2°C (2.7°F, [near 150°C (1300°F)] to 16.3°C (29.3°F) [near 900°C
(1650°F)] may be expected in addition to the above values. However, the
recent history of 2 specific thermocouple coupled with its end-to—end
temperature gradient makes it difficult to extrapolate to & 1 THTF thermo-
couples. The effect of crystal reordering would be to produce readings
higher than actually experienced at the junction.

§. An isothermal scan taken during Test 3.06 .6B was used to compare
the output of 615 thermocouples belicved to be operational. The measured
standard (20) deviation of 4.,0°C (7.2°9F) agrees closeiy with the RSS esti-
mated value of 3.7°C (6.7°F) (20).

A.6 Rod Power Instrumentation

The rod power instrumentation consists of two operational amplifiers,
a calibrated low resistance shunt, and the DAS (see Fig. A.8). Amplifier
1 reads the voltage across the rod itself. V, is the output from the
voltage divider, Amplifier 2 reads the voltage across the shunt, The

current in the rod is then inferred using Ohm’s law such that
I = V,/R' :

where I is the current in amps, V, is the potential across the shunt in
volts, and R' is the resistance of the shunt in ohms.
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Fir. A.8. Rod power schematic,

The following items were identified as probable sources cf error when
determining rod power:

R' Calibration inaccuracy® .........c00000.. 0.26% Reading
R. Temperature coefficiency ................ 0.2% Reading

V, Nonl1a0erity® .ccsvcesvacscnosssssocsss .« 0.01% Reading
V, Channel noise ...... sesssssnsssssannsince U740 Reading
Vs Ois tompo0® ..vvcccccnsonocosssssssnsoee 0,000 Resding
V, Offset tempco® .......ccecvevevavvevecees. 0.03% FS

V, DAS calibration inmaccuracy® ............. 0.30% Reading
V, Nomlinearity® .....cccccenvevvessccccsseee 0,01% Reading
V; Channel nodse .ccosvevsosesonssssrasvives 0,7 Reading
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V, Gain tempco® ......cvcvvivsnnnrsncnscnins 0.02% Reading
V, Offsel tempco® ......ccvvevesvsnsscscsess 0.,03% Reading
V, DAS calibration inaccuracy® .........c... 0.30% Reading

Strict sum 20 error band ......c000000000. 2.6% Reading

RSS sum 20 error band ......ce000000ceeess 1,1% Reading

The following items need to be considered when applying the above
error bands to THTF rod power data:

1. Temperature changes at the amplifiers were assumed to be less
than or equal to 20°C (36°F). The temperature changes at the shunt were
assumed to be less than or equal to 40°C (72°F). The temperezture changes
chosen may be excessively large resulting in larger than necessary error
bands,

2. No error source was identified which would degrade the steady-
state, 20 error band beyond those listed above,

3. Because of matched voltage divider temperature coeificients and
the current calibration procedures, the error contributed b the voltage
dividers is considered negligible., However, channel noise was measured at
low power, so that the values used might be unnecessarily conservative.
Furthermore, the resistance of the shunt is very much less than the rod,
so that the voltage drop across the rod is essentially unaffected by the
shunt,

A.7 Strain Gage Drag Disks

An analysis of steady-state, single-phase drag disk uncertainties
based on subcooled flow calibrations from four THTF tests is presented.
The data are from pretest drag disk calibrations performed on the same day
of the test during heatup to blowdown conditions for Tests 3.04.7,
3.05.5B, 3.06.6B, and 3.08.6C,

The drag disks are calibrated using the turbine flow meters (veloc-
ity, V) and pressure- and temperature-deduced density (p) to obtain an in
situ standard momentum flux [(pV').td]. A calibration equation is gener—

ated from a least-squares fit to the drag disk signal corresponding to the
momentum flux over a range of momentum fluxes. The measured momentum flux
[(pV‘)-e..] is obtained by applying the calibration equation to the in-

strument signal. The calibration equation takes the form:
BEEES
(pV2) = A(IS - 2)" ,
meas

where IS is the instrument signal in millivolts and A, Z, and E are cali-
bration parameters determined by the least-squares fit. The value of F is
generally near 1.0,

An estimate of the uncertainty in the drag disk instrument is made by
comparing the in situ standard to the instrument-measured momentum flux,
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The errors are formulated in terms of percent of actual momentum flux,
which is approximately equivalent to percent of resding. For each data
point, the percent error is calculated from

(pV2) - (pV?)

std meas

(pV‘)'td .

% error =

Tvo different drag disk instrument ranges and two different geome-
tries (2-in, and 4-in, spool piece configurations) resulted in three dif-
ferent instrument measurement ranges, Jt was observed that values of o
for the three different types of drag disks (target and geometry) agree
well with each other. It would appear reasonable to combine the data for
all three types and report average uncertainties. However, separate un-
certainty estimates are made for instrument signals below 10% of maximum
range due to a pronounced temperature effect that is especially noticeable
at the lower readings. This effect is caused by the strain gage elements
being in intimate contact with the fluid. The value of Z is the average
of values taken at two different temperatures., The attempted temperature
compensation is not very accurate at low signal values,.

The resulting uncertainty bands for strain gage drag disks are:

20 error band below 10% FS . .....ci0vesvvess 356% reading
20 error band above 10% FS .........c00000.. 19% reading

The following items need to be considered when applying the above
error bands to THTF data:

1. Percentage error estimates for the drag disks were compared with
the subcooled data immediately preceding blowdown for the tests from which
the calibration data were obtained. Average error values of 9.2% of read-
ings (lo) above 10% FS and 30% of readings (lo) below 10% FS tend to sup-
port the uncertainty bands derived from calibration runs,

2. The strain gage transducer elements are exposed to the tempera-—
ture environment of the loop. Temperatures significantly outside of the
temperature range used during calibration will degrade the accuracy of the
instrument further, especially below 10% FS,.

A.2 Transient Response and Transient Error

It is generally understood that no instrument roesponds infinitely
fast to changes in the physical parameters being measured, That is, if
the environment were to change suddenly from 200 arbitrary units to 400
arbitrary units, an instrument would initially read some value near 200
units and would approach a reading of 400 units asymptotically. A good
approximation for many instruments is first-order lag (see Fig. A.9)
defined by

_=TI% =
Vr = Vo + (1 e )(Vf Vo) .
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Fig. A.9. Instrument reading as a function of response time assuming
first-order lag.

That is, the value indicated by the instrument (V ) is equal to the orig-
inal value (Vo) plus the value of the step function (Vf - Vo) multiplied

by an exponmential delay factor. T is the elapsed time and t is the 63.2%
instrument response time, V_ is the final value of the step function,
Instrument error as a fnnctign of time would be represented by the area
between Vf and the instrument reading line,

An additional problem in the THTF uncertainty analysis is introduced
because the signal is sampled over discrete time intervals instead of com
tinuously. It may be difficult to identify the exact starting point of a
step function, If the step change in physical parameter occurs very near
in time to the DAS sample (relative to the instrument response time), the
instrument reading at that point will be in error by the total value of
the change. If the DAS samples five or more response times after the step
function, less than a one percent error (expressed as percent of the step
function) will result,

Some arbitrariness is required, therefore, to provide a consistent
definition of transient error, The method chosen was to assume that the
step function occurred midway between two DAS sampling intervals (n and
n+ 1 in Fig, A,10). The error is measured at each sample point as the
distance in engineering units between the modeled instrument reading and
the assumed final value of the physical parameter V_ (vertical dashed
lines in Fig. A,10). The uncertainty is expressed as the average of all
the errors observed during an averaging interval (typically, 150 or 500
ms). The size of the step function and the length of the averaging inter-
val were chosen with test conditions in mind.

As an example, let us consider the errors in the reading of a gamma
densitometer (Sect. A.2) as a function of time, The response time on the
jonization chamber is estimated at 16 ms, Assuming that the observed den
sity decreases instuntly from 750 kg/m (46 .8 1b/ft) to 0 (a worst-case,
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Fig. A.10. Instrument error as a function of DAS sampling assuming
first-order lag.

Table A3

DAS interval Seror

(1n = 0,010 )

kg/m* b/ ft?

1 549 342
2 249 18.3
3 157 9.8
B 84 5.3
5 45 2.8
6 24 1.9
7 13 0.8
L 7 0.4
9 - 0.2
10 2 0.1
Average 118 7.4

blowdown situation), the errors observed at the DAS and the average error
for a 100-ms averaging interval reported are shown in Table A.3.

The following items need to be comsidered when applying transient
uncertainty values in the appendices to TITF data:

1. Although first-order lag modeling is appropriate for most instru-
ments, it is at best a close approximation to the true instrument 2
sponse,

2. The instrument response times are estimates. When these esti-
mates are known from averages, the standard deviation is large, indicating
wide variation from instrument-to-iustrument., As a result, a particulacly
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slow instrument of a given type might show errors a factor of 2 or more
worse than the average would indicate.

3. The average uncertainty values roted in the tables are extremely
sensitive to the averaging interval chosen., Average errors that appear
insignificant over a 500-ms averaging interval may well become significant
over & 150-ms interval, A careful analysis of Table A,3 is illustrative
in this light,

4, Step functions were chosen that were thought to be either repre
sentative or worst-case possibilities on a test-by-test basis. It is pos-
sible, however, that steps more severe than those chosen may have oc-
curred,

A.9 General Comments

1. All of the above error bands were derived assuming that the spec-
ified instrument was in nominal working condition and had been recently
calibrated using normal THTF calibration techniques. The error bands will
not apply to defective instruments,

2. The error bands stated apply only to those items covered in the
above discussion, Although every attempt has been made for the examina-
tion to be exhaustive and the results to b¢ conservatively stated, there
is always the possibility that excessive instrument noise or out-of-spec
components will cause sctual readings to be outside of the given error
limits (stated as 20).

3, The exror bands given herein represent the experimenter’s best
judgment of the applicable uncertainties. Two points should be noted,
however, First, the estimation of transient contributions to the uncer-
tainty involves a number of assumptions and judgments. These have been
documented in Sect, A.8, and the steady-state and transient contributions
to the uncertainty have been listed separately in the tables to facilitate
the reader who wishes to use his own estimate of the transient contribu-
tion to uncertainty if he chooses., Second, most of the data available on
specific sources of instrument errors were obtained in single-phase flow.
Thus, the experimenters had to rely primarily on engineering judgment to
combine and extrapolate this data to two-phase flow. In most cases there
is no experimental, two-phase flow data that can be used to verify the
resulting uncertainty estimates,

A.10 Steady State and Transient Instrument Uncertainties

The following tables summarize the steady—-state and transient uncer—
tainty bands for all THTF instruments.

Table A.4 provides a cross reference for instrumes; application num
bers (IAN) and type codes. The first column provides the type code as an
integer between 1 and 113, The second column lists the form of the IAN,
and the "Remarks” column provides additional information to properly cor—
relate type code to IAN for all instruments,

Tables A.5-A.8 provide a summary listing of steady-state and trans-
ient error bands by test, Tables A.5 and A.6 have values stated in SI
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Table A.4. Type code — IAN No. table

Type code IAN Remarks
1 TE-3nnal  Special FRS sheath thermocouples [0.38 mm (0.015 in.))
nn = 01, 14, 17, 21, 34, 37, 38, 50, 54, or 60
a= A E, or F
1=1,2,93,4,5,6,17,8; 00 E F, oz G
1 TE-3nnal  Regular FRS sheath thermocouples [0.51 mm (0.020 in,))
nn = 01-64 (except 19, 22, 36, 46) and (excluding 01,
14, 17, 21, 34, 37, 38, 50, 54, 60 for Tests
3.06.6B, 3.08.6C, 3.07.9, 3.09.10I-X, and
3.10,114H
a=A, B, or C
1=A, B, C,D E F, G B U, or ¥
2 TE-3onMl  Special FRS middle thermocouples [0.38 mm (0.015 in.))
on = 01, 14, 17, 21, 34, 37, 38, 50, 54, or 60
M=M
1=1,2,83,4,5,6,17,8; 00 B F, o260
2 TE-3nnMl Regular FRS middle thermocouples [0.51 mm (0,020 im,)]
nn = 01-64 (except 19, 22, 36, 46) and (excluding 01,
14, 17, 21, 34, 37, 38, 50, 54, 60 for tests
3.06.6B, 3.08,6C, 3.07.9, 3.09.10I-X, and
3.10.11AH
M=M
1=A,B,C,D, E F, or G
3 TE-12nn Subchannel thermocouples
an = 01-81
“ TE-18na Shroud wall thermocouples
n=1,2,3,4,5,6,o0r1
a= N, E, S, or ¥
5 TE-xxx Miscellaneous and process thermocouples
zxx = 5B, 408B, 520B, 521, 901, 920, 921, 922, 923,
924, 925, 926, 927, or 936
6 TE-xxx Loop and process thermocouples
zxx = 1, 2, 6, 24, 29, 40, 45, 57, 62, 67, 116, 150,
151, 152, 153, 172, 208, 212, 222, 228, 256,
266, 281, 282, 284
7 TE-29na Spacer grid thermocouples
n=1,2,3,4,5,0r6
ea=A B, C,D, E orF
8 TE-18nal Array rod thermocouples
n=8 or?9
a=AorB
1=A,B,C,D, E, F, o0 G
9 TE-361aj O-ring area thermocouples

a=A B, or C
J =]
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Table A.4 (continued)

