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AUG 0 2 1982

Mr. Peter A, Morris, Executive Vice President
Scandpower, Inc,

4853 Cordell Avenue

Bethesda, Maryland 20014

Dear Mr. Morris:
Subject: Acceptance for Referencing of Licensing Topical Report ScP-01

The Nuclear Regulatory Commission has completed its review of the Scandpower, Inc.
licensing topical report ScP-01 entitled "RADCAL GAMMA THERMOMETERS, Revision 4"
dated February 1982, Scandpower . Inc. submitted this report on behalf of

several U.S, utilities who are participants in a group of nuclear organizations
intending to develop, license and empioy full scale systems of gamma thermometers.
The ScP-01 report provides a detailed description of the gamma thermometer
construction, operation, and expected performance as a local power measuring
device for use in the cores of pressurized water reactors. A copy of our

safety evaluation is enclosed.

Based on our review we conclude that the principle of the instrument, the
feasibility of the design, the experimental verification and the theoretical
analysis are adequately documented and acceptable.

As a result of our review we find that the Scandpower, Inc. licensing topical
report ScP-01 entitled "RADCAL GAMMA THERMOMETERS, Revision 4" dated February 1982
to be acceptable for referencing in license applications to the extent specified
and under limitations stipulated in the submitted document and the enclosed

safety evaluation.

We do not intend to repeat the review of the safety features described in the
topical report and found acceptable in the enclosure when it appears as a refer-
ence in a particular license application. However, we will assure that the
material presented in the report is applicable to the specific planc involved
and will review the use of the instruments as local power-measuring devices

on a plant specific basis. Our acceptance applies only to the features
described in the topical report.

In accordance with “stablished procedures (NUREG 390), it is requested that
Scandpower, Inc. put'ish an accepted version of the report within three months
of receipt of this 1. ‘*2r. The revision is to incorporate this letter and

the enclosed evaluation following the title page and thus just in front of the
abstract. The report identification symbol of the accepted report iz to
include a - A suffix.
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Evaluation of a SCANDPOWER, Inc. Licensing Topic:! Report

Report Number: ScP-01, Rev, 4

Report Title: ¥-RADCAL Gamma Thermometers
Report Date: February 1982

Originating Organization: SCANDPOWER, Inc,

Reviewed by: Reactor Physics Section,

Core Performance Branch,

Division of Systems Integration
Date of Evaluation: June 1982

The SCANDPOWER Company has submitted the Topical Report ScP-01, Rev. 4
entitled, "Y-RADCAL Gamma Thermometers" for our review. SCANDPOWER, Inc.

is acting on behalf of a number of utilities. This report provides a
detailed description of the gamma thermometer construction, operation and
expected performance as local power-measuring device for use in the cores of

pressurized water reactors. Our evaluation of this report follows.

1.  SUMMAKY OF REPORT

The purpose of this report is to describe gamma thermometers and show that
they are adequate for use as a basic local powe neasuring in-core

instrument for pressurized water reactors. This report provides a description
of principle, construction, operation and performance of the instrument

for use in future licensing submittals by several licensees.

The report includes sections on: (1) the principles of gamma thermometry,

(2) the design of the RADCAL Gamma Thermometer (RGT) for PWRs, (3) discussion

of the RGT sensitivity by computation and measurement, and (4) discussion
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no correction is made for fuel burnup., The heat generation rate provides a
strong signal which can be directly interpreted as proportional to the local
power. The temperature drop can be varied by varying the cross sectional
area of the heat path and/or the volume of the metal block where most of the
heat is generated. The gamma thermometer is affected little, if at all, by
the thermal flux. Therefore, when such an instrument is near a control rod,
which severely suppresses the thermal flux and the local power, the corres-
ponding response will not be proportional tu that thermal flux decrease
because the fast neutron and the gamma ray mean free paths are much longer

than the thermal neutron mean free path.

Gamma Thermometer Design

The design proposed by SCANDPCWER, Inc., and which has been investigated,
consists of a cylindrical aluminum housing about two inches long, containing
argon gas in the cavity and the stainless steel mass where the heat is gene-
rated, the heat path, two thermocouples to measure the temperature difference
and ceramic insulated thermocouple leads. Seven to nine such sensors

mounted at equal distanzes along a 7.5 mm diameter tube of the necessary
length and a seal flange, constitute a gamma thermometer assembly. Such an
assembly would measure local power at 7-9 axial locations simultanecusly.

The nature of this design gives this instrument significant durability,
reproducibility of the siagnal and small variations with radiation exposure. The
weakest point of the design seems to be the possibility of breakage of the
leads. The proposed desian offers the possibility of performing electrical
heating calibration without taking the instrument out of the reactor. The
proposed design is intended to he a steady state instrument and can be fitted

into the instrument tubes of existing PWRs,






3.  EVALUATICN PROCEDURE

The review of topical report ScP-01, Rev. 4 has been conducted within the
guidelines provided by Section 4.3 of the Standard Review Plan, Sufficient
information was provided to permit the conclusion that the principle of the
instrument, feasibility of the design, experimental verification and

theoretical analysis are adequately documented and acceptable.

4, REGULATORY POSITION

Based on our review of the topical report ScP-01, Rev. 4, we conclude that
it is acceptable for reference in PUR submittals. However, the use of

these instruments as local power-measuring devices will be reviewed on a

plant-specific basis.
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DEFINITIONS

WIRECAL GTIG name for an assembly containing two RGTs
and a tube for travelling wire or other
probe. Originally specified for BWR, Big Rock
Pcint, the scheme eliminates symmetry
assumptions necessary in PWR tests to
calculate "real" local powers 1n 2 RGT test

position.
aT Difference in temperature, °C.
& Thermal neutron flux, neutrons/cml-sec.
oc Combined uncertainty (standard deviation) in

the determination of the highest local LHGR in
the reactor.

o] Uncertainty (standard deviation) in the
sensitivity of the detector (i.e., the
uncertainty in the relationship of signal to
the "measured" parameter 4, 4ys Or gamma
heat rate).

02 The "coupling" uncertainty (i.e., the
uncertainty in the ratio of "measured"
parameter to fuel LHGR)

03 The "extrapolation" uncertainty (i.e., the
uncertainty involved in calculating local fuel
power at a point remote from the measuring
instrument).

04 The "non-steady state" uncertainty (i.e., the

uncertainty in local power "measurement" when
local power is not constant.
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1.  INTRODUCTION

1.1 Objectives of this Topical Report

It is the objective of this Topical Report to elicit a statement from the
NRC staff that, given appropriate data processing routines and equipment
(to be defined on a system-by-system basis in subsequent topical
reports), RGT gamma thermometer systems will measure local fuel powers
with adequate accuracy to be used as the basic local power measuring
in-core instrument in U.S. pressurized water reactors in compliance with
operational Technical Specification requirements.

The applicants for review suggest that the work reported herein supports
the accuracy of measurement attainable by this device and request that
NRC staff concur with these conclusions. Applicants will provide all
substantiating material requested during the course of NRC review.

1.2 Prirciples of Gamma Thermometry

Gamma thermometers depend upon the heating of a metal block by gamma rays
(approximately 93 percent of the heating) and energetic neutrons (approx-
imately 7 percent). The heat so generated is proportional to the speci-
fic power of nearby fuel rods. Heat generated in the block of metal (the
"heater") is permitted to escape to a sink only through a controlled heat
path of closely held dimensions. The temperature drop along that heat
path is di-ectly proportional to the volumetric heat rate (Watts/gram) in
the heater, and therefore proportional to the power, not neutron flux, in
the adjoining fuel rods.

A thermocouple, or thermocouples, arranged to measure the temperature
drop along the controlled heat path, produces a signal proportional to
this power. The usual material of construction is stainless steel. The
heat rate in stainless steel at full power ranges from 0.5 to 6 W/g.
Design temperature drops have been selected in the range from 4°C to
250%C at full reactor power. The thermocouple indication of aT
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Figure 1-2 shows the present day gamma thermometer in use at the Savannah
River Plant. Some 3,000 gamma thermometers have been used at SRP since
1961 with totally satisfactory results and a failure frequency under 3
percent, Reference 1-(43).

Figure 1-3 shows the gamma thermometer which has been used since 1963 in
Halden reactor test fuel. These gamma thermometers, about 7 mm in
diameter and 50 mm long, have survived with a mortality rate before
removal of less than 3 percent, and have given signals proportional to
surrounding fuel power without measurable drift for periods as long as 7
years and fuel expcsure up to 26,000 MWd/ton, Reference 1-(5).

Note in Figure 1-2 that the pres:nt Savannah River Plant gamma thermo-
meter employs what is referred to herein as a difference thermocouple.
The heat being conducted along an iron pin, which is connected at its
extremities to constantan wires, produces a AT and a difference thermo-
couple signal almost completely independent of the sink temperature and
dependent only on the heat generation rate in the iron pin itself. In
the absence of fission product gamma rays, the signal from this instru-
ment wil be zero at zero nuclear power, regardless of the temperature of
the coolant outside the gamma thermomemter. The Halden gamma thermometer
of Figure 1-3 generally employs a standard type thermocouple, with only
one junction. This is possible in the Halden Boiling Water Reactor
because the sink temperature is essentially constant as determined by the
saturation pressure in the vessel. Hence the local fuel power is propor-
tional to the difference between the temperature measured in the camma
thermometer and the temperature corresponding to saturation pressure in
the vessel.