Type code IAN Remarks
10 TE-nab Shroud box thermocouples
n=0,1,2,3,4,5,6,7,8,o0r)H
a=AorB
b=Eor$§
23 PE-xxx Strain gage pressure cells [20700 kPa (3000 psi)]
xzxx = 15, 16, 26, 27, 42, 43, 44, 58, 63, 68, 76, 88,
106, 118, 156, 174, 201, 209, 224, 258, 268,
276, 281, 282, 283, 286, 425, 427, 454, 474
24 PE-32 Force balance pressure coll (both ranges)
28 PE-102 Strain gage pressure cell [1380 kPa (200 psi)])
26 PDE-xxx Strain gage dp cell [£1380 kPa (£200 psi)])
zxx = 35, 46, 167, 217
21 except for Tests 3.09.10I-X, 3.09.10AAHH, and
3.10,11AH
60 except for Test 3.05.5B
27 PDE-78 Strain gage dp cell (36900 kPa (1000 psi))
28 PDE-xxx Strain gage dp cell [£345 kPa (150 psi)])
xxx =~ 7, 53, 65, 111, 203
21 only for Tests 3.09.10I-X, 3.09.10AAHH, and
3.10.11AH
60 only for Test 3.05.5B
200 except for 3.02.10C-H and 3.10.11A-H
251 except for 3.02,10C-H, 3.09,10I-X, and
3.09.10AAHH
29 PE-nnn Strain gage pressure cell [2400 kPa (350 psi)]
nnn = 526 or 616
3 EIE-13nn FRS heater rod currents
nn = 0164 (excluding 19, 22, 36, 46)
32 EIE-xx Generator currents
xx = 9, 10, 11, 12
33 EEE-xx Generator voltage
xx = 9, 10, 11, 12
34 EWE-T7A Primary pump power
35 FMFE-xxx Momentum flux flow (drag disk) [9-cm (3.5-in.) spool
piece]
zxx = 22, 38, 170, 220
206 except for 3.09.101I-X and 3.09.10AAHH
254, 264 only for 3.05.5B
36 SE-72 Primary pump speed
3 XE-430a Break wire detector

a=Aor B
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Table A.4 (continued)

Type code

IAN

Remarks

40

41

42

43

50

71
75

76

77

80

95

PDE-200

PDE-204

PDE-261

PDE-nnn

LE~14nn

TE-28B
PDE-nnpn

ZE-3360
ZE-3461L
ZE-346L
PDE-189

FE-nnn

FE-550

Momentum flux flow (drag disk) [5-om (2-in.) spool
piece)
xxx = 14, 55, 61, 66, 114, 154, 155
206 only for 3.09.101-X and 3.09.10AAHH
254, 264 except for 3.04.5B

Strain gage dp cell (125 kPa (2100 in.) water) only
for Tests 3.02.10CH

Strain gage dp cell [£125 kPa (2500 in.) water]

only for Test 3.05.5B

except for 3.08.6C, 3.07.9, 3.09.101-X, 3.09.10AAHH,
and 3.10.11AH

Strain gage dp cell [$41 kPa (16 psi))
non = 199, 271
204 except for 3.05.5B
251 only for 3.02.10C-H
261 only for 3.08.6C, 3.07.9, 3.09.101-X,
3.09.10AAHH, and 3.10711A H

Experimental INEL level probe
on = 01-19

Linearized resistance thermometer device

Capacitive dp cell

onn = 180-189 [0-37.5 kPa (0150 in.) only for Test
3.05.58]
180~188 [0-6.25 kPa (0~25 in.) except for Test
3.05.5B]
189 [0-7.5 kPa (0-30 in.) except for Test
3.05.58)
200 [0~25 kPa (0100 in.) only for Test
3.10.11AH
251 [0~50 kPa (0—200 in.) only for Test
3.10.11A4H)

In-bundle gamma densitomete~ position indicator only
for 3.09.101-X, 3.09.10AAHH, and 3.10.11AH

In-bundle gamma densitometer position indicator only
for 3.09.101-X, 3.09.10AA-HH, and 3.10.11AH

Capscitance dp cell [7.5 kPa (30 in.)] only for
3.09.101-X, 3.09.10AA“HH, and 3.10.11AH

Turbine flowmeter — heat exchanger secondary fiow
nnn = 522, 620, 720

Turbine flowmeter — heat exchanger secondary flow
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Table A.4 (continued)

Type code

IAN

Remarks

97
98
99
105

106

107

108

109

110

111

PDE-48
PDE-30
TDE-28

PDE-761
LE-100

FE-xxx

FE-18BA

FE-18A

FE-238
FE-xxx

TE-xxx

Force balance dp cell [166 kPa (24 psi)]
Force balance dp cell [345 kPa (50 psi)]
Differential temperature

Force balance dp cell

Single-beam gamma densitometer
zxx = 20, 36, 168, 218

Triple-beam gamma densitometer
xxx = 204A, 204B, 204C,
252A, 252B, 252C, 262A, 262B, 262C

Orifice place/force balance flowmeter
xxx = 1A [0-5.0E-2 m?/s (0-800 gpm)])
238 [0-1.0E-4 m*/s (01,6 gpm)] omnly 3.09.101I-X

Oritice plate/capacitance flowmeter

xxx = 282 [0-2.5E-3 m?/s (0-39.3 gpm)]
283 J10-3.3F-4 m*/s (0-5.2 gpm)]
927 [0-1 .4E-4 m*/s (0-2.1 gpm)]

Orifice plate/force balance flowmeter

[4.4E-2 m*/s (700 gpm)] except for 3.01.10C-H,
3.09.101-X, 3.09.10AAHH, and 3.10.11AH
[1.76-4 m*/s (2.7 gpm)] only for 3.01.10C-H,
3.09,101-X, 3.09.10AA-HH, and 3.10.11AH
except for 3.09.101-X

Instrument spool piece turbine flowmeter

[3E-4 m*/s (5 gpm)] xxx = 250, 260 only for Tests
3,01.10C-H, 3.09.,101-X, 3.09.10AAHH, and 3.10.11AH
[6E-4 m*/s (10 gpm)) xxx = 232, 280

[1.4E-2 m*/s (225 gpm)] xxx = 3, 51, 59, 64, 110
[1.4E-2 m*/s (225 gpm)) xxx = 250, 260 except for
3.01.,10C-H, 3.05.5B, 3.09.,10I-X, 3.09.10AAHH, and
3.10,11AH

[1.4B-2 m*/s (225 gpm)] xxx = 202 only for Tests
3.01.,10C-H, 3.09.10I-X, and 3.09.10AAHH

[6F-2 m*/s (1000 gpm)] xxx = 19, 34, 166, 216, 440, 460
[6E-2 m*/s (1000 gpm)] xxx = 250, 260 for 3.05.58
[6E-2 m*/s (1000 gpm)] xxx = 202 except for Tests
3.01,10C-H, 3.09.101-X, and 3.09.10AAHH

Resistance thermometer device
xxx = 4B, 101, 210A, 525, 557, 615, 627, 7127

In-bundle gamma densitometer
xxx = 336U, 346L




Table A.5. Nomipal cese instrument uncertainties

- ——

THTF instrument error bands

- —— - — - ——

—— . . St

Instrument Type Instrument Steady-state Transient Wateamniad b
description code range error error . vl of
time step Fn.
Rod sheath 1 273 Kk 3.7TK <623k N.S.G'J 7 ms LI ¢
thermocouple 1309 K 10.3 K
9.370mm OD
Rod sheath 1 213k 3.7k <623k 0.1 x° 12 ms 5K
thermocouple 1309 K 10,3 K
0.51-mm OD
Rod middle 2 213k 3.7k 623k N8° 7 ms S K
thermocouple 1309 K 10,3 K
0,38 =m OD
Rod middle 2 213k 3.7k <623k 0.1 K% i2 ms S K
thermocouple 1309 K 10.3 K
0. 51 mm OD
Bundle sub- 3 273 K 3 TEKECE6R K 27K 140 ms 10 K
channel 1309 Kk 10.3
thermocouple
1.02-mm OD
Shroud hov * 273 K 37K <63 KE SJOK 350 ms 10 K
thermocouple 1309 K 10,3 K
1.57-mm OD
System s 273 Kk 37K (623K 76K B70 ws 10 K
thermocouple 1309 X 10.3 K
3.2-mm OD
System (Nan- 6 273 Kk 37K <623 K 03K if ms 10 K
mac) thermo- 1309 X 10.3 K
couple 6.4~
mm OD
Spacer grid 7 2713 Kk 3.7k (623K 2.7Kk 140 ms 10 K
thermocouple 1309 X 10.3 X
1.02~mm OD
Array rod 8 2713 K 3.7K <623 Kk 2.7 K 140 ms 10 K
thermocouple 1309 K 10,3 K
1.02-am OD
Kod sheath $ 273k 3.7k ¢623k 0.1 x° 12 ms 5K
thermocouple 1309 KX 10,3 Kk

0.5 mm OD
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Table A.5 (continued)

THTF instrument error bands

Instrument Type Instrument Steady-state Transient :::‘::'f‘
description code range error error .
time
Shroud box 10 2713 k 37K (623 Kk 53K 350 ms
thermocouple 1309 K 10,3 K
1.57-mm 0D
Strain gage 23 20700 kPa 200 kPa N.S. 0.16 ms
pressure cell
Force balance 24 3400 kPa 100 kPa 10 kPa 300 ms
pressure cell 17000 kPa
Force balance 24 3400 kPa 160 kPa 10 kPa 300 ms
pressure cell 27000 kPa
Strain gage 25 1380 kPa 17 kPa N.S. 0.32 ms
pressure cell
Strain gage 26 $1380 kPe 43 kPa N.S. 0.32 ms
dp cell
Strain gage 27 16900 kPa 210 kPa N. S, 0.32 ms
dp cell
Strain |a|¢‘ 28 +345 kPa 11 kPa N.S. 0.32 ms
ép cell
Strain gage 29 2400 kPa 24 kPa N.S. 0.16 ms
pressure cell
Rod heater 31 800 A 0.85% Reading N.A.k 50 ms
current
Generator 32 1000 A 0.85% Reading N.A, 50 ms
current
Generator 33 o0 v 0.76% Reading N.A, 50 ms
vol tage
Primary 34 750 kW greater of 2.9 k¥ 150 ms
pump 0.5 k¥ or
power 0.3% Reading
Strain gage 3s $0.1E5 kg/ms? 56% Reading 31 kg/ms? 16 ms
drag disk 11 .0ES kg/ms? 19% Reading
Primary 36 100 rpm 20 rpm 6 rpm 150 ms
pump speed 5400 rpm
Breakwire 37 I 30 ms N.A. 20 ms
detector
Strain gage 40 30 .2E5 kg/ms? 56% Reading 31 kg/ms? 16 ms
drag disk $2.1E5 kg/ms? 19% Reading

Assumed
value of
step Fn,

20 kPa

20 kPa

20 kPs

20 kPa

20 kPa

20 kPs

10 k¥

1E3 kg/=s?

20 rpm

N.A.

1E3 kg/ms?