The SRP and HBWR experience will be referred to in detail in later
sections because the experimental verification of a local power instru-
ment can be made more accurately in heavy water reactors than in light
water reactors. In the SRP and Halden reactors the power in every fuel
assembly can be measured calorimetrically (mass flow x Cp x temperature
drop) with errors as small as *+ 3/4 percent at SRP and 2-1/2 percent at
Halden. In-reactor calibrations of a new instrument in light water
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Several sensors (e.g., 6 to 9) are located along the first 4 meters of
length of the RGTA core tube. A sensor (RGT) is produced by grinding a
chamber (a heat transfer resistance) into the core rod. That is, the
core rod is ground to a reduced diameter for an accurate length, (e.g.,
26.5 mm) before the jacket tube is drawn onto the core tube. An annular
gap of 0.3 to 0.5 mm thickness is thus produced for the length of the
sensor. This gap creates the axial heat flow and the consequent measured
aT.

The assembly sequence is as follows: The differential thermocouple cable
pack is installed into the hore of the core tube in an ordered array and
the core tube is then swaged or drawn onto the cable pack to achieve good
heat transfer contact between the thermocouples and the core tube (Figure
1-5). The hot thermocouple junctions are then accurately located (as,
for example, by X-ray) and the chamber sections are ground into the core
rod at the identified locations. Finally, the jacket tube is slipped
over the core tube «nd bonded over the length by drawing through dies or
by swaging. The sensor chambers are filled with Argon during these
assembly operations.

RGT manufacturing processes are simple. There are competitive and good
sources of supply for mineral insulated thermocouples. The drawing and
swaging processes involved in manufacturc are relatively common art.

The heat transfer path and the temperature gradient within the gamma
heated assembly are illustrated in Figure 1-6. The heat which is gener-
ated within the sensor section must flow axially from the center to each
end where it then flows radially outward to the jacket tube. This is
essentially the same heat flow path that has been illustrated for the
Halden and the Savannah River devices, except that the heat flow is in
two directions from the location of the hot junction. Since the tempera-
ture profile is relatively flat near the midpoint of the sensor section,
it is not vital to achieve absolutely exact centering of the hot thermo-
couple junction in order to achieve an acceptable calibration character-
istic. Likewise, since the cold junction is located in a flat (zero
axial gradient) temperature region, the location of the cold junction
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conducted by Scandpower for Framatome and EdF in 1974, the essential
conclusions of which were:

1.  None of the local power instrument systems in use were of an accu-
racy and reliabilitv that should satisfy plant owners, and

2. Gamma thermometers, long used in 020 reactors, should be examined
as practicable instruments for PWRs, offering both accuracy and
reliability.

Framatome reported these ideas to Electricite de France, the govern-
mentally owned national utility of France which commissioned further
studies by Scandpower and the Norwegian Institutt for Atomenergi to
determine the practicability of the use of gamma thermometers in light
water reactors. Electricite de France's interest was in the possibie
replacement of the Westinghouse travelling, in-core probe type of instru-
mentation by the fixed, gamma thermometer type of instrumentation which
would have the advantages of real time measurement and mechanical sim-
plicity.

The hypothesis made at the time from 020 reactor experience was that
signal stability would be such that no on-line, in-pile recalibration
would be necessary over the lifetime of the installed instrumentation.

It was, however, recognized that fairly accurate in-pile recalibration of
these thermal devices could be obtained upon any step increase or reduc-
tion of reactor power because, for gamma thermometers, the transient
response to a step change in power (i.e., time constant) is closely and
uniquely related to the real sensitivity of the instrument.

Scandpower's investigation of the applicability of the HBWR-type of gamma
thermometer to the Westinghouse-type of light water reactor not only
indicated the feasibility of the application of that type of gamma
thermometer, but suggested that the PWR environment was, in fact,
superior, not inferior, to the heavy water reactor environment for the
application of gamma thermometers.
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One primary difference was the higher specific gamma heat generation of
approximately 1.5 W/g in the pressurized water reactor as compared to 0.5
W/g in the heavy water reactor. The high specific heat rate permitted
miniaturization of the instruments without loss in signal strength.

A second advantage was the specificity of signal origin in the PWR
lattice. Because of the closely spaced fuel rods (low moderator to fuel
ratio) in the PWR, 92 percent of gamma heating in a gamma thermometer
originates within the fuel bundle being measured. Eighty percent origi-
nates in the 110 fuel pins immediately surrounding the instrument (of 264
in a 17x17 bundle).

Signal strength is one of the primary advantages of the gamma thermo-
meter. For example, the average, full-power, temperature difference in
gamma thermometers is 40°C which produces a signal of 1.6 millivolts

from a chromel-alumel difference thermocouple (strong enough to be routed
directly from the reactor to the control room without intervening ampli-
fication). A gamma tnermometer loses only 2 percent accuracy when cable
resistance has dropped to 100 x 103 ohms.

Scandpower engineers recognized, as a common weakness of sensor systems
employing discrete chambers or sensors, such as the fixed fission chamber
system or the Halden gamma thermometer system, a vulnerability of the
signal cable seals as they crossed the primary pressure barrier. A
single monolithic rod-like structure became tne objective. The earliest
version of y-RADCAL employed pure radial heat flow in a rod of stainless
sﬁeel or Zircaloy in which multiple difforence thermocouples could be
imbedded at the desired number of levels in the core. This design is
still the leading candidate for BWR RGTAs, (see Fig. 3.1-1). In the
PWRs, however, where the diameter of such a rod was limited to 7.5 mm,
the radial temperature rise was limited to about 4.5°C at the hot
junction and for this reason the present PWR RGT design was developed.
This design employs a combination of axial and radial heat flows and, in
general, an average signal aT of 40°C has been selected. The gamma
thermometer instrument referred to as the "PWR y-RADCAL" is depicted in
Figure 1-4,
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The monolithic structures, which had been originally sought for mechan-
ical and structural reasons, proved to offer the unique attribute of
calibration by direct electrical resistance heating as depicted in Figure
1-7 and mentioned earlier. The ability to perform direct electric
calibration makes it possible, if desired, to assure that all gamma
thermometers, as they leave the workshop, will produce the same signal
within 0.7 percent when exposed to the same gamma fields. (An alterna-
tive is to accepc, say, a 2 percent variation in "as made" indicated
sensitivity and individually bias signals a like amount in-reactor.)

The program conducted at Hatch Nuclear Unit 1 by GE, with EPRI funding,
proved gamma flux measurement to be more accurate for local power deter-
mination than the fission chamber (i.e., thermal neutron flux) TIP system
by using post-irradiation gamma scans as the reference or standard for
local fuel powers, Figure 1-(6).

It is the position of the applicants that the Hatch work, backed by the
020 calibration, by extensive theoretical treatment, and by a number of
light water reactor programs complete and in progress, is sufficient to
verify the high precision of local power measurement which can be
attainec by RGT gamma thermometers in PWR use. The intention is to
minimize uncertainty at certain benchmark or reference points for which
maximum calibration accuracy exists, and to prove that the extrapolation
error, (i.e., the uncertainty at unbenchmarked or "off-reference" condi-
tions), is small, because the total variation in the signal of gamma
thermometers is small over the entire "parameter space" of operating
conditions.

1.6 Intrinsic Advantages of RGT Gamma Thermometers

Direct Measure of LHGR

Foremost of the attributes of gamma thermometers is the very direct
relationship of the output signal to the local fuel power, upon which all
local operating 1imits most directly hinge (e.g., DNB, MLHGR, MCHFR,
etc.).



Both theory and experience show that the raw signals from all core gamma
thermometers can be converted to surrouncding local fuel power values by
the application of a single constant with an accuracy of about *+ 10
percent regardless of fuel burnup, core configuration, or control rod
position, and that this ratio of fission heat to sensor heat holds true
indefinitely. It is expected that when full systems of RGTs have been
installed in PWRs a simple summation of some 350 to 450 signals will
yield a direct and quite accurate value for total reactor thermal power.

The readout systems under development for RGTs employ hoth a "straight
through" signal channel and a "high accuracy" processing channel which
employs normalization and obtains the highest possible accuracy of local
power measurement from RGT sensors.

Constancy of Calibration

SRP gamma thermometers have exhibited constant calibrations over fast
fluence corresponding to 5-1/2 years in a PWR (within 1-1/2 percent
calibration accuracy). Halden gamma thermometers have held constant
calibration over seven years of irradiation in HBWR with no observable
changes in signal relative to the power in s:rrounding fuel. At HBWR the
fuel loading is so variable and heterogeneous that the uncertainty
associated with this observation is larger than at SRP, and is estimated
by the applicants to be * 5 percent.