Table A.5 (continuved)

THTF instrument error bands

Instrument
description

Strein gage
dp cell

Strain gage
dp cell

Strain gage
dp cell

Level®
indicavos

RTD

Capacitive
dp cell

Capacitive
dp cell

Position
indicator

Position
indicator

Capacitive
dp cell

Tnxbincf
flowmeter

Tntbincf
flowmeter

Force bulance

dp cell

Capacitive
dp cell

Differential
temperature

Liquid level
Liguid level

Gamma
densitometer

Oriflcec
flowmeter

Type

;ode

41

42

43

50

711

75

75

76

7

80

95

96

’7

105
108
106

107

Instrument Steady-state
range error

225 kPa 0.8 kPa
1125 kPa 4 kPa
141 kPa 2 kPa
$10 V e
273 K 1.1 K
700 K 37 B
6.2 kPs 0.1 kPa
37.5 kPa 0.4 kPa
iNe 0.5% Reading
333 m 0.5% Reading
7.5 kPa 0.1 ¥"a
0.9E-3 m*/s 4.1% Reading
9.5E-3 m'/s
C.3E-3 n'/s 4.1% Reading
3.2F3 w'/s
166 kPa 1 kPa
345 kPa 18 kPa
228 K 38 K
283 k
3jflm 0.023 »
1408 m 8.5 m
1000 kg/m’ 104 kg/m*
1.0E-4 n'/s 2.5E-6 m'/s

Transient Estimated Assumed
error response value of
time step Fn,
N.S. 0.32 ms 20 kPa
N.S. 0.32 ms 20 kPa
N.S. 0.32 ms 20 kPa
" oo ose
9.7K 10 s 10 K
N.S. 131 ms 0.01 kPa
N.S. 74 ms 0.01 kPa
N.A, N.A. N.A.
N.A. N.A. N.A,
N.S. 125 ms 0.01 kPs
N.S. 11 ms 6E-5 m'/s
1.2 ms 12E-5 m'/s
N.S. 8 ms 6F 5 w'/s
1 ms 12E-5 m'/s
10 kPa 300 ms 20 kPa
1.5 kPa 38 ms 20 kPa
9.8 Kk 10 s 10 K
0,10 m 300 ms 0.2 =
0,10 m 300 ms 0.2 m
N.A. 16 ms N.A.
4,986 m',s 300 ms 1E-5 m?/s
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Table A.5 (continued)

THTF instrument error bands

Instrument Type Instrument Steady-state Transient :'::‘.:::‘

description code range error error po
time

Orifice” 107 1.35E-4 /s 3.4E6 m'/s 6.6E6 m*/s 300 ms

flowmeter

Otlﬂooc 107 3.32E-4 »'/s B.3FE-6 m'/s 1. 4E : w'/s 300 ms

flowmeter

Orifice” 107 2.48E-3 m'/s  6.2E-5 m'/s 1.4E-5 m'/s 300 ms

flowmeter

Orifice” 107 S.0B-2 m'/s 1.38-3 /s 2.4E-3 m'/s 300 ms

flowmeter

Ori“cod 108 1.7E-4 n'/s 4.2F6 m'/s 8.3E6 m'/s 300 ms

flowmeter

orifice” 108 4.4E-2 m'/s 1.1B-3 »%/s 2183 m*/c 300 ms

flowmeter

Tlll'bll.f'h 109 10 .3F-4 n'/s 4.1% Reading N.S. 8 ms

flowmeter 13 .0F-4 m'/s 1 ms

Turbine/ *P*% 100 40.6B-4 w/s  2.5% Reading  N.A. 8 ms

flowmeter 26 1F-4 n'/s 1 ms

Turbine’*P% 109 41,383 w/s 4.8 Reading  N.S. 13 ms

flowmeter 11 .4E-2 m'/s 2 ms

Turbine*™? 109 30.6B-2 m/s  4.1% Reading  N.S. 18 ms

flowmeter 16 . 1F-2 m'/s 2 ms

RTD 110 2713 k iJlkKk 9.8 K 10 s

700 K 2.7k

In-bundle 11 1000 kg/m* 104 kg/m* N.A. 16 ms

gamma

densitometer

Steady-state error bands:

Assumed
value of
step Fn.

1.4E5 m'/s
2.9E5 m'/s
2.9E5 m'/s
SE-3 m'/s
1.7E-5 n'/s
4 .4E-3 m'/s
6E-5 m'/s
1.2E-4 w'/s
N.A.

6E-5 m'/s

1.2E-4 m'/s

6E-5 m*/s
1.2E-4 m'/s

10 K

N.A.

Two standard deviations compared to in situ standard or twice the

root-sum-square of uncertainties, whichever is applicable.

Transient error bands:

Assuming first-order lag function, response times (TAU), and step

function (V‘ - Vo) indicated — the average error seen by the DAS

assuming the step function occurred midway between DAS samples.
The aversging interval is 500 ms for thermocouples and 500 ms for

all other instruments,
Total error:

The total error due to steady-state error and transient error is
the sum of the steady-state and transient error bands.
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Table A.S (continued)

%Error bands apply to the environmeant as sensed st the surface of the thermocouple
sheath, Larger errors may occur when data are modeled to provide temperatures at other
points, Trans’ ~sponse is estimated by using the response time (25 ms or less) prior to
swaging the she. 0,028 in. swaged to 0.020-in, OD) and then scaling using the rule that
response time is inversely proportional to the outside diameter squared (OD* scaling). An
sdditional 7% improvement in response time was sllowed for packing of the boron nitride
during sweging. The smaller thermocouples (0,020 in, swaged to 0,015 in,) were estimated
from the values of the larger thermocouples by first scaling the 25-ms response time to the
unswaged 0.,020-in, diameter using OD* scaling and then applying OD* scaling and the 7% im
provement for packing to the swaged 0,015-in, 0D,

thiu instrument is fitted with Flow Technology electronics that time 10-blade passings.
Averaging improves the steady-state error bands but degrades transient response,.

clnn.o applies specifically to instruments calibrated in subcooled liquid at s density
of 62.4 1b/ft*,

d.ll'. applies specifically to instruments calibrated in subcooled liquid at a density
of $3.7 1b/ft*,

.lnn‘o applies specifically to instruments celibrated in subcooled liquid at a density
of 46 .8 1b/ft*,

fltror bands apply specifically to instruments calibrated in subcooled liquid. Extended
range electronics provide readings out to 3600 gpm for the 3.5-in.~diam models and 445 gpm
for the 2-in.~diam models, but the error bands apply only to 150% of nominal maximum range.

IStrain gage dp cells used as pit cells are connected to different segments of the test
section by long lines, These long lines induce resonant oscillations in the instrument that
increase the steady-state error bands to § psi and the transient error bands to 60 psi in the
interval immediately following blowdown,

hTho turbine flowmeters (iype code 109) have s flow range such that

~5.0 ¢ Flow ¢ =0.5 or 0.5 < Flow ¢ 5.0,
=10.0 ¢ Flow ¢ -1.0 or 1.0 < Flow ¢ 10.0,
225 < Flow ¢ =22 or 22 < Flow ¢« 228§,
=1000 < Flow ¢ =100 or 100 ¢ Flow ¢ 1000,

t‘l‘io INEL level probe is an experimental device and as such does not have well-docu~
mented error bands.

’No significant error over the averaging interval.
kN.A. implies not applicable,

lPlo- Technology supplies calibration constants over the ranges 10-300 gpm and 80-1000
gpm, respectively. The uncertainty bands for these instruments should approach the quoted
values for these ranges, but special care may be required. (See the sectiom on turbine
flowmeters in the critical instruments section.)
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Table A.5 (continued)

Basis for steady-state and transient error bands by type code

:::: Steady state Transient

1 Critical instrument Manufacturer’s specification, OD* scaling
2 Critical instrument Manufacturer’s specification, OD* scaling
3 Critical instrument Work of Carroll and Sheppard
4 Critical instrument Wora of Carroll and Sheppard
5 Critical instrument Work of Carroll and Sheppard
6 Critical imnstrument Manufacturer’'s specification
7 Critical instrument Work of Carroll and Sheppard
B Critical insirument Work of Carroll and Sheppard
9 Critical instrument Manufacturer’s specification, OD* scaling
10 Critical instrument Work of Carroll and Sheppard
23 Critical . strument Teble B.2

24 Manufacturer's specificstion Table B.2

25 Bench calibration + DAS Table B.2 (inferred)

26 Critical instrument Table B.2

27 Critical instrument Table B.2

28 Critical instrument Table B.2

29 Critical instrument Table B.2 (inferred)

31 Critical instrument Table B.2 (inferred)

32 Inferred (type code 31) Table B.2 (inferred)

33 Critical instrument Table B.2 (inferred)

34 Marufacturer's specification Manufacturer's specification

35 Critical instrument Table B.2

36 Bench calibratiom + DAS Inferred (type code 34)

37 From Test 3.03.6AR From Test 3.03 .6AR

40 Critical instrument Table B.2

43 Critical instrument Table B.2 (inferred)

50 T T T T L T T

71 Bench calibration and Table B.2

specifications

75 Critical inestrument Manufacturer’'s specification

76 Engineering judgment N.A.

77 Engineering judgment N.A.

78 Critical instrument Inferred (type code 75)

79 Inferred (type code 75) Inferred (type code 75)

80 Inferred (type code 75) Inferred (type code 75)

95 Inferred (type code 109) Work of N, Chen

96 Inferred (type code 109) work of N, Chen

Critical instrument

Tsble B.2
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Table A.5 (continued)

Basis for stesdy-state and trensient error bands by type code

:Z:: Steady state Transient
98  Critical instrument Inferred (type code 75)
99 Inferred (type code 71) Inferred (type code 71)

105 Manufscturer’s specification Table B.2 (inferred)
106 Criticel instrument Work of R. Shipp (macufacturer’s specifica-
tion)
107  Im situ calibration Table B.2 (inferred)
108 Inferred (type code 107) Table B.2 (inferred)
10%  Critical instrument Work of N. Chen
i10 Bench calibration and Table B.2
specifications

111 Inferred (type code 106) Inferved (type code 109)

— T — - -
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Table A.6. Worst-case instrument uncertainties

THTF instrument error bands

Instrument Type Instrument Steady-state Transient Sotinsted A':'.."
description code range error error s i RSN
time step Fn,
Rod sheath 1 2713 K 3.7K¢<623Kk 0.8 7 ms 300 X
thermocouple 1309 10.3 K
0.38~mm OD
Rod sheath 1 273k 3.7K <623k 3.8k 12 ms 300 K
thermocouple 1309 k 10.3 K
0.51-mn OD
Rod middle 2 273 Kk 37K <623 Kk 0.8 la 7 ms 300 &
thermocouple 1309 K 10,3 K
0.38mm OD
Rod middle 2 213k 3.7Kk¢623Kk 3.8K° 12 ms 300 K
thermocoupl = 1309 Kk 10,3 K
0.51~mm OD
Bundle sub- 3 273 K 3.7K <623k 40.6 K 140 ms 150 K
channel 1309 K 10,3 K
thermocouple
1.02-mm OD
Shroud box 4 273 k 37K <C623 K 79.8Kk 350 ms 150 K
thermocouple 1309 x 10,3 K
1,57 mm OD
System s 2713 k 3.7K<C623 K 1141 Kk 870 ms 150 K
thermocouple 1309 0.3 k
3.2-mm OD
System (Nan- 6 273 Kk 37K (623K 4.0K 18 ms 150 k
mac thermo- 1309 K 10,3 K 1.3 Kk 50 K
couples 6.4~
mm OD
Spacer grid  j 2713 k 37K <623 K 40.6 K 140 ms 150 K
thermocouple 1309 K 103 K
1.02-mm OD
Array rod L 273 k 37K (623 K 4.6 K 140 ms 150 K
thermocouple 1309 K 10.3 kK
1.02-mm OD
Rod sheath 9 2713 k 3.7K (623 Kk 3.8 I“ 12 ms 300 x
therzccouple 1309 K 10.3 K

0.51-mm OD
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Table A.6 (continued)

THTF instrument error bands

Instrument Type Instrument Steady-state Transient Sstimated Assumed
response value of
description code range error error
time step Fn,

Shroud box 10 273 k 3.7K (623K 79.8K 350 ms 150 K
thermocouple 1309 Kk 10,3 K
1.57-mm OD
Strain gage 23 20700 kPa 200 kPa N.S.j 0.16 ms 20 kPs
pressure cell
Force balance 24 3400 kPa 100 kPa 117 kPa 300 ms 240 kPa
pressure cell 17000 kPa
Force balance 24 3400 kPa 160 kPa 117 kPa 300 ms 240 kPa
pressure cel) 27000 kPa
Strein gage 25 1380 kPa 17 kPa N.S. 0.32 ms 20 kPa
pressure cell
Strain gage 26 $1380 kPa 43 kPa N.S. 0.32 ms 20 kPa
dp cell
Strain gage 27 6900 kPa 210 kPa N.S. 0.32 ms 20 kPa
dp cell
Strain gape’ 28 1345 kPa 11 kPa N.S. 0.32 ms 20 kPa
dp cell
Strain gage 29 2400 kPa 24 kPa N.8. 0.16 ms 20 kPa
pressure cell
Rod heater 3 BOO A 0.85% Reading N.A.p 50 ms N.A.
current
Generator 32 1000 A 0.85% Reading N.A. 50 ms N.A.
current
Generator 33 300 Vv 0.76% Reading N.A, 50 ms N.A.
vol tage
Primary 34 750 kW Greater of 2.9 k¥ 150 ms 10 kW
pump 0.5 &¥ or
power 0.3% Reading
Strain gage 3s $0.1E5 kg/ms? 56% Reading 31 kg/ms? 16 ms 1E3 kg/ms?
drag disk 11 .0ES kg/ms® 19% Reading
Primary 36 100 rpm 20 rpm 6 rpm 150 ms 20 rpm
pump speed 5400 rpm
Breakwire 37 sV 30 ms N.A, 20 ms N.A,
detector
Strain gage 40 10 .2ES kg/ms®  56% Reading 31 kg/ms? 16 ms 1E3 kg/ms?
drag disk 2 .1E5 kg/ms? 19% Reading
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Table A.6 (continued)

-———

THTF instrument error bands

Joastrument Type Instrument Steady-state

description code range error
Strain gage 41 425 kPa 0.8 kPa
dp cell
Strain gage 42 1125 iPa 4 kPa
dp cell
Strain gage 43 141 kPa 2 kPa
dp cell
Level® 50 0V sos
indicator
R™D n 273 K 1.1 K

700 K 2.7 B

Capacitive 75 6.2 kPa 0.1 kPa
dp cell
Capacitive 78 37.5 kPa 0.4 kPa
dp cell
Position 76 3 m 0.5% Reading
indicator
Position 77 338 m 0.5% Reading
indicator
Capacitive 80 7.5 kPa 0.1 kPa
dp cell
Thrbindf 95 0.9E-3 o'/s 4.1% Reading
flowmeter 9.5E-3 m*/s
Thtbtncf 96 0.3E-3 m?/s 4.1% Reading
flowmeter 3.2F-3 m*/s
Force balance 97 166 kPa 1 kPa
dp cell
Capacitive 98 345 kPa 18 kPa
dp cell
Differential 99 228 K 38 K
temperature 283 K
Liquid level 105 38l m 0,023 m
Liquid level 105 1408 m 8.5 m
Gamma 106 1000 kg/m? 104 kg/m?
densitometer
Orifice” 107 1,084 m%/s 2.56-6 m'/s

flowmeter

Transient
error

N.§,

9.7 K

0.03 kPa

0.01 kPa

0.02 kPa

B.1E-6 m'/s

8.1E-6 m?/s

10 kPs

1.5 kPa

0.10 m
0,10 m
N.A.