A highly documented, well-controlled exposure test of RGT specimens has
been undertaken in the ORR at Oak Ridge National Laboratory. It has been
calculated that the 10 specimens being irradiated therein will change
calibration less than 5 percent after a fast neutron exposure of 6.2 x
102] neutrons per cmz, (equivalent to 3 years in a PWR).*

The overall correlation of RGT signal to fuel LHGR is dependent first
upon the sensitivity of the RGT, Si‘ signal/watt/gram of sensor heating

*Although the irradiation has been completed, as of July, 1981, experimental procblems have
delayed the post-irradiation calibration of the specimens., See Section 3.1.3.4.
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(or its reciprecal K]), and second upon KZ’ the fission-to-gamma

heating ratio prevailing (LHGR in fuel per watt/gram of RGT sensor
heating). The term gamma heating is used for convenience. Actually,

7 percent of the heating in an LWR gamma thermometer is due to n.y reac-
tions taking place in the sensor. Both of these ratios vary with time
and core conditions within quite narrow bands ( *+ 5 percent on KI and
*10 percent on K,).

Accurate Qut-of-Pile Calibration

The sensitivity of RGT signals to heating of the sensors can be measured
at the workshop by direct electrical heating or by time constant determi-
nation. Identity of chambers within + 0.7 percent in sensitivity can be
so attained. In practice, to date, a variation of + 1-1/2 percent in
mean sensitivity has been accepted by €dF. Individual chambers have
shown high linearity of signal (correlation coefficient greater than
0.9999 to the best fit straight 1ine) in both room temperature and high
temperature (300°C coolant) electrical heating calibrations (see

Section 3.1.2.2). The second, independent, out-of-reactor calibration
means, the dynamic type of calibration, is discussed in Section 3.1.2.1
and 3.1.2.2. The theoretical means for predicting the calibration is
presented in Section 3.1.2.

Large Signals

RGTs produce meaningful signals (i.e., affected less than 2 percent) when
cable resistance has fallen as low as 100,000 ohms. The signals can bhe
led directly to the control room without intervening electronics (at
Halden the signals are taken directly more than 100 meters). An average
RGT signal at full power is 1.6 millivolts (40°C) from a thermocouple.
EdF has reported usable RGT signals at 1 percent reactor power from
prototypes in Bugey 5 with no noise problem.

RGTs can be used as fixed, in-core detectors to produce real time sig-
nals, which enhance the operator's knowledge of what is happening to
critical core parameters at all times.
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If RGT systems produce a 9 of 2 percent and o, of 2 percent the
value of the more elegant expansion processes increases:

For interpolate-and-ratio o = 6.6 percent

¢
For spline fit 9., = 5.7 percent
For on-line simulator 0. = 4.1 percent

Achievable gain from better expansion processing: 38 percent

Among the GTIG memLer utilities, SSPB already incorporates on-line
simulators in its BWR data processing routines, and RWE is developing
such a system for its Biblis PWR reactors, partially in anticipation of
the reduced local power uncertainties to be derived from RGT gamma
thermometer systems. EPRI has built fast, 3-D neutronics simulation into
its power snape monitoring system at Oyster Creek.

The present report deals only with the accuracy of fuel power
determination, in the vicinity of sensors, obtainable with RGT gamma
thermometers and with the components of uncertainty related to instrument
sensitivity Si or, K1 2 oo and the LHGR-to-gamma-sensor heating

ratio, Ky 2o,

Subsequent topical reports will address both oy and o4 ON NSSS and
computer software-specific bases, for referencing in individual plant
licensing cases.

0" The Non-Steady State Uncertainty

Question: To what extent is the ratio of LHGR-to-measured parameter
A K2), made more uncertain when power or power
distribution is changing or has recently changed?

Answer:

This is an uncertainty not necessarily addressed for base loaded
systems. For example, the Westinghouse full core power mapping system
takes from 3/4 to 1-1/2 hours to execute with TIP, and stable steady
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state operation is a prerequisite for accurate use of the system (i.e.,
o4 1s large if power fis changing).

The present PWR-type RGTs have a relatively short response time* to
changes in sensor heat rate (i.e., 17 seconds compared to about 60
seconds for SRP gamma thermometers and 2-1/2 minutes for SPNDs), but
exhibit a delay somewhat comparable to that of SPNDs in the transfer
function relating fuel power to gamma heating of the sensor. Stutheit of
SRP, Reference 1-(3), reports that:

"For @ step incresse in reactor power in a D0 moderated
reactor, gamma flux will increase by 65 percent instantly
(following the prompt gamma resulting from fission) and after
100 seconds (the incresse) will be at 90 percent of its final
value,”

Sophisticated calculational methods not available to Stutheit 12 years
ago enable the delayed component of gamma heating to be "deconvoluted" to
the degree that 90 percent of the final value is "measured" within 10
seconds of a step change.

The French theoretical program (Section 3.2.1.1) and the reactor
prototype program aim aggressively at minimizing 9 through analog
numerical filter programs or deconvolution on the process computers. The
underlying reason for this attention to the non-steady state uncertainty
for PWRs is the eventual necessity for load follow operation of many PWRs
(Section 3.2.1.2) in, for example, France.

* Size of signal is exchangeable for response time in en RGCT. See Section 3.1.1.l1.
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Corrections to Signals

Figures 3.0-1 and 3.0-2 illustrate the components of uncertainty that
affect the RGT gamma thermometer method of determination of LHGR. An
impurtant point is that the raw signal from an RGT gamma thermometer is
directiy meaningful at all times during the reactor cycle and in whatever
fuel exposure zone of the reactor it is located, (i.e., using single
values of Kl and K2 for 450 instruments). The expected total

computer corrections to raw RGT signals to achieve minimum uncertainty in
local power measurement will not exceed 10 percent. As presently made
for EdF, the nine RGT sensors within an RGTA exhibit the same
sensitivities within a 20 band of 3 percent. The average sensitivities
for all 90 sensors in 10 assemblies agree within 7 percent (2¢). The
scattering of calibration data for a particular sensor is very small (o =
+ 0.7 percent) with a linear correlation coefficient greater than 0.9999
for a 7-point calibration. The measured sensitivities and time constants
of sensors are as predicted by Ohm's Law and the laws of heat conduction.

Reliability of Signals

The conversion of the Hatch Nuclear Unit 1 TIP system to gamma ion
chambers (from fission chambers) constituted the first serious
recognition in the LWP industry that gamma fiux was superior to neutron
flux as an indication of LHGR, although isolated instances of recognition
of the utility of gamma indicating devices in LWRs had occurred prior to
Hatch 1. In Reference 3-(2), H. Weiss of Westinghouse Nuclear Energy
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Systems, concluded a paper on gamma ion chamber measurements in

Connecticut Yaniee reactor by saying:

"The presented results may be considered as an sttempt towards
the epplication of the in-core gamma radiation for monitoring
the cores of large power reactors under steady-state
conditions., . .

The main advantage of the gamma technique in the censtant
sensitivity of the gamma detector which does not suffer from
burnup of neutron sensitive material. As a consequence of
this, frequent recalibration which is inevitable using neutron
detectors may be omitted."

The question of the possible effects of irradiation upon sensitivity
(i.e., increases in o1 after RGTs are in use) in gamma thermometers has
been attacked in several ways (Section 3.1.3):

1)

2)

3)

The examination through the computer model (parametrically) of all
known or suspected effects of irradiation upon properties that could
affect sensitivity such as: radiation vs thermocouple
decalibration; radiation vs gas gap composition; and radiation
effects upon thermal conduction and geometry of stainless steel
parts (Section 3.1.2.3).

Examination of all available long-time irradiation vs calibration
data on argon-filled, stainless steel gamma thermometers,
principally from Savannah River and Halden (Sections 3.3.1 and
3:3.2).

Institution of high-accuracy, well-characterized "Accelerated Tests
of Irradiation Effects on RGT Gamma Thermometer Sensitivity at
ORNL." This test program was specified in April 1979, test
specimens fabricated in the first quarter of 1980. Irradiation
began in July 1980 and ended in July 1981. Most of the results <f
sensitivity change after a three year equivalent PWR irradiation
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4)

have been delay ‘ue to experimental difficulties with the
post-irradiatic Tibration. More complete results are expected in
mid-1982 (Secti  3.1.3.4).