4.9E-6 m'/s

Estimated

response
time

- — e e . ——  — it

0.32 ms

0.32 ms

0.32 ms

10 s

131 ms

74 ms

N.A.

N. A,

125 ms

11 ms

1.2 os

B ms
1 ms
300 ms
38 ms

10 s

300 ms
300 ms
16 ms

300 wms

Assumed
value of
step Fn,

20 kPa

20 kPa

20 kPa

10 K

0.1 kPa

0.1 kPa

N.A.

N.A,

0.1 kPs

1.3E-3 m*/s

1.3E-3 m?/s

20 kPa

20 kPa

10 K

0.2 m
0.2 m
N.A.

1E-5 w'/s
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Table A.6 (continued)

THTF instrument error bands

Estizated Assumed

Instrument Type Instrument Steady-state Transient
description code range error error i e valne of
time step Fn.

Orifice” 107 1.35E-4 w'/s  3.4E6 m'/s 6.6E6 m*/s 300 ms 1.4E-5 w'/s
flowmeter
Orlficoc 107 3.32E-4 n'/s B.3F6 m'/s 2.9E-5 m*/s 300 ms 6.0E-5 w'/s
fiowmeter

Orifice” 107 2.48F-3 m'/s 6.2E-5 m*/s 2.9E-5 w'/s 300 ms 6.0E-5 w'/s
flowmeter
Orifice® 107 5.0E-2 m'/s 1.3E3 m'/s 2 . 4E-3 m'/s 300 ms SE-3 w'/s
flowmeter
Ortticod 108 1.76-4 n'/s 4.2E6 m*/s B.3E6 m'/»s 300 ms 1.7E-5 m*/s
flowmeter
Orifice’ 108 4.4E-2 m'/s 1.1E-3 u'/s 2.1F-3 w'/s 300 ms 4.4E-3 n'/s
flowmeter
Tusrbine oh 109 10 .3F-4 w'/s 4.1% Reading N.S. g ms 1.5E-4 n'/s
flowmeter 13 .0F-4 n'/s 1 ms

Turbine *™® 100 10.6B-4 m/s  2.5% Reading  N.A. 8 s N.A.
flowmeter 16 .1F-4 m’/s i ms

Turbine *Ps? 109  $1.3E-3 w'/s  4.1% Reading  N.S. 13 ms 1.36-3 w*/s
flowmeter 11 .4E-2 m'/s 2 ms

Turbine shsl 109 20 .6E-2 m'/s 4.1% Reading N.S. 18 ms 1.3E-3 m'/s
flowmeter 36 .1E-2 m'/s 2 ms

RTD 110 273 Kk 1.1 K 9.8 Kk 10 s 10 K

700 K 2.7k

In-bundle 111 1000 kg/m* 104 kg/w’ N.A. 16 ms N.A.

gamma

densitometer

Steady-state error bands: Two standard deviations compared to in situ standard or twice the
root-sum-square of uncertainties, whichever is applicable.

Transient error bands: Assuming first-order lag function, response times (TAU), and step
function (V_ = V ) indicated — the aversge error seen by the DAS
assuming th‘ ltos function occurred midway between DAS samples.
The averaging interval is 500 ms for thermocouples and 500 ms for
all other instruments.

Total error: The total error due to steady-state error and transient error is
the sum of the steady-state and transient error bands.
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Table A.6 (continued)

“Brror bands apply to the environment as sensed at the surface of the thermocouple
sheath, Larger errors may occur when data are modeled to provide temperatures at other
points, Transient response is estimated by using the response time (25 ms or less) prior to
swaging the sheath (0.71 mm swaged to 0.51-mm OD) and then scaling using the foliowing rule:
the response time is inversely proportional to the outside diameter squared (OD* scaling).

An additional 7% improvement in -esponse time was allowed for packing of the boron nitride
during swaging. The smaller thermocouples (0.51 mm swaged to 0.38-mm OD) were estimated from
the values of the large  thermocouples by scaling the 25-ms response time to the unswaged
0.51-mm diamoter using OD* scaling and then applying OP* scaling and the 7% improvement for
packing to the swaged 0.38-mm 0D,

bTht- instrument is fitted with Flow Technology electronics that time 10-blade passings.
Averaging improves the steady-state error bands but degrades transient response.

clun;o applies specifically to instruments calibrated in subcooled liquid at & density
of 1000 kg/m*.

dlnn.o applies specifically to instruments calibrated in subcocled liquid at a density
of B60 kg/m*.

.l.ngo applies specifically to instruments calibrated in subcooled liquid at a density
of 750 kg/m*.

f!tror bands apply specifically to instruments cal ibrated in subcooled liquid. Extended
range electronics provide readings out to 0,227 w*/s for the 8.89E-2-mdiam models and 0.028
m'/s for the 5 .08E-2-mdiam models, but the error bands apply only to 150% of nominal maximum
range.

gStrlin gage dp cells used as pit cells are connected to different segments of the test
section by long lines, These long lines induce resonant oscillations in the instrument that
increase the steady state esror bands to 35 kPa and the transient error bands to 400 kPa.

hTho turbine flowmeters (type code 109) have a flow range such that

~3.0E-4 < Flow ¢ “0.3E-4 or 0.3E-4 < Flow ¢ 3.0E-4,
“6.1E-4 ¢ Flow ¢ ~0,6E-4 or 0.6B-4 ¢ Flow ¢ 6.1E-4,
~1.4E-3 < Flow ¢ -0,1E-3 or 0.1E-3 ¢ Flow ¢ 1.4E3,
“6.1B-2 ¢ Flow ¢ 0.6E-2 or 0.6E-2 < Flow ¢ 6,1E-2,

t"l'lo INHEL level probe is an experimental device and as such does not have well-docu-
mented error bands.

jNo significant error over a 500-ms averaging interval,

kN.A. implies not applicable,

zFlo' Technology supplies calibration constants over the ranges 6.3E-4 to 1.9E-2 m'/s
and 5.0E-3 to 6 .3E-2 m"/s, respectively, The uncertainty bands for these instruments
should approach the quoted values for these ranges, but spccial care may be required,
(See the section on turbine flowmeters in the critical instruments sectionm,)
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Table A.6 (continued)

Basis for steady-state and transient erior bands by type code

Code Steady state Transient

1 Critical instrument Manufacturer’'s specification, OD? scaling
3 Critical instrument Manufacturer's specification, OD3? scaling
3 Critical instrument Work of Carroll and Sheppard
4 Critical instrument Work of Carroll and Sheppard
5 Critical instrument Work of Carroll and Sheppard
6 Critical instrument Manufacturer’'s specification
7 Critical instrument Work of Carroll and Sheppard
8 Critical instrument Work ot Carroll and Sheppard
9 Critical instrument Manufacturer's specification, OD? scaling
10 Critical instrument Work of Carroll and Sheppard
23 Critical instrument Table B.2

24  Manufacturer’'s specification Table B.2

25  Bench celibration + DAS Table B.2 (inferred)

26 Critical instrument Table B.2

27 Critical instrument Table B.2

28 Critical instrument Table B.2

29 Critical instrument Table B.2 (inferred)

k3 | Critical instrument Table B.2 (inferred)

32 Inferred (type code 31) Table B.2 (inferred)

33 Critical instrument Table B.2 (inferred)

34 Manufacturer’'s specification Manufacturer's specification

3s Critical instrument Table B.2

36 Bench calibration + DAS Inferred (type code 34)

37 From Test 3.03.6AR From Test 3.03.6AR

40 Critical instrument Table B.2

43 Criticel instrument Table B.2 (inferred)

50 E T T T T T I L]

71 Bench ca'ibration and Table B.2

specifications

75 Critical instrument Manufacturer’'s specification
76 Engineering judgment N.A.

77 Engineeising judgment N. A,

80 Inferred (type code 75) Inferred (type code 75)

95 Inferred (type code 109) Work of N, Chen

96 Inferred (type code 109) Work of N, Chen

97 Critical instrument Table B.2

98 Critical instrument Inferred (type code 75)

99 Inferred (type code 71) Inferred (type code 71)
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Table A.6 (continued)

Basis for steady-state and tracsient error bands by type code

Type

Code Steady state Transient

105  Manufacturer’s specification Table B.2 (inferred)

106 Critical instrument Work of R. Shipp (manufacturer's specifica-

tionm)

107 In situ calibration Table B.2 (inferred)

108 Inferred (type code 107) Table B.2 (inferred)

109 Critical instrument Work of N. Chen

110  Bench calibration and Tabie E.2

specifications

111 Inferred (type code 106) Inferred (type code 109)
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Table A.7. Nominal case instrument uncertsinties

THTF instrument error bands

Instrument Type Instrument Steady-siate Transient .:“.::“ :::_.:l

description code range error error FRSsh—. g
time step Fn,

Rod sheath 1 32 F 6.7F C662 F N.8%7 7 ms 9 F
thermocouple 1900 F 18.5 F
0.015-in, OD
Rod shesth 1 32 F 6.7F C662F 0.2 F 12 ms 9F
thermocouple 190C F 18.5 F
0,020~ in, OD
Rod middle 2 32 F 6.7F (662 F N.8% 7 ms 9 ¥
thermocouple 1900 F 18.5 F
0.015-in, OD
Rod middle 2 32 F 6.7F (662 F 0.2 ¢ 12 ms 9 F
thermocouple 1900 F 18.5 F
0.,020~in, OD
Bundle sub- 3 32 F 6.7F C662 F 4.9 F 140 ms 18 F
channel 1900 F 18.5 F
thermocouple
0.040-in. OD
Shroud box Kl 32 F 6.7 F C662 F 9.5 F 350 ms 18 F
thermocouple 1900 F 18.5 F
0.,062-in, OD
System 5 32 F 6.7TF (662 F 13,7 F 870 ms 18 F
thermocouple 1900 F 18,5 F
0.125-in. OD
System (Nan- 6 32 F 6.7 F (662 F O 5F 18 ms 18 F
mac) thermo- 1900 F 18.5 F
couple 0,25~
in. OD
Spacer grid 7 32 F 6.7TF (662 F 49 F 140 ms 18 F
thermocouple 1900 F 18.5 F
0.040-in. OD
Array rod 8 32 F 6.7TF C662F 4.9 F 140 ms 18 F
thermocouple 1900 F 18.5 F
0.040~-in, OD
Rod shesth 9 32 F 67TF (662F 0.2 F 12 ms 9 F
thermocouple 1900 F 18.5 F

0.020 in. OD
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Table A.7 (continuei)

THTF instrument error band:

Instrument Type Instrument Steady-state Transient -t Sarpane
response value of
description code range error error
time step Fn.
Shroud box 10 32 F 6.7TF (662 F 9.5F 350 ms 18 F
thermocouple 1900 F 18.5 F
0.062~in. OD
Strain gage 23 3000 psi 29 psi N.S. 0,16 ms 2.9 psi
pressure cell
Force balance 24 500 psi 15 psi 1.5 psi 300 ms 2.9 psi
pressure cell 2500 psi
Force balance 24 500 psi 23 psi 1.5 psi 300 ms 2.9 psi
pressure cell 3900 psi
Strain gage 25 200 psi 2.5 psi N.S. 0.32 ms 2.9 psi
pressure cell
Strain gage 26 2200 psi 6.2 psi N.8, 0.32 ms 2.9 psi
dp cell
Strain gage 27 11000 psi 30 psi N.S. 0.32 ms 2.9 psi
dp cell
Strain |ngcg 28 150 psi 1.6 psi N.S. 0.32 ms 2.9 psi
dp cell
Strain gage 29 350 psi 3.5 psi N.S. 0.16 ms 2.9 psi
pressure cell
Rod heater 31 800 A 0.85% Reading N.A.k 50 ms N.A.
current
Generator 32 1000 A 0.85% Reading N.A, 50 ms N.A.
current
Generator i3 300 V 0.76% Reading N.A. 50 ms N.A.
voltage
Primary 34 750 kW Greater of 2.9 kW 150 ms 10 kW
pump 0.5 k¥ or
power 0.3% Resding
Strein gage 3s +0.7E4 1b/ 56% Reading 21 1b/ft.s? 16 ms 670 1b/
drag disk ft-s? ft-s?
+7.0E4 1b/ 19% Reading
ftoa?
Primary 36 100 rpm 20 rpm 6 rpm 150 ms 20 rpm
pump speed 5400 rpm
Breakwire 37 5V 30 ms N.A. 20 ms N.A.

detector
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Table A.7 (continued)

THTF instrument error bands

Instrument Type Instrument Steady-state Transient !::‘-::"
description code range error erxor i g
time
Strain gage 40 1 .4E4 1b/ 56% Reading 21 1b/ft-s? 16 ms
drag disk ftea?
+1.4E5 1b/ 19% Reading
ft st

Strain gage 41 $100 in, 3.2 in. N.S. 0.32 ms
dp cell

Strain gaye 42 1500 in, 16 in. N.8. 0.32 ms
dp cell

Strain gage 43 46 psi 0.3 psi N.S. 0.32 ms
dp cell
Level® 50 410 V e e e
indicator
RTD 71 32 F 2.0F 17.8 F 10 s
800 F 4.9 F

Capacitive (¢ 28 in. 0.4 in, N.S. 131 ms
dp cell
Capacitive 75 150 in. 1.6 in, N.S. 74 ms
dp cell
Position 76 155 in. 0.5% Peading N.A. N.A,
indicator
Position 77 131 in. 0.5% Reading N.A. N.A.
indicator
Capacitive 80 30 in. 0.4 in, N.S. 125 ms
dp cell
Turbine 95 15 gpm 4.1% Reading  N.S. 11 ms
flowmeter 150 gpm 1.2 ms#
Turbincf 96 5 gpm 4.1% Reading N.S. 8 ms
fiowmeter 50 gpm 1 ms
Force balance 97 24 psi 0.15 psi 1.5 psi 300 ms
dp cell
Capacitive 98 50 psi 2.6 psi 0.2 psi 38 ms
dp cell
Differential 99 +50 F 6.8 F 17.8 F 10 =
temperature
Liquid Jlevel 108 150 inm, 0.9 in. 6.2 in, 300 ms
Liguid level 105 5.5E4 in. 336 in, 6.2 in. 300 ms

Assumed
value of
step Fn.

T ——

670 1b/
ft-s?

i2 in,
12 in.
2.9 psi
e

18 F
0.04 in.
0.04 in.
N.A.
N.A.
0.04 i~
1 gpm

2 gpm
1 gpm

2 gpm
2.9 psi
2.9 psi
18 F

7.9 ia.

7.9 in.
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Table A.7 (continued)

THTF instrument error bands

Instrument
description

Gamma
densitometer

Orifice”
flowmeter

Orifice”
flowmeter

Oltllccc
flowmeter

Orifice”
flowmeter

Orif teoo
flowmeter

Orlftcod

flowmeter

Orif loo.
flowmeter

Turblncf’h
flowmeter

‘l'lrbnuf’h‘b
flowmeter

Tlrbhuf‘h'l
flowmeter

Tubucf‘h'l
flowmeter

RTD

In~bundle
gamma
densitometer

Steady-state error bands:

Type

code

107

107

107

107

1067

108

108

109

109

109

109

110

111

Transient errcr bands:

Totel error:

Estimated Assumed
Instrument Steady-state Transient esponse presrdmagind”
range error error
time step Fn,
62.4 1b/ft? 6.5 1b/fr? N.A. 16 ms N.A,
1.5 gom 4E-2 gpm 0.13 gpm 300 ms 0.16 gpm
2.1 gpm 0.054 gpm 0.17 gpm 300 ms 0.22 gpm
5.3 gpm 0.13 gpm 0.36 gpm 300 ms 0.45 gpm
39.3 gpm 0.98 gpm 0.36 gpm 300 ms 0.45 gpm
800 gpm 21 gpm 62 gpm 300 ms 80 gpm
2.7 gpm 0.067 gpm 0.21 gpm 300 ms 0.27 gpm
700 gpm 17.4 gpm 0.55 gpm 300 ms 70 gpm
20.5 gpm 4.1% Reading N.S. 8 ms 1 gpm
$5.0 gpm 1 ms 2 gpm
$1.0 gpm 2.5% Reading N.A. £ ms N.A.
110 gpm 1 ms
222 gpm 4.1% Reading N.S, 13 ms 1 gpm
1225 gpm 2 s 2 gpm
$100 gpm 4.1% Resding N.S. 18 ms 1 gpm
11000 gpm 2 ms 2 gpm
32 F 2,0F 17.8 F 10 & 18 F
BOO F 4.9 F
62.4 1b/ft? 6.5 1b/ft? N.A. 16 ms N.A.

Two standard deviations compared to in situ standard or twice the
root-sum-square of uncertainties, whichever is applicable.
Assuming first-order lag function, response times (TAU), and step
function (V_ =~ V ) indicated — the average error seen by the DAS
assuming n‘ -uS function occurred midway between DAS samples.
The averaging interval is 500 ms for thermocouples and 500 ms for
all other instrumenis,

The totul error due to steady-state error and transient error is
the sum of the steady state and trensient error bands.
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Table A.7 (continued)

%Error bands apply to the enviromment as sensed at the surface of the thermocouple
sheath, Larger errors may occur when dats are modeled to provide temperatures at other
points, Transient response is estimated by using the response time (25 ms or less) prior to
swagiong the sheath (0.71 mm swaged to 0.51-mm OD) and then scaling by using the following
rule: the response time is inversely proportiomal to the outside diameter squared (OD?
scaling). An additional 7% improvement iu response time was allowed for packing of the vo.on
nitride during swaging. The smaller thermocouples (0.51 mm swaged to 0.38-mm OD) were esti-
mated from the values of the larger thermocouples by first scaling the 25-ms response time to
the unswaged 0.51-mm diameter using OD? scaling and then applying OD® scaling and the 7%
improvement for packing to the swaged 0.38-mm OL

bThi- instrument is fitted with Fiow Technology electronics that time 10-blade passings.
Averaging improves the steady-state error bands but degrades transient response.,

clango applies specifically to instruments calibrated in subcooled liquid at a density
of 1000 kg/m*,

dlnn;o applies specifically to instruments calibrated in subcooled liquid at s density
of 860 kg/m?.

.lnnge applies specifically to instruments calibrated in subcooled ligunid at a density
of 750 kg/m?.

fError bands appl, specifically to instruments calibreted in subcooled liquid. Extended
range electronics provide readings out to 0,227 m*/s for the 8.89E-2-mdiam models and 0.28
m'/s for the 5.08E-2-m-diam models, but the error bands apply only to 150% of nominal maximum
range.

IStrain gage dp cells used as pit cells are connected to different segments of the test
section by long lines, These long lines induce resonant oscillations in the instrument that
increase the steady-state error bands 0 35 kPa and the transient error bande to 400 kPa.

the turbine flowmeters (type . . 109) have a flow range such that
~3.0E-4 < Flow ¢ —0,3E-4 or 0.3E-4 ¢ Flow ¢ 3,0E-4,
“6.1E-4 ¢ Flow ¢ —0,6E-4 or 0.6E-4 ¢ Flow < 6.1F-4,
~1.4E-3 ¢ Flow < —0,1E-3 or 0.1E-3 < Flow ¢ 1.4F-3,
~6.1E-2 ¢ Flow ¢ —0.6E-2 or 0.6E-2 < Flow ¢ 6.1F-2.

“The INEL level prob: is an experimental device and as such does not have well-docu-
mented error bands,

JNo significant error over a 500-ms averaging interval.
kN.A. implies not applicable.

lFlo' Technology supplies calibration constants over the ranges 6.3F-4 to 1,9E-2 m'/s
and 5.0E-3 to 6 .3F-2 m'/s, respectively, The uncertainty bands for these irstruments
shculd approach the grnoted values for these ranges, but special care may be required.

(See the section on turbine flowmeters in the critical instruments section.)
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Table A.7 (continued)

Basis for steady-state and transient error bands by type code

:::: Steady state Transient

1 Criticel instrument Manufacturer's specification, OD? scaling
2 Critical instrument Manufacturer's specification, OD* scaling
3 Critical instrument Work of Carroll and Sheppard
4 Critical instrument Work of Carroll and Sheppard
5 Critical instrument Work of Carroll]l and Sheppard
6 Critical instrument Manufacturer's specification
7 Critical instrument Work of Carroll and Sheppard
& Critical instrument Work of Carroll and Sheppard
9 Critical instrument Manufacturer’'s specification, OD* scaling
10 Critical instrument Work of Carroll and Sheppard
23 Critical instrument Table B.2

24 Manufacturer's specification Table B.2

25 Bench calibration + DAS Table B.2 (inferred)

26 Critical instrument Table B.2

27 Critical instrument Table B.2

28 Critical instrument Table B.2

29 Critical instrument Table B.2 (inferred)

31 Critical instrument Table B.2 (inferred)

32 Inferred (type code 31) Table 8.2 (inferred)

33  Critical instrument Table B.2 (inferred)

34 Manufacturer's specification Manufacturer’'s specification
35 Critical instrument Table B.2

36 Bench cal ibration + DAS Inferred (type code 14)

37 From Test 3.03.6AR From Test 3.03.6AR

40 Critical instrument Table B.2

43 Critical instrument Table B.2 (inferred)

() eessssssssssrsssens T T

71 Bench calibration and Table B.2

specifications

75 Critical instrument Manufacturer's specification
76 Engineering judgment N.A.

77 Engineering judgment N.A.

80 Inferred (type code 75) Inferred (type code 75)

95 Inferred (type code 109) Work of N. Chen

96 Inferred (type code 109) Work of N, Chen

97 Critical instrument Table B.2

98 Critical instrument Inferred (type code 75)

99 Inferred (type code 71) Inferred (type code 71)
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Table A.7 (continued)

Basis for steady-state and transient error bands by type code

Type
Code Steady state Transient

108 Manufacturer's specification Table B.2 (inferred)

106 Critical instrument Work of R. Shipp (manufacturer's specifica-
tion)
107 In situ calibration Table B.2 (inferred)
108 Inferred (type code 107) Table B.2 (inferred)
109 Critical instrument Work of N. Chen
110 Bench cal ibratic= and Table B.2
specifications

111 Inferred (type code 106) Inferred (type code 109)
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Worst-case instrument uncertainties

THTF instrument error bands

Instrument Type Instrument Steady-state Transient Bstimated Assamed
response value of
description code range error error
time step Fn,
Rod sheath 1 32F 6.7TFC662F i.4F 7 ms 540 F
thermocouple 1900 F 18,5 F
0.015-in. OD
Rod sheath 1 m2F 6.7TF (662 F 6.8 F 12 ms 540 F
thermocouple 1900 F 18,5 F
0.020~-in, OD
Rod middle 2 32F 6.7F C662F 1.4 F 7 ms 540 F
thermocowple 1900 F 18.5 F
0.015-in. OD
Rod middle 2 %2F 6.7TF C662F 6.8 F 12 ms 540 F
thermocouple 1900 F 18.5 F
0.020-in. OD
Bundle sub- 3 32 F 6.7F (662 F 173.1F 140 ms 270 F
channel 1900 F 18.5 F
thermoc -+ ple
0.040-in. OD
Shroud box B 32 F 6.7 F < 662 F 143.6 F 350 ms 270 F
thermocouple 1900 F 18.5 F
0.062-in. OD
System 5 32 F 6.7TF (662 F 2054 F 870 ms 270 F
thermocouple 1900 F 18.5 F
0.125-in, OD
System (Nan- 6 32 F 6.7TF C662 F 7.2 F 18 ms 270 F
mic) thermo- 1900 F 18.5 F asr 90 F
couple 0.25-
in, OD
Spacer grid 7 32 F 6.7TF C662 F 73.1F 140 ms 270 F
thermocouple 1900 F 18.5 F
0.040~-in, OD
Array rod 8 32 F 6.7 F (662 F 173.1F 140 ms 270 F
thermocouple 1900 F 18.5 F
0.040-in, OD
Rod sheath 9 32 F 6.7F C662F 6.8 F 12 ms 540 F
thermocouple 1900 F 18.5 F