Center line electrical heaters capable of doubling the full power
heating have been incorporated into recent RGT prototypes (Sections
3.4.1 and 3.4.4). Initial out-of-pile tests with these heaters give
calibration results that agree with direct electrical calibration
results. Thus an accurate method of in-reactor recalibration
already exists, if it proves to be necessary to minimize oy The
heater cables also improve the ability orf the RGTs to be used for
Tevel indication and core coolant heat transfer measurement during
abnormal situations.
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3.1 Sensitivity of RGTs by Computation and Measurements

3.1.1 Description and Modelling of the Thermal Processes

The ideal gamma thermometer would use pure metallic heat coid.  .n for
developing the signal temperature difference, and, if the sicn2! were

great enough, (i.e., W/g were high enough), the ideal geometry wor'!d se
pure radial heat flow, as:

In this case the temperature distribution away from the central measuring
point is parabolic:

A

2
r .
R °Tr = -%Y- and AT signal =

x|

vhe variability in k (thermal conductivity of stainless steel) with
temperature is known and reproducible. Only second order corrections to
k are required when signal aT's are small (i.e., in the region from 4°C
+ 2/3 of aT

to 100°C) and an average k corresponding to T
gives quite accurate prediction,

sink signal




Pure radial heat flow as depicted above is in consideration for BWR RGTs
which must have relatively low aTs to respond quickly enough to power
changes. (See Figure 3.1-1.) However, for the smaller diameter PWR
instrument (0D limit 7.5 mm in Westinghouse and Babcock & Wilcox PWRs)

a larger signal is desired than can be achieved by pure radial heat
flow. In this case axial heat flow is established, as:

]
#—-1,41

4 Thot ;

§ 5
! *Teo1d

vacuum

Ideally, the annular space would be totally evacuated thus allowing only
radiation heat losses to occur across the gap. These are, however,
negligible below 500°C Thot' In such a case the temperature profile is:

Thot : "
L 2
Temperature | . gL
: *
" 0
]
" l
) | cold
|
Tcoolant - : ! I\
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where q is the volumetric heat generation rate and k is the thermal

conductivity in appropriate units. There are two practical consider- |
ations that led RGT designers away from this “"ideal" design:

1. A cold junction located at T1 would have to be very accurately
located, for sensor reproducibility, because it is in the region of
steepest temperature gradieni. Thus, the cold junction has been

conduction (as described on the previous page) and the axial temper-
ature distribution is flat. The signal aT from an RGT with vacuum

|
\
|
moved to a point where its temperature is dominated by pure radial
in the annular space would thus be:

2
L
aT signal = gr‘ (1) - Teord)

where the second term gives a small addition to signal from radial
heat flow that is also linearly proportional to q.

2. Stainless steel jacket tubes are permeated rapidly by hydrogen in a
PWR environment and hydrogen is an excellent heat conductor. Thus,
all practical gamma thermometers of stainless steel have used inert
gas (argon) filler. The "price" for this is a 15 percent heat loss
through the gap. The benefit for it is that the presence or absence
of small amounts of hydrogen negligibly affects gap thermal conduc-
tivity.

The time response of practical PWR RGTs (sensitivity of 40°C/W/g of
heating) is thus composed of two components, that of the cold junction
(~2 sec.), and that of the hot junction (~17 sec.), i.e.,

Signal
?\\\ oling of cold junction keeps signal
Quick cooling of cold junction keep
1.0 4 X up in this period

I

: " Signal in this period is domipated
- by time constant associated with

g the hot junction
0




The difference in these two time constants leads to their easy separa-
bility in the plunge testing type of calibration to be discussed in
Section 3.1.2.1. It need only be stated here that signal response to a
step change in power or coolant temperature (with power zero) is uniquely
related to the real sensitivity (aT vs W/g) for all gamma thermometers,
as will be shown.

The practical departures from ideal construction (argon fill instead of
vacuum), variable conductivity of steel vs temperature, variable conduc-
tivity of argon with temperature, location of the cold junction making a
2-dimensional thermal distribution, etc., have led to the development and
use of a computer code, which is designated as RADCAL/THERMAL, to predict
accurately the signals received during electric calibration, plunge test
or transient calibraiion, and in-reactor heating. The primary use of the
computer code is in the prediction of response to transient type calibra-
tions and to appraise the . ~sitivity of the instrument to manufacturing
tolerances and nron-idealities of various kinds. The accuracy with which
electric calibration results can be predicted by RADCAL/THERMAL is
strongly dependent on the accuracy to which the properties k (thermal
conductivity) and r {electrical resistivity) are predetermined for both
the jacket tube and the core rod of the RGT being tested.

3.1.1.1 Relationships of Real Sensitivity, Indicated Sensitivity, and
Response Times for Simple Systems

Definition of Sensitivity:

The RGT and some earlier gamma thermometers employ difference thermo-
couples (DTC) which cannot be easily calibrated in isothermal baths
(i.e., they always give a zero signal). The variation in signal response
for a given aT between the junctions would be expected to be on the same
order as that for two remotely connected standard type K (chromel-alumel)
thermocouples, = 1 percent.
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In considering gamma thermometer sensitivity (aT per W/g of sensor
material) it is important to distinguish between what the applicants
refer to as the "real" and "indicated" sensitivities of the sensors:

Sr = real sensitivity - true sensor aT per W/g of heating

uV signal from DTC
standard uV/°C

Si = indicated sensitivity = per W/g of heating

This distinction is important because the transient methods of calibration
(i.e., where time response is measured to yield sensitivity) give only the
real sensitivity unless very special measures are taken. On the other hand,
Si’ the indicated sensitivity, is that which must be used by the reactor
power distribution system,

It is possible to manufacture RGTs whose real sensitivities to heating are
within * 0.5 percent with good process control, and the measured time
responses will so agree. When the same units are directly calibrated by
Joule testing (12R heating) the indicated sensitivities, Si's are

measured and the achievable standard deviation among sensor calibrations
increases to 1.0 percent. This is a direct measurement of the variability
in signal of the differential thermocouples. Electrical calibration methods
are accurate to at least + 3.8 percent, 20, at the present state-of-the-art
and are being improved with a target accuracy of 1 percent in the RWE
prototype program.

Aproximute equations for the real AT of a PWR Gamma Thermometer RGT

Real AT (with vacuum in gap):

where: aT = ideal real temperature difference with axial conduc-
tion only
= heat rate, watts/cm3
L = half length of the sensor, cm
k = thermal conductivity, W/ C-cm
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Gap Conduction:

In the practical case there will be heat loss by conduction (though
radiation is negligible) across the gas gap. The radial heat loss can be
appreximated by:

2n k L ATA

Qleakage % ___59__

2
]ﬂa:—
i

where:

Qleakage - heat loss by radial conduct1on,.watts

kg = thermal conductivity of gas, W/ C-cm

d2 = inside diameter of jacket tube, cm

d1 = outside diameter of sensor, cm

ATA = average temperature difference between jacket
tube and sensor. Can be taken as 2/3 aT sensor

L = half length of RGT sensor, cm

Real aT with Gas in the Gap:

When radial gas gap heat conduction is combined with axial conduction
along the sensor:

aT = 9
signal ZRS , 20 : kg

"

d
N 2

1
where both k_ and kS are somewhat temperature dependent and an
iterative solution of ATS is required. For type 316 ss and argon gas,
the properties normally used are:

K
Tref n Tref
316 stainless steel  .131 W/em-"C 10X10™'/°C  20°C

argon .000164 .00267 0°C
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and for other temperatures:

Ky = K [1 *a (T—T )]
T Tref ref

The above equation embodies the approximation that the effective aT
across the gas gap is 2/3 of the sensor aT. This is accurately true only
where the axial temperature distribution is truly parabolic.

Gamma Heat Absorption:

q = 16.03 ¢y Ey. x 10-14
P

where: q = chm3

®y= no. of photonslcmz-sec.
Ve = absorption coefficient for energy E
E = photon energy in MeV

p = density g/cm3

The effective gamma energy is sometimes approximated as 1.5 MeV. For 1.5
MeV radiation uc for most materials is about 0.02/cm. Using these two

P

approximations the equation may be rewritten:

q=11.7 ¢ o x 10715

Since a flux of 3.8 «x 105 photons/cmz-sec of 1.5 MeV energy is 1 R/h
the equation may be expressed as:

Qq=4.6pr x 10-9

where:

r = the field in R/hr.




3

Having measured q = 11.9 W/cm™ in a PWR, the approximate radiation

field is thus 3.3 x 10° R/hr.

Neutron Heating

-- fast neutrons

Cnergy from collision from fast neutrons is:

q = 16.03 %o > Ex 10-14
(A+1)
where:
q = Nlcm3

® = flux in n/cmz—sec
og= elastic scattering cross section
?-25;7 = fraction of energy transferred to the target atom
A+l
A = atomic weight of the target atom

E = energy of the neutron group, MeV

The amount of heat from fast neutron collision is less than 1 percent of
the total and fast flux is directly proportional to fission rate.

-- Neutron Capture

The heat from neutron capture must be calculated for each material and
for the spectrum at hand. Heat from n, a and n, 8 reactions in the

sensor is, however, negligible.
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Heat from n, vy Reactions in Sensors:

q = 16.05 ¢y € f x 1071

where:

= chn9

neutron flux n/cmz-sec

absorption cross section

energy of y ray given off

probability of self-absorption of y ray

e o
"

m =
"

The self-absorption factor for internally generated gamma rays in a thin
rod is:
f = 1-3 ur

where: u = linear absorption cross section
r = radius of rod in cm

Since the absorption cross section for neutrons varies greatly with
energy the neutron energy distribution must be known. For the Westing-
house PWR neutron spectrum CEA has calculated that an average of 7.4
percent of total g comes from these neutron reactions (see Section 3.2)
inside the sensors.