0.020-in, OD



Table A.B (continued)

THTF instrument error bands

Instrument l'ype Instrument Steady-state Transient Bstimeted Asvuned

response value of .
description code range error error time step Fa.
Shroud box 10 32 F $.7TF (662 F 143.6 F 350 ms 270 F
thermocouple 1%00 F 18.5 F
0.062-in, OD
Strain gage 23 3000 psi 29 psi N.S.Y 0.16 ms 2.9 psi
pressure cell
Force balance 24 500 psi 15 psi 17 psi 300 ms 35 psi
pressure cell 2500 psi
Force balance 24 500 psi 23 psi 17 psi 300 ms 35 psi
pressure cell 3900 psi
Strain gage 25 200 psi 2.5 psi N.S. 0.32 as 2.9 psi
pressure cell
Strain gage 26 2200 psi 6.2 psi N.S. 0.32 wns 2.9 psi
dp cell
Strain gage 27 1000 psi 30 psi N.S, 0.32 ms 2.9 psi
dp cell
Strain gage? 28 250 psi 1.6 psi N.S. 0.32 ms 2.9 psi
dp cell
Strain gage 29 350 psi 3.5 psi N.S. 0.16 ms 2.9 psi
pressure cell £
Rod heater 31 BOO A 0.85% Reading N.A.k 50 ms N.A.
current
Generator 32 1000 A 0.85% Reading N.A. 50 ms N.A.
current
Generator 33 300 v 0.76% Reading N.A. 50 ms N.A.
voltage
Primary 34 750 k¥ Greater of 2.9 k¥ 150 ms 10 kW
pump 0.5 kW or
power 0.3% Reading
Strain gage 3s 0 .7TE4 1%/ 56% Reading 70 1b/ft-s? 16 ms 670 1b/
drag disk ftos® ft st
+7.0E4 1b/ 19% Reeding
ft-s?
Primary 36 100 rpm 20 rpm 6 rpm 150 ms 20 rpm
pump speed 5400 rpm
Breskwire 37 sV 30 ms N.A. 20 ms N.A.

detector
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Table A.8 (continued)

THTF instrument error bands

Instrument Type Instrument Steady-state Transient Setinsted Assaned
response value of
description code range error error
time step Fn.
Strain gage 40 $1.4E4 1b/ 56% Reading 70 1b/ft-s? 16 ms 670 1b/
drag disk ft-s? ft-s?
+1.4E5 1b/ 19% Reading
ftes?
Strain gage 41 4100 in. 3.3 in. N.S. 0.32 ms 80 in,
dp cell
Strain gage 42 1500 in. i6 in. N.S. 0.32 ms 80 in.
dp cell
Strain gage 43 46 psi 0.3 psi N.S. 0.32 ms 2.9 psi
dp cell
Level® 50 $10 V e e e s
indicator
RTD 71 32 F 2.0F 17.8 F 10 s 18 F
800 F 49 F
Capacitive 75 25 in, 0.4 in. 0.1 in, 131 ms C.4 in,
Jdp cell
Capacitive 75 150 inm. 1.9 in, 0.03 in. 74 ms 0.4 in,
dp cell
Position 76 155 in. 0.5% Reading N.A. N.A, N.A.
indicator
Position 77 131 in. 0.5% Reading N.A. N.A, N.A.
indicator
Capacitive 80 30 inm. 0.4 in. 0.08 in. 125 =s 0.4 in,
dp cell
Turbtldf 95 15 gpm 4.1% Reading 0.1 gpm 11 ms 21 gpm
flovmeter 150 gpm 1.2 ms
Th:biacf 96 5 gpm 4.1% Reading 0.1 gpm 8 ms 1 gp=
flowmeter 50 gpm 1 ms 2 gpm
Force balance 97 24 psi 0.15 psi 1.5 psi 300 ms 2.9 psi
dp cell
Capacitive 98 50 psi 2.6 psi 0.2 psi 38 ms 2.9 psi
dp cell
Differential 99 150 F 6.8 F 17.8 F 10 s 18 F
temperature
Liquid level 105 150 inm, 0.9 in. 6.2 in. 300 ms 7.9 inm,
Ligquid level 105 5.5E4 in, 336 in. 6.2 in. 300 ms 7.9 in,
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Table A.8 (continued)

THTF instrument error bands

Instrument Type Instrument Steady-state Transient :::“:::‘ ::;'-.:f
description code range error error po -
time step Fn,
Gamms 106 62.4 1b/fr? 6.5 1b/ft? N.A, 16 =s N.A.
densitometer
Orifice’ 107 1.6 gpm 4E-2 gpm 0.13 gpm 300 ms 0.16 gpm
flowmeter
Orifice® 107 2.1 gpm 0.054 gpm 0.17 gpm 300 ms 0.22 gpm
flowmeter
Orifice” 107 5.3 gpm 0.13 gpm 0.74 gpm 300 ms 0.94 gpm
flowmeter
Orifice® 107 39.3 gpm 0.9 gpm 0.74 gpm 300 ms 0.94 gpm
flowmeter
Orifice® 107 800 gpr 21 gpm 62 gpm 300 ms 80 gpm
flowmeter
Otiltcod 108 2.7 gpm 0,067 gpm 0.21 gpm 300 ms 0.27 gpm
flowmeter
Orifice® 108 700 gpm 17 4 gpm 0.55 gpm 300 ms 70 gpm
flowmeter
anbincf’h 109 0.5 gpm 4.1% Reading N. S, 8 ms 2.5 gpm
flowmeter 5.0 gpm 1 ms
Tutbxncf’h'b 109 1.0 gpm 2.5% Reading N.A. 8 ms N.A.
flowmeter 210 gpm 1 ms
anbincf’h‘l 109 122 gpm 4.1% Reading N.S. 13 ms 21 gpm
flowmeter 2225 gpm 2 ms
Thtbtncf'h'l 109 £100 gpm 4.1% Reading N.S. 18 =ms 21 gpm
flowmeter 21000 gpm 2 ms
RTD 110 32 F 2.0F 17.8 F 10 s 18 F
800 F 49 F
In-bundle 111 62.4 1b/fe? 6.5 1b/fe? N.A. 16 ms N.A,
gamma
densitometer

Steady-state orror bands:

Transient error bands:

Total error:

Two standard devistions compared to in situ standard or twice the
root-sum-square of uncertainties, whichever is applicable.
Assuming first-order lag function, response times (TAU), and step

function (V_ = V ) indicated ~ the average error seen by the DAS
assuming th‘ step function occurred midway between DAS samples.
The averaging interval is 500 ms for thermocouples and 500 ms for

all
The
the

other instruments.
total error due to steady-state error and transient error is
sum of the steady-stete and transient error bands,
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Table A.8 (continued)

%Brror bands apply to the environment as sensed at the surface of the thermocouple
sheath, Larger errors may occur when data are modeled to provide temperatures at other
points, Transient response is estimated by using the response time (25 ms or less) prior to
swaging the sheath (0.028 in, swaged to 0.020-in. OD) and then scaling by using the follow-
ing rule: the response time is inversely proportionmal to the outside diameter squared (OD?
scaling). An additional 7% improvement in response time was allowed for packing of the boron
nitride during swaging. The smaller thermocouples (0.020-in, swaged to 0.015 in,) were esti-
mated from the values of the larger thermocouples by first scaling the 25-ms response time to
the uvcswaged 0.020-in, diameter using OD* scaling and then spplying OD? scaling and the 7%
improvement for packing to the swaged 0.0'S5-in. OD,

bT\il instrument is fitted with Flow Technology electronics that time 10-blade passings.

Averaging improves the steady-state error bands but degrades transient response.

clnn;o applies specifically to instruments calibrated in subcooled liquid at a density
of 62.4 1b/ft?,

dlln;c applies specifically to instruments calibrated in subcooled liquid at a density
of §3.7 1b/ft?,

‘I-n;o applies specifically to instruments calibrated in sabcooled liquid at a density
of 46.8 1b/ft?,

f!:tor bands apply specifically to instruments calibrated in subcooled liquid. Extended
range electronics provide readings out to 3600 gpm for the 3.5-in.-diam models and 445 gpm
for the 2.0-in.,~diam models, but the error bands apply only to 150% of nominal maximum
range.

GStrnin gage dp celis used as pit cells are connected to different segments of the test
section by long lines. These long lines induce resonant oscillations in the instrument that
incresse the steady-state error bands to 5 psi and the transient error bands to 60 psi in the
interval immediately following blowdown,

hlio turbine flowmeters (type code 109) have a flow range such that
~5.0 < Flow ¢ —0.5 or 0.5 ¢ Flow ¢ 5.0,
-10.0 ¢ Flow ¢ -1.,0 or 1.0 < Flow ¢ 10,0,
=225 < Flow ¢ 22 or 22 < Flow ¢ 225,
=1000 < Flow < —100 or 100 ¢ Flow < 1000,

“The INEL level probe is an experimental device and as such does not have well-docu~
mented error bands.

JNo significant error over the averaging interval.
k

N.A. implies not applicable.

lFlo' Technology supplies calibration constants over the ranges 10-300 gpm and
80-1000 gpm, respectively. The uncertainty bands for these instruments should approach
the quoted values for these ranges, but special carc may be required. (See the section
on turbine flowmeters in the critical instruments section.)



Table A.8 (continued)

Basis for steady-state

and transient error bands by type code

:Zﬁ: Steady state Transient

1 Critical instrument Manufacturer's specification, OD? scaling
2 Critical instrument Manufacturer’'s specification, OD? scaling
3 Critical instrument Work of Carroll and Sheppard
4 Critical instrument Work of Carroll and Sheppard
5 Critical instrument Work of Carroll and Sheppard
6 Critical instrument Manufacturer’s specification
7 Critical instrument Work of Carroll and Sheppard
8 Critical instrument Work of Carroll and Sheppard
9 Critical instrument Manufacturer’s specification, OD* scaling
100 Critical instrument Work of Carroll and Sheppard
23 Critical instrument Table B.2

24  Manufecturer's specification Table B.2

25 Bench calibration + DAS Tablie B.2 (inferred)

26 Critical instiument Table B.2

27 Critical instrument Table B.2

28 Critical instrument Table B.2

29 Critical instrument Table B.2 (inferred)

31 Critical instrument Table B.2 (inferred)

32 Inferred (type code 31) Table B.2 (inferred)

33 Critical instrument Table B.2 (inferred)

34 Manufacturer’'s specification Manufacturer’s specification

3s Critical instrument Table B.2

36 Bench calibration + DAS Inferred (type code 34)

37 From Test 3.03.6AR From Test 3.03 .6AR

40 Critical instrument Table B.2

43 Critical instrument Teble B.2 (inferred)

50 SrsceNsIREERRIIRRS EL L P T T T

71 Bench calibration and Table B.2

specifications

75 Critical instrument Manufacturer’'s specification
76 Engineering judgment N. A,

77 Engineering judgment N.A.

80 Inferred (type code 75) Inferred (type code 75)

95 Inferred (type code 109) Work of N. Chen

96 Inferred (type code 109) Work of N. Chen

97 Critical instrument Tadle B.2

98 Critical instrument Inferred (type code 75)

99 Inferred (type code 71) Inferred (type code 71)



85

Table A.8 (continued)

Basis for steady-state and transient error bands by type code

Type
& Code

Steady state

108
106

107
108
1G9
110

111

Transient

Manufacturer's specification
Critical instrument

In situ calibration
Inferred (type code 107)

Critical instrument

Bench calibration end
specifications

Interred (type code 106)

-—— -

Table B.2 (inferred)

Work of R, Shipp (manufacturer's specifica-
tion)

Table B.2 (inferred)

Table B.2 (inferred)

Work of N, Chen

Table B.2

Inferred (type code 109)

——— ——— . ———
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units, Table A.5 contains nominal transient errors, and Table A.6 the
worst-case transient errors. Table A.7 is the English unit version of
Table A.5; Table A.8 is the English unit version of Table A.6.

The first column in each table gives a brief instrument description,
The second column provides the instrument type code. (Use Table A.4 to
cross reference to IANs,) The third column provides the nominal instru-
ment range. The fourth and fifth columns give the steady-state and tran-
sient error bands, respectively. The sixth and seventh columns provide
the estimated response time and step function values used to estimate the
trausient uncertainty value,.

The English version tables are intended for reference only. Exact
correspondence of entries will be limited by significant figure rounding.

The values quoted for both steady—state and transient errors are es-
timates based on several assumptions., It is the responsibility of the
data user to ascertain the appropriatenmess of these assumptions when using
the included error bands for THTF data analysis.
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Append'x B

CAi.CULATED MASS FLOWS

This appendix describes the method of calculating mass flows at the
THTF test section boundaries and the estirated uncertaioties in these cal-
culations, The calculated mass flows at t(he inlet and outlet of the test
section for the reflood, boiloff, and uncovered bundle Tests 3.09.:0I-X
and 3.09.10AA-HH are included.