Time Response

For a gamma thermometer with no radial heat losses the response time Tis:

CpLz

T

where:

v = time constant in seconds
C., = heat capacity of thermometer material, W-sec/°C

p
p = density
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L = half length of sensor
K = thermal conductivity in W/cm-"C

Relationship of t to Real Sensitivity (no gap losses)

By combining the equation for sensitivity (aT) and that for T, one
obtains:

2
Sr - 4%9 - %F' and
Co l.2

T= -g-r— and

S = -g— , where S_ is the real sensitivity, "C/W/g
P

This relationship suggests how step changes in either power or in coolant
temperature could be used to determine Sr if the gamma thermometer
employed ideal axial heat flow, i.e., no gap losses. In fact, the
relationship is very general between T and S and computer studies with
RADCAL/THERMAL (next section) show that the relationship holds over large
ranges of gap size and conductivity and is independent of various dimen-
sional parameters (see Section 3.1.1.3). Only the specific heat controls
the ratio of S/T until the gamma thermometer is made so fast acting that
the outside coolant film heat transfer coefficient (normally greater than
2 Wiemt-"¢) begins to play a role.

To determine the very important Si’ indicated sensitivity, from plunge
tests the exact temperatures of the bath must be known. The real sensi-
tivity, back-calculated from the time response to a step change (e.q., a
“plunge" test changing coolant temperature) would be the same whether an
iron-constantan or a type-K DTC had been inserted to sense temperature.
Non-idealities of the measuring DTC cannot be determined from T alone,
and plunge tests designed to measure indicated sensitivity must contain
provision for quantification of both amplitude and response time (Section
3.1.1.3.5).
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3.1.1.2 Computer Model for Determining both S, and T: RADCAL/THERMAL

Although the equations presented in the previous section enable an
approximate calculation of instrument sensitivity and time response, it
is necessary to have a more extensive computer code tc interpret alterna-
tive ways of calibrating the instrument and to make detailed studies of
different design options. For these purposes, the RADCAL/THERMAL code
has been developed. The code solves the heat transfer equations in space
and time using a finite element method and integrating in time by the
Euler method. The code has been written in standard FORTRAN-IV language
and is available to NRC staff upon contact with Scandpower.

Geometrical Description

Figure 3.1-2 shows how the RGT sensor is spatially divided in the
RADCAL/THERMAL code. Axially the sensor is consideraed to consist of
three distinct regions, the upper sink region, the heater region, and the
lower sink region. The heater region consists of the outer jacket tube,
the gas chamber, and the core tube with cable pack. If axially symmetric
conditions have been assumed, the code calculates the temperature distri-
bution in the upper sink region and half of the heater region, as the
symmetrical part is thermally identical. If asymmetric conaitions are to
be considered, (i.e., different heat transfer conditions in the upper and
lower sink regions), the code calculates the temperature distribution in
all three regions.

Each of the three main axial regions can be divided into 90 axial ele-
ments.

Radially the sensor is divided into 11 annular regions. The jacket tube
is divided into two annular rings designated radial elewents 1 and 2.

The sink material corresponding to the chamber thickness is divided into
another two parts, called radial elements numbers 3 and 4. The heater
tube, and corresponding regions of the sink, are divided into three rings
called radial elements numbers 5, 6 and 7.
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The centrally located cable pack is treated as four regions. The peri-
pheral thermocouples constitute regions 8 and 9. Here the sheath of the
cables is region 8 and the insulation with the lead wires, region 9.

The central cable (thermocouple or heater) is treated as region 10 and
11. The sheath is the region 10 and the insulation with the wires,
region 11.

The heat transfer between regions 8 to 11 is described by contact area
and heat transfer coefficient inputs.

Mathematical Formulation

The code is two-dimensional in the sense that rotational symmetry around
the axial center line is assumed. The differentiai neal transfer equa-
tion is therefore formulated for rings as sketched below where four heat
flow components are considered:

Qown ¥ ’,,—""—_——-___-_--5"“~\\\\

Dut
->

Q,, / /‘\

" Qup

The equation is written:

dT.
j
Moo 0up * Qgown * %in * Qout * Oheat
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here:
M
T

i = thermal capacity of the element (volume x p X Cp)

i
Qheat =

= temperature of the element
heat generated within the element (electrical
heating or nuclear heating)

The heat conducted from the neighboring elements is calculated using the

equation:
AeaT
Badiadilr
where:
k = thermal conductivity
3 = contact area between neighboring elements

al = linear distance between the centers of the two
elements

AT = the temperature difference between the center of the
neighboring element and the center of the element
considered

In cases where discontinuities exist on the border between two neighbor-
ing elements or where the neighboring element does not exist, other heat
transfer equations are used. In the following, some of the more special
calculations of heat transfer are shown:

Heat Transfer from Radial Element No. 1 to Coolant

RADCAL/THERMAL was designed for situations where the mode of cooling is
forced circulation by subcooled water flowing longitudinally along the

RGTA surface.
The equeation:

o = 0.023 X ReQ*8 x Pr0*%  (Nu = Nusselt number) is
assumed to apply.
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The non-dimensional Prandtl number, Pr, has the value of 0.97 at 300°C.

The non-dimensional Reynolds number is given by the equation:

Re = —em
1%
where:
o = water density
v = coolant flow rate, typical value = Z m/sec

= hydraulic diameter for the coolant flow passage
outside of RGT (typical value = 0,003 m)
" = dynamic viscosity of the coolcnt water (typical value
at 300°C = 0.91 X 10~ kg/m-sec)

With the above values the following value for Reynolds number is obtained:

eVD  _ 712 X 2 X 0.003

Re = =2
u 0.91 X 10

46,945

Using the relationship:

: HD
Nu Sr

Where:
H = heat transfer coefficient on the water cooled s'rface
k = thermal conductivity of water (0.54 W/m-"C at 300°C)

The heat transfer coefficient H then becomes (at 300°C):

H Nusk
= 77—
0.8

= 0.023 X Re’*8 x pr
= 2.2215 W/em-"C

0.4 4 v/p
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Heat Transfer from Radial Element No. 3 to Element 2 in Sink Region

A temperature step could conceivably exist at the border between radial
region 3 and 2. The sheath and core rod material are drawn down, not
welded, together. Various RGT fabricators have, in the course of process
development, applied a range of "draw-down" ratios in final assembly.
Reduced inter-molecular bonding during draw, or impurities in the gap,
could produce detectable thermal and electrical gap resistance. The
equation used is:

Q . (TEMP(3) - TEMP(2)) X P3 X DL
out D3 - 04) , 1T - 03
X COND HTA X CON

The diameters D1, D2, D3 . . . are defined in Figure 3.1-2 and P3 is the
contact perimeter. The first term in the denominator represents the
resistance to heat flow from the center of element 3 to the boundary.

The second term in the denominator represents a possible resistance at
the boundary, and the last term represents the resistance from the
boundary to the center of element 2. The heat transfer coefficient at
the boundary, called HTA, is an input which can be varied for each of the
three axial subregions in the sinks (Figure 3.1-2) to investigate how a
variation in the contact situation would influence the measured aT.

Heat Transfer Across the Gas Gap (from Radial Region 5 to Region 2)

Heat is assumed to be transported by two parallel and independent mecha-
nisms:

-- by conduction across the stagnant gas in the gap

-- by radiation across the gap

The equation for the conduction is:

(P4 X DL X (TEMP(5) - TEMP(2))

R (- 03 - 15 72 - 03
4 X CONDA é‘i‘fﬁiﬁt Y TXcon
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The first term of the denominator represents the resistance to heat flow
from the center of radial element 5 to the surface, the second denomi-

nator term represents the resistance over the gas gap and the last term,
the resistance from the inner surface of radial element 2 to its center.

The equation for the radiant heat transfer is:

o - P4 xoLxRAocons x ((LELZ273)8 - (T(2) 2738

Where:

0.0005672
RADCONS = I 7%

s * 03 X (e 1)

EMIS is the emissivity of the two surfaces, and is an input value. It
takes values between 0 and 1, where 1 means a non-reflective surface.
The range expected in RGT is 0.2 - 0.4, but the exact value is unimpor-
tant below 500°C operating temperatures.

Heat Transfer from Radial Element 8 to 7

This is the transport of heat from the cladding of the outer thermo-
couples (usually 6) to the inner surface of the core rod. This is
treated as a possible temperature step occurring where the sheath con-
tacts the core rod, using the equation:

G _ P8 X DL X (TEMP(8) - TEMP(/))
out T, 0/ 8
HTB ~ & X CONDA

The total contact perimeter is input as P8 and tte heat transfer coeffi-
cient as HTB. Different values for HTB can be input for various axfal
regions.

3.1-16



Meat Transfer from Radial Element 9 to 8

Radial region 9 is the insulation material together with the thermocouple
wires of the outer thermocouvples. There is also modelled a possible
temperature step at the contact boundary, calculated by the equation:

Q = P9 X DL X (TEMP(9) - TEMP(8)) X HTC

out

P9 and HTC are input.

Heat Transfer from Radial Element 10 to 8

This is calculated by the equation:

oout = P10 X OL X (TEMP(10) - TEMP(8)) X HTD

where P10 and the array HTC are input.

Heat Transfer from Radial Element 11 to 10

Radial element 11 represents the insulation .aterial and thermocouple
wire of the centrally located thermocouple. The possible temperature
step on the contact surface is calculated by the equation:

Qout = P11 X DL X (TEMP(11) - TEMP(10)) X HTF

where Pil1 and the HTF ar-ay are input.

Heat Transfer from Radial Element 10 to 7

A heat transfer path from a centrally located body represented by element
10 over to the surface of the core rod is allowed for. This is computed
by the equation:

Q = P12 X DL X (TEMP(10) - TEMP(7)) X HTG

out

where P12 and the array HTG are input.
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Heat Input

Two options for heat input exist, nuclear heating (by gamma rays) or
electrical heating. In the case of nuclear heating, the heat rate in W/g
of material is directly input. For electrical heating (i.e., calibra-
tion), the total current, I, is an input. In the heater region the
current splits between the coure and the jacket tube. The split is
calculated based upon the input resistivity of the core part and the
jacket tube in the heater region.

When calculating the resistances, the coolant temperature (Twater) is
used to represent the sheath temperature, while the core temperature is
calculated as:

~N

Teore = Tsink * 3 (Tax - Tsink)

where:
Tsink' temperature of sink at beginning of heater
Tmax = temperature in the center of the core

The radial element no. 6 is chosen to represent the temperature of all
radial el!ements for calculating resistance. This is a good approximation
because radial temperature profile is flat in this region,

As a special option of the code the central thermocoax cable (radial
element 10 and 11) can be treated as a heater element with linear heat

rating (W/cm) given as an input.

Method of Solution

The code starts by assuming that all elements have temperature equal to
the coolant temperature. The heat input is then stepped up to any
specified value and the temperature rise of each element is calculated
for short time steps. Initially there is no heat flow as all elements
are at the same temperature, but gradually temperature differences build

up and heat flow increases.
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Figure 3.1-3 shows an array of the input data to the model and Figure
3.1-4 shows the calculated steady state temperature distribution.

Use of the Modce]l to Predict Electrical Calibration Results

The electrical calibration of the RGT sensor is predicted by simulating
power steps with the code. This means that the electrical current is
switched on and the code calculates the temperature response. The real
sensitivity is found by dividing the final, steady state temperature
difference, aT, (between hot and cold junction) by the final heat input

(W/g).

Both calculation and experiment have shown that there is an almost
perfectly linear relationship between real aT and heat input, and th.t it
is not necessary to calculate the sensitivity for more than one value of
the power step.
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In the sketch below is shown how the RADCAL/THERMAL results are converted
into the calibration curve as obtained during direct electric calibration
of the RGT sensors.
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3  Electrical Heating

3.1.1.3 Application of the Model RADCAL/THERMAL

3.1.1.3.1 Predicting Electric Calibration Results

Figure 3.1-5 shows how tiie RADCAL/THERMAL code was used to predict the
low temperature (11°C coolant) electrical calibration of the EdF proto-
type, Canne no. 6, in the Intertechnique test loop. Table 3.1-1 shows
the scatter of the individual RGT sensor mean sensitivities with respect
to the overall mean (40.65), and the standard deviations of the eight
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data points from which each RGT mean sensitivity was determined by the

method of least squares.

From the calculations, the steady state nominal value of the temperature
difference is 40.38°C with a power input to RADCAL/THERMAL of 1.017 W/g.
This gives:

S, = Real Sensitivity = 22:38 _ 39,71 *c/u/g
1.017

The average indicated sensitivity, Si' for the RGTs in this assembly
was:

S; = 40.65 C/W/g with ®asans * 2.64 percent

Experimental values for 90 RGTs in 10 French prototype assemblies are
given in Table 3.1-3.

The overall average (low coolant temperature) sensitivity for the 90 RGTs
tabulated was 40.87 °C/W/g. The approximate equations given in Section
3.1.1.1 give 40.31 °C/¥/g for the nominal EdF type RGT (26.0 mm long
sensor, 0.4 mm thick argon gas gap).

It can be seen from Tables 3.1-1 and 3.1-3 that the variation among
sensors is considerably larger than tne scatter of calibration data for a
single sensor. In prototype no. 6, for example, the RGTs exhibit .iean
sensitivities that differ by 2.64 percent (standard deviation of the
means) while the eight data points (i.e., increasing electric calibration
current) scatter around the best fit (least squares) line by standard

deviations ranging from 0.11 percent (RGTs 4, 5, 6 and 9) to 0.21 percent
for RGT no. 8.

Sensor-to-sensor mean indicated sensitivity variation has two main

sources: First, the variation in Seebeck coefficient of the difference
thermocouples is estimated to produce a 2 percent (:20) variation in
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signal for a given aT. Second, the variation in gas gap thickness
between the sensor and the jacket tube is estimated to be +0.1 mm (20)
resulting from variations in "as-made" jacket tube dimensions. This gap
variation alone accounts for *4.6 percent (*2¢) variation in real sensi-
tivity among chambers. These two variationc alone account for much of
the range of inter-sensor variation.

The RGT also has potential for “trimming," or tuning out, the intersensor
variation mechanically. So far, this has not been practiced, because
"as-made" variations were small. Several methods fcr such "tuning" have
been developed.

The two key properties of the materials of construction (i.e., for
prediction purposes) are thermal conductivity and heat capacity. These
properties can vary substantially among various types of stainless steels
and within types according to chrome and nickel content. A good predic-
tion of sensitivity therefore depends upon good characterization of these
parameters. Values normally used for high quality type 316 ss are:

0.131 W/em-"C at 20°C

10x1074/°C in Ky = kyg(1 + a(T - 20))
0.51 at 100°C

3.9x107%°¢

e O 8 x
n

For very accurate prediction of calibration sensitivity, the values of k
and Cp for the material actually in use can be measured.

For proper interpretation of electrical calibration resuits the resis-
tivities of the core rod and jacket tube must be very accurately measured
to enable accurate calculation of the current in the sensor (i.e., for a
given total current) and for calculation of the power, W/g

2
from (1 sensor X Rsensor)‘

EdF has commissioned a complete study of the sources of variation in both
manufacture and electric calibration, Reference 3-(44), and has concluded
that, with their present techniques (i.e., used by Intertechnique after

manufacture and EdF in the high temperature and pressure loop), the
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absolute combined error which could exist in power determination (W/g),
is 1.9 percent at the lo level (68.2 percent confidence level), and the
relative error in such power determination (i.e., W/g of any one data
point to any of the others) is 0.45 percent at the lo level.

These accuracies are not fundamentally limited and could be improved by a
factor of at least two if the economic incentives existed to do so.

Section 3.1.2 presents alternate methods of experimental determination of
RGT sensitivity that are purely thermal and hence not subject to the
uncertainties in the direct electric calibration that arise from uncer-
tainties in electrical resistivity measurement. For the ORNL test
specimens (Section 3.4.1), multiple calibrations of both electrical and
pure thermal types were employed.

3.1.1.3.2 Conversion of Electric Calibration to Nuclear Calibration

gExamglesl

In principle there is no difference between heating the gamma thermometer
electrically or by gamma irradiation. The sensor output will be a
temperature difference between the hot and cold junctions caused by heat
generated within the core part of the sensor (core tube and cable pack).

The heat generation is, however, slightly differently distributed in the
two cases.

In the ~uclear case, the same heating in W/g is developed in both the
core tube and the cable pack (sheath and insulation), and is temperature

independent.

In the electrical case, there is no heating in the insulation and leads

of the thermocouple. The effect of this difference upon Si at a
particular W/g is quite small because the product of the area and the
thermal conductivity of the insulation and leads is small. The aT
calculated by RADCAL/THERMAL is only about 0.15°C lower in the electri-
cally heated case than in the nuclear, at 1.0 W/g.
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The cold junction temperature will be about 2°C higher with nuclear
heating, at 1.4 W/g, than with electrical heating. This is because, for
an electrically generated sensor heat rate corresponding to a given value
of gamma heating, the heating in the sink region is lower than that in
the sensor. (In nuclear heating the heat rate in the sink is the same as
in the sensor.) This is because the electric resistance of the sink
region is lower than that of tk heater section. The controlled variable
is the total current. When this is so adjusted that the heating in the
core part corresponds to a particular rate of gamma heating in the
sensors, the sink heating is lower due to its lower resistance. Model
calculations show that for a 1.4 W/g heating in the core, the sink region
heating is 0.9 W/g.

The difference in sink heat rates (i.e., between electrical and nuclear
cases) is shown, however, to have no significant influence on the mea-

sured signal for a given W/g in the sensor.

3.1.1.3.3 Predicting Time Constants from a Step in Power

From the calculated response of the RGT to power steps, time constants
can be extracted for comparison to test data. Time response is closely
related to sensitivity, as explained in Section 3.1.1.1, and is free of
the uncertainties of electrical resistance.