Methodolo and Instrumentation

In general, mass flow calculations are made by combining a volumetric
flow measurement Q with a moasured or calculated fluid density p

m = pQ . (B.1)

Where conditions permit, in subcooled or superheated flows, the demsity is
deduced from fluid nroperties based on temperature and pressure measure-
ments. In two-phase flow, the density is measured by a gamma densitometer
(when available). For the small break test series, the inlet comditions
were always scbcooled.

The steady—-state inlet volumetric flows were measured using an ori-
fice flowmeter (FE-18A) or the 1/2-in, turbine meters (FE-250 and FE-260).
(See Fig. 1 for instrument locations.) When in range [<1.7 x 10~4 m?/s
(2.7 gpm)], the orifice flowmeter is the preferred instrument in terms of
accuracy and reiiability, The transient inlet volumetric flow was mea-
snred by a 2-in. turbine meter (FE-3) for all of the reflood tests. One
of the 1/2-in, turbine meters (FE-250) was also used in the early portion
of Test 3.09.10Q until it was overranged. This was the only reilood test
that used only the 1/2-in. steady-state lin~ (Fig., 1). The other tests
were reflooded through the 3/4-in. reflood line. Reflood through the 3/4-
in., line resulted in meaningless flow measurement for FE-18A, FE-250, and
FE-260 once the valve at the inlet flow manifold was opened and reflood
was initiated.

The outlet volumetric flow was measared by a 2-in, turbine meter (FE-
202) or onme of the orifice flowmeters in the outlet orifice flow manifold
(FE-282 or FE-283). Flow was also monitored in the shroud leakage bypass
line by an orifice flowmeter (FE-927) and a 1/2-in, turbine meter (FE-
280). (FE-927 indicated a substantial and nonrepeatable offset when
nnder-ranged. As a result, it was not always possible to determine when
the instrumert reading was valid. Accordingly, FE-927 was not used in
mass flow calculations.) It should be noted that measurement in the
outlet orifice flow manifold includes flow through the shroud bypass line,
vhereas flow at the test section outlet spool piece (FE-202) does not.

The shroud bypass line was open only for the tramsicnt reflood and boil-
off tests. The line was valved off for the uncovered bundle tests once
steady-state equilibrium conditions in the bundle were obtained.



Mass flows for the transient tests were calculated from transient
instrument data by the mass flow code AMICON.* Logic in the AMICON and
water properties codes determines whether a temperature-~ and pressure-
deduced density or a densitometer-measured density (if availabls) is ap-
propriate (tased on a comparison of measurements by these same instru-
ments), For indicated subcooled or superheated conditions, temperature—
and pressure—deduced densities were used. If saturated conditions were
indicated by temperature and pressure measurements (within thermocouple
and pressure transducer uncertainty bands) and the densitometer-measured
density was less than the saturated vapor density, then the densitometer
reading was replaced by the temperature- and pressure-dcduced density (the
saturated vapor demsity).

For later reference, a comparison of outlet fluid thermocouple mea-
surements (TE-208, TE-281, TE-282, and TE-927 indicated in Fig. 1) is made
with the saturation temperature based on a pressure measurement made in
the test section upper plenum (PE-201), The comparisons for the five re—
flood tests and the five boiloff tests are shown in Figs. B.1-B.10., For
most of the tests the temperature in the shroud bypass line appears to
follow the saturation temperature., Since a densitomeier is not available
on this line, however, a pressure— and temperature-deduced density is
always used., For the reflood tests, the indicated outlet conditions were
superheated during most of the time of interest, The fluid temperatures
for the boiloff tests, however, appeared to follow the saturation tempera—
ture over significant time periods. Except for the boiloff test 3.09.10X,
densitometer measurements indicated densities lower thau saturated vapor
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densities, and, as a result, the density was determined from temperature
and pressure measurements over all times indicated. The very high-quality
or saturated steam at the outlet was not unexpected, because the boiloff
testr were generally initiated with the upper level of the bundle already
uncovered to some extent,

Calculated Reflood Hass Flow Rates

Mass flows of irterest for the transient reflood test 3.09.100 are
shown in Figs, B.11-B.15. Mass flow is shown for FE-250 in Fig., B.11 and
indicates the pre-reflood inlet mass flow rate., This flow is valid until
the initiation of reflood at ~1.3 s. FE-18BA was overranged and is not
shown, The 1/2-in, turbine meter, FE-260, failed and is not shown, Fig-
ure B.12 shows the inlet reflocd mass flow rate once the flow exceeds the
deadband of the 2-in, turbine meter, FE-3. Figure B.13 shows the mass
flow calculated at the outlet turbine meter, FE-202; Fig. B.14 shows re-
sults from the high range outlet orifice flowmeter, FE-282, The outlet
ovifice flow manifold bypass line was open for this test, invalidating
measurements made by FE-283, Mass flow calculated in the shroud bypass
line is shown in Fig. B.1§5,

Mass flows of interest for the transient reflood test 3.09.10P are
shown in Figs., B.16-B.21. Mass flows are shown for FE-250 and FE-18A in
Figs, B.16 and B.17, indicating the pre-reflood inlet mass flow rates.
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These flows aro valid until the initiation of reflood at ~1.6 s. The 1/2-
in, turbine meter, FE-260, failed and is not shown, Figure B.18 shows the
inlet reflood mass flow rate once the flow exceeds the deadband of the 2-

in, turbine meter, FE-3, Figure B.19 shows the mass flow calculated at

the outlet turbime meter, FE-202; Fig. B.20 shows results from the high
range outlet orifice flowmeter, FE-282. The outlet orifice flow manifold
bypass line was open for this test and thus invalidates measurements made
by FE-283, Mass flow calculated in the shroud bypass line is shown in
Fig. B.21.

Mass flows of interest fcr the transient reflood Test 3.09.10Q are
shown in Figs, B.22-B.27. Mass flows are shown for FE-250 and FE-18A in
Figs, B.22 and B.Z3, indicating the pre-reflood inlet mass flow rates,
Reflood for this test was through the 1/2-in, steady-state line, and so
measurements from FE~-18A and FE-250 are valid until they are overranged at
~4.3 and 4.5 s, respectively. The 1/2-in. turbine meter, FE-260, failed
and is not shown, Figure B.24 shows the inlet reflood mass flow rate once
the flow exceeds the deadband of the 2-in, turbine meter, FE-3, Figure
B.25 shows the mass flow calculated at the ontlet turbine meter, FE-202,
Fig. B.26 shows results from the high ringe outiet orifice flowmeter, FE-
282. The outlet orifice flow menifold bypass line was open for this test
and thus invalidates measurements made by FE-283, Mass flow calculated
in the shroud bypass line is shown in Fig. B,27.
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Mass flows of interest for the transient reflood Test 3.09.10R are
shown in Figs, B,28-B.32. Mass flow is shown for FE-250 in Fig. B,28 in-
dicating the pre-reflood inlet mass flow rate, This flow is valid until
the iniciation of reflcod at ~1,7 s, FE-18A was overranged and is not
shown, The 1/2-in., turbine meter, FE-260, failed and is not shown, Fig-
ure B.29 shows the inlet reflood mass flow rate once the flow exceeds the
deadbaad of the 2-in, turbine meter, FE-3, Figure B,.30 shows the mass
flow calcalated at the outlet turbine meter, FE-202; Fig. B.31 shows re-
sults from the high range outlet orifice flowmeter, FE-282. ihe outlet
orifice flow manifold bypass line was open for this test, invslidating
measurements made by E-283, Mass flow calculated in the shroud bypass
line is shown in Fig. B.32.

Mass flows of interest for the transient reflood Test 3.09.108 are
shown in Figs., B.33"B.38. Mass filows are shown for FE-250 and FE-18A in
Figs. B.33 and B.34, indicating the pre-reflood inlet mass flow rates,
These flows are valid until the initiation of reflood at 1.4 s, .The 1/2-
in, turYine meter, FE-260, failed and is not shown, Figure B.35 shows the
inlet reflood mass flow rate ouce the flow exceeds the deadband of the
2-in, turbine meter, FE-3, Figure B.36 shows the mass flow calculated at
the outlet turbine meter, FE-202; Fig. B.37 shows results from the high
range outlet orifice flowmeter, FE-282. 7TiLe outlet orifice flow manifold
bypass line was open for this test inviiidating measurements made by FE-
283, Mass flow calcrlated .a the shroud bypass line is shown in Fig.
B.38.
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Fig., B.28. Test section inlet mass flow rate for Test 3.09.10R;
based on FE-25C,
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Fig. B 35. Test section inlet mass flow rate for Test 3.09.10S8;
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Mass flows for the boiloff tests are shown only for the outlet in-
strumentation, because inlet flow was shut off to initiate these tests,

The mass flows for Test 3.09.10T are shown in Figs, B,39-B.41., Flows
at FE-202 and FE-282 are shown in Figs. B.39 and B.40, respectively.

Since the bypass leg in the outlet orifice manifold was open, FE~283 mea-
surements are not shown., The shroud bypass flow is shown in Fig, B.41,
where positive flow is out of the shroud plenum annulus.

The mass flows for boiloff Test 3.09.10U are shown in Figs., B.42~
B.44. Ths outlet orifice manifold bypass line was again open so that mass
flows at FE-283 are not shown,

The mass flows for boiloff . Test 3.09.10V are shown in Figs. B.45~
B.48. The outlet orifice manifold bypass line was closed for this test,
so all of the outlet flow does pass through the line containing FE-283.

The mass flows for boiloff Test 3.,09.10W are shown in Figs, B.49~
B.52. The turbine meter, FE-202, in Fig. B.49 appears to be in the dead-
band for the low initial flows (13 s). The bypass line in the outlet ori-
fice manifold is closed for this test, so all of the outlet flow passes
through the line containing FE-283,

The mass flows for boiloff test 3.09.10X are shown in Figs. B.53~
B.56. The turbine meter, FE-202, is apparently in the deadband over most
of the transient, The bypass line in the outlet orifice manifold is again
closed for this test, so all cf the outlet flow passes through the line
containing FE-283,
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Fig. B.39. Test section outlet mass flow rate for Test 3.09.10T;
based on FE-202,
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Fig. B.42, Test section outlet mass flow rate for Test 3.09.10U;
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Fig., U.44, Shroud bypass line flow rate for Test 3.09.10U; based on
FE-280,
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Fig., B.46, ‘7est section outlet mass flow rate for Test 3.09.10V;
based on FE-283,
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Fig. B.47. Test section outlet mass flow rate for Test 3.09.10V;
based on FE-282,
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Fig. B.48. Shroud bypass line flow rate for Test 3.09.10V; based on
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based on FE-202,
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Fig. B.50. Test section outlet mass flow rate for Test 3.09.10W;
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Fig. B.53., Test section outlet mass flow rate for Test 3.09.10X;
based on FE-202.
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Fig. B.54. Test section outlet mass flow rate for Test 3.09.10X;
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Fig. B.55, Test section outlet mass flow rate for Test 3.09.10X;
based on FE-282.
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Mass Flow Uncertainties

For the test section imlet, conditions were always subcooled, and the
mass flow uncertainty may be estimated by the standard propagation of er-
rors method (Appendix A) using individual instrument uncertainties as
stated in Table 27 in the main text,

The variance of the mass flow V(m) is given by

V(b = oy = (2B) vipys o (8) vias (B.2)

Expressed in terms of the standard deviation o of the individual in-
strument, the equation becomes

o, = (Qup)' + (poq)' " (B.3)

where 0 = density measurement uncertsinty and % ~ volumetric flow mea-

surement uncertainty. The density in the calculation of the inlet mass

flow rate is based on measured inlet pressure and temperature, A 20 error
band for the density is estimated from water properties assuming 20 devia-
tions in temperature and pressure from the measured values. This results
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in a 20 density uncertainty estimate of +4.8 kg/m* (+0.30 lb-/ft') for the

range of inlet temperatures and pressure observed. For the steady-state
inlet orifice meter, the 2o uncertainty is +4.2 x 10-¢ m?/s (+0.07 gpm).
Substituting into Eq. (B.3), assuming a nominal density of 860 kg/m*® (53.7
lbllft') and a range of volumetric flows from 3.1 x 10-% m*/s (0.5 gpm) to

1.7 x 10-* m*/s (2.7 gpm), yields a corresponding 20 mass flow uncertainty
of 3.9 x 10-* kg/s (8.6 x 10-* lb-/l)-

For the transient reflocod tests, the 2-in, inlet turbine meter (FE-3)
and the 1/2-in, inlet turbine meter (FE-250) were the primary inlet volu-
metric flow measurement instruments. (The 1/2-in. inlet turbine meters
were also used for some of the uncovered bundle tests.) The 1/2-in, tur-
bine meter was overranged for all of the reflood tests except the early
portions of 3,02,10Q. .The 20 steady-state uncertainty bands for both
types of turbine meters in subcooled flow is 4.1% of reading. Although
the uncertainty band is stated over a range of 1.3 x 10-* m?/s (22 gpm) to
1.4 x 100 m*/s (222 gpm), for the 2-in., turbine meter, the calibration
data on the specific turbine meter used extends down to approximately
6.3 x 107% m*/s (10 gpm)., It is believed that the stated uncertainty
bands should still reasonably represent the instrument output st the lower
calibrated levels, Mez urement of lower initial flow rates occurring as
the reflood valve is opened may have significantly higher uncertainties
due to bearing friction and rotor inertia effects on the turbine meter.
Transient errors are not expected to be significant once the flow rates
reach calibrated levels since the transients are comparstively slow,

In order to facilitate the calculation of the mass flow uncertainty
for this case, the uncertainty in the deduced density is stated as a per-
ceat of reading of the nominal inlet demsity [860 kg/m® (53.7 lb.lft')l.