Figure 3.1-5 shows that the response curve is that of a higher than first
order system. If the response is approximated by a second order system,
the response can be expressed in the time domain as:

T T
AT = aT_ (1 + -l:—— e"t/T 1~ _2:_ o ’t,TZ)
b gt ™1

Where Tys Tp = time constants
aT = final, steady state value
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As T >> o the response can be approximated for t > 10 sec. to

T
2 ét/ TZ)

AT = ATw (1 -
Tz-Tl

and this equation can be transformed into:

T
n (1 - %;;) = - %I -1n (1 - ;%

In Figure 3.1-6 this equation has been plotted using the response value
from Figure 3.1-5. From the slope and intercep’ of the plotted curve the
time constants are found to be:

Ty o= 2.1 sec.
Tz = 17.8 sec.

The average of the "measured" time constants, i.e., Tz's. reported for
the EdF prototypes in Table 3.1-3 is 17.27 seconds.

3.1.1.3.4 Relationship of T to Sy for RGT's

From the expressions for the real sensitivity and time constant derived
in Section 3.1.1.1, it can be shown that for simple geometries these two
are related as:

Real sensitivity 1
Time constant C;

where:
Cp = specific heat of gamma thermometer material
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To check how this applies to real systems, RADCAL/THERMAL has been used
to do calculations in which different basic parameters have been varied
relative to a reference condition. The variations studied have been:

-~ heater length

-- gas filling and emissivity of chamber inner surface

-~ thermal conductivity of steel

The results of the calculations are shown in Figure 3.1-7.

From this figure it is seen that there is a linear relationship between
real sensitivity and dominant time constant, Ty, Over large variation
ranges and that this applies independent of which parameter has been
changed.

Since the slope of the linear part of the curve is the reciprocal of the
specific heat of the gamma therm neter material, the sample curve is
valid for cases where no changes in specific heat take place. This means
that the sample curve shown would not be used, for example:

-~ for high temperature cases (300°C) (Cp varies by ~ +12
percent from 20°C to 300°C for type 316 stainless steel)

-~ for gamma thermometers of different material (e.s.,
zircaloy)

The curve shown is constructed in such a way that to obtain the real
sensitivity of a gamma thermometer from its time responses, the curve
must be entered with the two time constants of the response signal. The
difference in sensitivity obtaincd from the curve for the two time
constants is the real sensitivity of the gamma thermometer. An example
is shown of how the sensitivities fcr Canne No. 4 to 8 can be obtained
(see calculated time constants in Section 3.1.1.3.2). Determinations »f
Sr made in this way are deperident only on the least variable of the
physical properties (i.e., Cp) and independent of the values of either
thermal conductivity or electrical resistivity.
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3.1.1.3.5 Predicting Response to Plunge Testing

In plunge testing the sensor is in thermal equilibrium at one temperature
(e.g., in an ice bath of 0°C) and then suddenly is moved to another
ambient temperature (e.g., boiling water at 100°C). As the two junctions
of the difference thermocouple will reach the new, steady state temper-
ature at different rates, an intermediate output signal is obtained from
the sensor while it is stabilizing at the new temperature. The measured
output signal contains information about the time constants and the
differential thermocouple calibration for a particular sensor.

The plunge test response can be predicted by the RADCAL/THERMAL model.

In the calculations, the coolant temperature is changed in a step corres-
ponding to the difference between the two temperatures of the baths used
in the plunge test. In Figure 3.1-8 is shown, as an example, a predic-
tion made by RADCAL/THERMAL for the response of a specimen used in the
plunge tests at ORNL. From the measured plunge response, the time
constants of the gamma thermometer can be caiculated. By approximating
the thermal behavior of the sensor by a second order function, the
response can be expressed in the time aomain as:

-t/T -tT
AT = ATw (B e t l1+Ae t/ 2)
where:
ATw = temperature step in plunge test (difference in bath
temperatures).
A and B are constants calculated from test data along with

Tl and 12.

From the evaluated time constants the sensitivity of the gamma thermo-
meter is found using Figure 3.1-8 as explained in Section 3.1.1.3.4.
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Separating Speal from Sindicated

In the model calculations it is the real temperature of the gamma thermo-
meter that is predicted. This leads to the notation "real sensitivity."

In the measurement the temperatures found are those "seen" by the thermo-
couple. Depending upon variations in the difference thermocouple sensi-
tivity (uV/°C) the measured, or "indicated" sensitivity of the gamma
thermometers may vary although the real sensitivity is constant. (An
iron-constantan difference thermocouple would yield the same "real
sensitivity" from time constants as a chromel-alumel one. The indicated
sensitivities however would differ by 20 percent in uV signal per W/g.)

Special control of the plunge testing makes it possible to determine both

the real sensitivity, Sr' and the indicated sensitivity, Si' In

order to take variations in the thermocouple calibration into account,
the equation above should be formulated:

T = aT, f (8B e't/TZ + A e'tlti)

where:
f = ratio of actual thermocouple sensitivity to nominal
(handbook ) sensitivity (NBS 25 for type K thermocouples is
used in all RGT work).

Variation in f will only shift the response curve up or down, but not
alter the shape of the curve. The time constants are not changed by
thermocouple characteristics.

If, therefore, ATw is well controlled and accurately measured, the
value of f can be determined by comparing the response obtained to the
response predicted for the actual ATw, A, B, Tl and Té.
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f>

AT

When f is known, the indicated sensitivity of the gamma thermometer is
directly found from the real sensitivity as:

3.1.1.3.6 Sensitivity Studies of Manufacturing Variables

The RADCAL-THERMAL model has been used to do studies of the sensitivity
of aT to variations in design parameters. Such studies are useful for
the optimization of the sensor design, specification of manufacturing
tolerances, and establishing uncertainty. Studies of this kind are
represented by the calculations made for the French prototypes (see
Section 3.1.1.3.1). In this particular study the effect on AT from
variations of the following parameters were evaluated, Reference 3-(37):

-- length of chamber
gas chamber inner and outer diameter

- fill gas thermal conductivity
-- steel thermal conductivity
- hot junction location displacement
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The following results are extracted from the study:

Chamber Length Variations

The chamber length was varied *2 mm around the riominal length of 26 mm.
The effect on aT is shown in Figure 3.1-9.

For the chamber length studied, there is a linear relationship between aT
and chamber length. The simple formula for aT, neglecting gas gap heat
transfer, says that aT is proportional to L2. Gas gap conduction will
“straighten out" the relationship, and for very long chamber lengths, AT
will be independent of L (most heat goes through the gas gap). In the
sketch below the relationship of AT to L is indicated.

AT

\

All heat through gas gap

Simple
Linear equation

Chamber Length, L

It is no problem to maintain manufacturing tolerances that make the
chamber-to-chamber variations in aT due to length differences negligible.

Hot Junction Location Displacement

Figure 3.1-10 shows the axial temperature distribution along the sensor
near the thermocouple hot junction. It is seen that a displacement of
the hot junction by 1 mm would change the aT (indicated sensitivity) by
0.37 r 0.8 percert.

" + chamber is machined after locating the hot junction by X-ray, it
ble to hold tolerances on the distance from the junction to the
ter to closer than +0.25 mm. This is a factor of 4 smaller than

indicated in the figure (i.e., ~ 0.2 percent).
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Gas Thermal Conductivity Variations

Calculations have been made assuming the gas space being:

-- evacuated to 107° atm.
-~ argon filled
-~ hydrogen filled

The results of the calculations are shown in Figure 3.1-11. As seen from
the figure, evacuation to below 10'6 atm. gives a substantially higher
sensitivity than argon filling does. Hydrogen filling, on the other
hand, would greatly reduce the sensitivity of the sensor. Thus, a
drastic shift of sensitivity would occur if the sensor was initially
evacuated and made from stainless steel. Diffusion of hydrogen molecules
through the stainless steel sheath into the gas chamber would, after a
relatively short time, give a sensitivity corresponding to hydrogen
filling. An evacuated sensor, made from Zircaloy (which is hydrogen
impervious) has been tested at ORNL (Section 3.1.3.4) in the Oak Ridge
Research Reactor.

It is a peculiarity of the thermal conductivity of mixed gases that,

while the presence of 10'6 to 10'4 atmospheres of hydrogen by itself

in the chamber space would drop the signal drastically, the same quantity

of Hydrogen in the presence of 2 atmospheres of argon has no deleterious

effect on gas gap conductivity, which is dominated completely by the

argon molecules. The conductivity of the gas gap is independent of argon
-4

pressure over a range of 10 ° to 10 atmospheres.

High gas gap conduction is undesirable for several other reasons: 1)
temperature changes gas conductivity more than it does that of stainless
steel; 2) gas properties are the least stable of those properties for
which high stability is sought in gamma thermometers - the larger the
percent gap conduction, the less certain the long term stability; and 3)
gas gaps can be contaminated. Accordingly, very strict process controls
on the argon gas fill have been developed for RGTA manufacture.




The figure also shows the effect of steam or air filling in the gas gap.
Leakage at PWR conditions would result in the chamber being filled with
water. Because the thermal conductivity of water is much higher than
that of steam, the resulting AT would become so low the signal would
disappear. It has been shown to be easy to detect such water leakages.
To date investigations have shown only such "hard failure" mechanisms for
RGTs. These are much to be preferred to "soft failures” in which it is
difficult to tell whether a reading is true or faulty.