Ejuation (B.3) expressed in percent of reading re.ults in a 20 mass flow
uncertainty of +4.14% of reading.

The outlet mass flow is calculated from measured volumeiric flows and
densities, The volumetric flows are measured by either turbine meters or
orifice flowmeters, Densities are determined by either a single-beam
gamma densitometer measurement on the outlet spool piece or a temperature—
and pressure-deduced density, For all of the steady-statc data scans, for
most of the transient reflood time periods of interest, and for portions
of the boiloff time periods of interest, the outlet flow is superheated
steam, and a pressure— and temperature-deduced density is used. An esti-
mate of the uncertainties in the determination of the superheated steam
density, assuming a 20 deviation in temperature and pressure measurements,
was made, .The results are shown in Table B.1 for the range of tempera-
tures and pressures of interest,

The results of propagating these uncertainties through the mass flow
calculation for the turbine meters are shown in Table B.2. The 20 uncer-
tainty for the 1/2- and 2-in, turbine meters as stated in Table 27 for
subcooled conditions is used (4.1% of reading) in the calculation. in an
effort to determine the validity of using the subcooled uncertainty esti-
mete for the 2-in, turbine meter, & comparison of inlet and outlet flow
rates from a number of steady-state data scans over a range nf pressures
wes made. Scans were chosen where the inlet orifice meter, FE-18A, was in



Table B.1. Superheated steam density uncertainty based on 20 error in

pressure and temperature measurements

522 K 560 K 590 K 672 K 755 K 895 K
Temperature 80°F)  (550°F)  (600°F) (750°F)  (S00°F)  (1150°F)
Pressure 209 (% of reading)
2.76 MPa (400 psi) 10.1 9.3 9.0 9.9 9.4 2.3
5.5 MPa (800 psi) 6.5 3.9 6.4 3.7 3.2
8.27 MPa (1200 psi) 5.9 5.6 4.9 4.0
Table B.2. Mass flow uncertainty based on superheated steam density 2o
uncertainty and subcooled turbine meter 20 uncertainty
(4.1% reading)
 W—— 522 K 560 K 590 K 672 K 755 K 895 K
4 (480°F) (550°F) (600°F) (750°F) (900°F) (1150°F)
Pressure 20. (% of veading)
2.76 MPa (400 psi) 10.9 10.2 9.9 10.7 10.3 10.0
5.5 MPa (800 psi) ¢ % 4 12 7.6 7.0 6.6
8.27 MPa (1200 psi) 72 6.9 6.4 3.7

A
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range in order to provide a low uncertainty reference flow [20 of +3.9 x
10°% kg/s (8.6 x 10™? lb-lh)l. .The ratio of the calculated outlet flow

to the calculated inlet flow for these scans is shown in Fig., B.57. It
should be noted that the mass flows are obtained from the product of the
average density and average volumetric flow over the scan interval rather
than by averaging tiue product over the scan interval. Data points which
deviate significantly from 1.0 may be the result of an actual imbalance in
flow due to energy and mass storage effects in the test section. For a
majority of the scans, the inlet and cutlet mass flows agree within ap-
proximately 7-8%.

Uncertainties in mass flows for the outlet orifice flowmeters are
based on uncertainties associated with the flowmeters and on uncertainties
in density (Table B.1). Mass flow for an orifice meter is calculated as

o o= C(pAp)x/s . (B.4)

where C is the calibration coefficient, p is the fluid density, and AP is
the pressure drop across the orifice. Uncertainties for the orifice flow-
meters are presented in Table 27 and can be convenientlv expressed as per-
cent of full-scale volumetric flow at the calibration density (pCAL) of
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1000 kg/m?* (62.4 lb-/ft'). Accordingly, it simplifies matters to rewrite
Eq. (B.4) in terms of volumetric flow at the calibration demsity Q

CAL’
: G (B.S)
= =Ve Pear Year .
Relative uncertainty in mass can now be written as
3 2
o, o o’
Q
_!_/_" _CAL
+| = . (B.6)
m 2p Q
Y CAL

As noted, the uncertainty in density is tabulated in Table B.1. The

steady-state uncertainty associated with the orifice flowmeters is 2.5% of
the full-scale reading. Thexefore,

o, /‘o \3 0,025 3
m P
- - ("") + : ~ " (B.7)
' (G /Q )

Relative uncertainty in mass flow is tabulated for values of 6CAL/6CAL

of 0.1, 0.25, and 1.0 in Tables B.3, B.4, and B.5, respectively. =

Al though the test section outlet flow was superheated for the uncov-
ered bundle tests and the time periods of interest for the reflood tests,
saturated steam and two-phese flow conditions existed during portions of
the boiloff tests, Mass flow uncertainties in two-phase flow may be con—
siderably higher than those expected in single-phase flow. For the outlet
turbine meters, the effects of void fraction, flow regime, slip, and rotor
ipertia on the interpretation of the turbine meter output may be consider-
able. In addition, the stated 20 uncertainty for the gamma densitometers
[104 kg/m* (6.5 1b /ft‘)] is & significant uncertainty for high-quality
mass flows, A detsiled study of two-phase mass flux uncertainties in THIF
instrumented spool pieces is presented in Ref. 2. In-place experimental
estimates of mass flow uncertainties from steady-state tests described in
Ref., 2 using larger 3.5-in. turbine meters (although geometrically simi-
lar) indicate 20 uncertainties of approximately +80% for the turbine meter
single~beam densitometer mass flow model. Since data are not available
for the smaller 2-in, turbine meter used for these tests, this result is
the best available two-phase mass flow uncertainty estimate.

uasi-St tate Mas ) t

Table B.6 summarizes the inlet and cutlet mass flow rates for each of
the 14 guasi-steady-state tests., In all tests except 3.09.10GG and HH,



Table B.3. Estimated 20 mass flow uncertainty for the orifice flowmeters

at 10% of the full-scale ranmge

Tenpezstons §22 K 560 K 590 K 672 K 755 K 895 K
(480°F) (550°F) (600°F) (750°F) (900°F) (1150°F)
Pressure Zoi (% of reading)
2.76 MPa (400 psi) 18.3 13.3 13.3 13 .4 13 .4 13.3
5.5 MPa (800 psi) 12,9 12.8 12,9 12.8 12.8
8.27 MPa (1200 psi) 12.8 12.8 12.7 2.7
Table B.4. Estimated 20 mass flow uncertainty for the orifice flowmeters
at 25% of the full-scale range
522 Kk 560 K 590 K 672 K 755 K 895 K
Temperature  ,g00F)  (550°F)  (600°F) (750°F)  (900°F)  (1150°F)
Pressure 2°i (% of reading)
2.76 MPa (400 psi) 7.3 6.8 6.7 7.0 6.9 6.8
5.5 MPa (BOO psi) 6.0 5.8 5.9 5.8 5.6
8.27 MPa (1200 psi) 5.8 - W 5.6 5.4

€T



Table B.S5.

Estimated 20 mass flow uncertainty for the orifice flowmeters
at 100% of the full-scale range

Temperatae 522 K 560 K 590 K 672 K 755 K 895 K
(480°F)  (550°F)  (600°F)  (750°F)  (900°F)  (1150°F)
Pressure 20 (% of reading)
2.76 MPa (400 psi) 5.2 4.8 4.7 5.1 4.9 4.7
5.5 MPa (800 psi) 3.5 3.2 3.4 3.1 2.9
8.27 MPa (1200 psi) 3.2 3.1 2.8 2.4

vzt



125

Table B.6. Ouasi-steady-state mass floas for Tests
3.09.i0I-N and 3.09.10AA-HH

Test Inlet mass flow Outle;-luln flow
[kg/s (lb-/h)l [kg/s (lb-/h)l
3.09.101° 0.1840 + 0.0124 (1460 + 98)
3.09.10J 0.0799 + 0.0038 (634 + 30)  0.0782 + 0.0054 (621 + 43)
3.09.10k” 0.0193 + 0.0016 (153 + 13)
3.09.100° 0.1800 + 0,0101 (1428 + 80)
3.09.10M 0.0827 + 0.0038 (656 + 30)  0.0781 + 0,0044 (620 + 35)
3.09.10N 0.0268 + 0.0038 (213 + 31)  0.0285 + 0.0017 (226 + 13.4)
3.09.10AA 0.1307 + 0.0039 (1037 + 31)  0.1252 + 0.0104 (994 + 83)
3.09.10BB 0.0584 + 0.0039 (463 + 31)  0.0595 + 0.0051 (472 + 40)
3.09. )CC 0.0446 + 0.0039 (354 + 31)  0.0311 + 0.0030 (247 + 24)
3.09.10DD 0.1225 + 0.0039 (972 + 31)  0.1204 + 0.0085 (956 + 67)
3.09.10EE 0.0680 + 0.0039 (540 + 31) 0. 594 + 0.0041 (472 + 33)
3.09.10FF 0.0299 + 0.0040 (237 + 31)  0.0238 + 0.0023 (189 + 18)
3.09.10662°° 0.2010 + 0.0124 (1595 + 99)
3.09. 100872 0.2032 + 0.0167 (1613 + 132)

———— - — ——— —

%Numbers in table have been rounded off. Accordingly, unit conver-
sions_-ay not appear tc¢ be exact.

DAll reliabie test section inlet flow instrumentation out of range.

cllss flows based on saturated vapor density. Conditions at outlet
may have been two-phase. Accordingly, mass flows for tests GG and HH
should be used with caution,

both test section inlet and outlet instrumentation indicated single-phase
conditions, Accordingly, mass flow was calculated from a measured volu-
metric flow rate and a density derived t1rom measured temperature and pres-
sure. Uncertainty in mass flow was estimated using the methodology de-
scribed in the previous section. In Tests 3.09.10G6 and HH, the test
section outlet fluid thermocouple indicated saturated conditions. How-
ever, the outlet densitometer did not indicate liquid., As a result, out-
let mass flow was based on the saturated vapor density., However, it
should be noted that high void fraction dispersed two-phase flow at the
test section outlet would not be detected by the densitometer, Thus, cau-
tion should be exercised when using mass flows for Tests 3.09.10GC and HH
because two-phase conditions may have existed.



1.

126

References

J. W, Teague, II, AMICON — A Multi-Model Interpretive Code for 2-¢
Flow Inetrumentation with Uncertainty Analyeie, K/CSD/TM-38,

N, C. Chen and D, K. Felde, Two-Phase Mase Flux Uncertainty Analyeie
for the Thermal Hydraulic Test Facility (THTF) Inetrumented Spool
Piecee, ORNL/TM-7859 (to be published).




127

NURBG/CR-2525, Vol. 4
ORNL/NUREG/TM-407/V4
Dist, Category R2

Internal Distribution
1-5. T. M. Anklam 26. L. J. Ott
6-7. W. G. Craddick 27. T. W. Robinson, Jr,
8. D. K. Felde 28. A. G, Sutton
9. S. S. Gould 29. M. S. Thompson
10. J. E, Hardy 30, H, E, Trammell
11. H. W, Hoffman 31. ORNL Patent Office
12-16. D. F. Hunt 32. C(Central Fesearch Library
17-19. €, R. Hyman 32, Document Reference Section
20, A. L. Lotts 34-35. Laboratory Records Department
21-25. C. B, Mullins 36, Laboratory Records, RC
Exte tr o

37-41. Director, Division of Reactor Safety Research, Nuclear Regulatory
Commission, Washington, DC 20555
42. Office of Assistant Manager for Energy Research and Development,
Department of Energy, ORO, Oak Ridge, TN 37830
43-44, Technical Information Center, Department of Energy, Oak Ridge, TN
37830
45-389. Given distribution as shown under category R2 (10-NTIS)

FRENMENT PRINTING OF V00 T SA¢ (67