Chamber Inside and Qutside Diameter

The gas gap thickness is the most difficult of the RGT critical dimen-
sions to control accurately because the final manufacturing step (i.e.,
drawing or swaging the jacket tube onto the core rod) produces some
extrusion of jacket tube material into the nominal chamber cavity as:

7. 52 7.30 OD

///

N \F;'; i I N
NN T\

Because the jacket tubes vary somewhat in wall thickness and draw ries

wear out, the distance to which this extrusion occurs is somewhat non-
reproducible. For example, for EdF specimens having a nominal gas gap of
0.5 mm, highly magnified photo cross sections of several RGT sensors
destructively examined show a mean value of actual gas gaps of 0.40 mm
(0.1 mm less than nominal).

Such measurements, together with data from accuracy resistance measure-
ments of the completed RGTs, indicate that the expected +2¢ variation in
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gas gap thickness is + .10 mm around 0.4 mm (ncminal 0.5 mm). The * 2o

effect of this + .10 mm on real RGT sensitivity is * 1.6 percent for

chambers 26 mm long.

Effects of Variations in Coolant Velocity on Sensitivit

- e~ s 8

1
1
|

The coolant velocity in the instrument tubes of PWRs is in the region
1-2 meters per second. Experiments by IFA and tests by Intertechnique
and E on full scale prototype RGT assemblies show the sensitivity of

RGT sensors to be independent of velocity over the range from 0.5 meter

per second to 2.5 meters per second.

RADCAL/THERMAL calculations verify that the variation in sensitivity over
accuracy

(20) of +3/4 percent. e variatio ant velocity results in a

change of coolant film t rature o = The difference thermo-

couple junctions rise b most equal amounts and the AT remains

stant. The effect o of 3°C changes is limited t

A e \z [ _— . P | -~y -~ ~ -
produced by s absolute temperature change on conductances 1n

. - " ann® A .
RGT (i.e., percent for a 300 C change in absolute temperatu

The outside film coefficient can however effect the accuracy of plunge
test calibrations and good bath agitation must be provided.
Effects of Crud Deposi
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Non-uniform deposits, however, could render the heat flow asymmetric from
the RGT center line 3nd affect sensitivity.

In order to attack this scurce of uncertainty, several (i.e., ORNL and
RWE) RGT prototypes (sec ‘e~tion 3.1.3.4) are employing double difference
thermocouples which not orly double the signal strength, without increas-
ing t, but also eliminate possible error deriving from asymmetric heat
flow. This is shown by the illustration which follows:

1) Consider RGT with a single difference thermocouple:

]
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If heat flow is ideal (i.e., symmetric about center line), then
AT1efL = ATright and Tmax occurs at X = 0.

For average PWR conditions aT is designed for about 40°C by

signal
choosing appropriate L and the equation for Tmax - Tx is:

2 2
{ T N qx ST
‘Tmax Ty = Vi e ATsignal = o
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In this case the signal aT, T1 - Tz, becomes:

ql.2 + a0bL
*x Tk

and the power, q, is incorrectly calculated if the signal aT is used

without consideration of the additional term, S%E.

3) If one uses, however, instead of a single difference thermocouple, a
double difference thermocouple, as:

Ty 1,
T Cr — Al _, Cr 4
3o AL, o siga o7

Then the "signal aT" in the symmetrical flow case becomes:
AT = (T1°T2) + (Tl-T3) B 2(T1-T2), or 2(T1-T3)

NB! Signal is doubled without increase in chamber length.

For the non-symmetric heat flow case of 2) above, the signal AT becomes:

2 2
2 _a?
Taat = 29 = %

This is exactly twice the "true" theoretical aT for a single difference
junction in the symmetrical case!: The heat rate, q, is accurately
measured whether heat flow is symmetrical or not.
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3.1.2 Methods and Results of Experimental Determination of the Sensi-
tivity of RGTs

Plunge testing has been used as the basic workshop calibration technique
for classic SRP and HBWR gamma thermometers. In plunge testing the
specimen (without internal heating) is moved rapidly from one stable
ambient environment to another, making certain that outside film coeffi-
cients in the second ambient condition are high enough not to affect the
dominant heat transfer processes.

For example, the ORNL calibrations and post-irradiation recalibrations
(Section 3.4.1) have been done by plunging the specimens from a cold
water bath to a boiling water bath.

Halden calibrates their gamma thermometers by plunging from air to
boiling water. (Since absolute thermocouples, rather than difference
thermocouples, are used, the signal rises from 20°C to 100°C and stays
there.) The same test with an RGT starts with zero signal and ends with
zero signal. The shape of the response curves yields both hot and cold
junction time constants and by careful interpretation of the maximum
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amplitude of the response, indicated sensitivity c
terminal temperatures are accurately known:

an be obtained if both

start | terminal}]
position position
at time 0
S Pl T W N i W ot
cold boiling
bath ! baah
200C 100°°C !
. [ e Y
\ J
4.0 mv|™
~
-~
-~
. ~
negative %,
signal -
v W =
from RADCAL A0 f (Tc,Th,
T from this
Tcold from hot region
this region
0 mv
0
seconds after plunge into boiling water
3.1.2.1 Response Time in Plunge Tests

Plunyge testing of gamma thermometers has earlier been used as a manufac-
turing test and then mainly as a means to select sensors of very similar

sensitivity. For such somewhat rough tests (e.qg.,

thermometers), it has been sufficient to plunge the sensor from ambient

air to boiling water.
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In the irradiation program at ORNL the plunge test has been used to
detect irradiation induced changes in the gamma thermometers. An accu-
rate plunge testing program of the sensors is then necessary before and
after the irradiation.

The proposed experimental set-up for the hot lab plunge testing at ORNL
is illustrated in Figure 3.1-12. The gamma thermometer specimens were
plunged from a cold bath of 20°C temperature into a boiling water bath of
100°C. Sufficient mechanical agitation of the baths was provided for.

The selected direction of plunging was preferred because it is casier to
obtain a good surface heat transfer in boiling water (good, natural
agitation, higher Prandt] number).

A manipulator was used to obtain a well-controlled and reproducible
transfer from the cold bath to the hot bath. The manipulator was
designed for a transfer time less than one second.

Five of the 15 specimens tested at ORNL served as "library" specimens and
did not undergo irradiation. These specimens were used to "standardize"
the plunge test procedure and the experimental set-up. Prior to the
start of the calibration campaign, these specimens were used to determine
the accuracy and repeatability of the plunge test itself.

After the irradiation (July 1981), a new standardization was the first
part of the plunge test series, and again the library specimens were
used. The purpose of the test was to serve as a reference and verify
that the same results were obtained at identical conditions for the same,
unirradiated specimens one year later.

The data obtained during a plunge test were digitally recorded and
processed by computer.

It was expected that the indicated sensitivity of the gamma thermometer
could be determined with an accuracy better than 1.5 percent. The
determination of sensitivity from a plunge test response is explained in
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Section 3.1.1.3.5. The plunge testing as made at ORNL therefore makes
possible detection of irradiation induced changes in Si for the gamma
thermometers larger than 1.5 percent over the irradiation period (fast
test fluence corresponding to three years irradiation at PWR condi-
tions). For Sr. a one percent level of detectability of change was
anticipated (95 percent confidence). Reference 3-(39) gives pre-
irradiation plunge test calibration data. The status of the ORNL program
is described in Section 3.1.3.4.

3.1.2.2 Direct Electrical Calibration and Power Step Response

3.1.2.2.1 Reductions of the Uncertainty, o]

In contrast to the earlier designs of the gamma thermometer (Savannah
River, Halden) the RGT gamma thermometer can be electrically ca’ibrated
both at low temperatures and at temperatures corresponding to PWR condi-
tions (300°C). This out-of-pile calibration is a powerful attribute of
the RGT that serves to reduce the uncertainty o related to variations
in sensor design parameters and properties.

The low temperature electrical calibration is rather straightforward and
can be made by any well qualified workshop. Experimental rigs and
equipment required for this type of test are not elaborate.

The high temperature calibration requires a high pressure loop and is
presently possible at EdFs experimental facilities. Every RGT sensor for

reactor use is calibrated at both high and low temperatures.

Low Temperature Testing

In the sketch below is shown the principal design of the low and high
temperature loops as applied at IFA, EdF, TEC, etc. Electric current is
passed through the RGT string over the active length (where the sensors
are positioned). In all the calibrations so far DC current has been
applied.
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current meas.

The electrical current going through the RGTA is measured by the voltage
drop over a high accuracy shunt.

The current is adjusted by a variable resistance. The resistance is
normally a water cooled tube and the part of the tube entering the
electrical circuit is adjusted by moving clamps on the tube.

The RGTA is cooled by water having a velocity of 1-3 m/s. The inlet and
outlet temperature of the water is recorded.

Accuracy determination of the W/g of sensor heating can be attained by

use of individual voltage taps as shown. Alternatively, the pre-measured
sensor resistivities may be used.
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Data Recorded During Static Electric Calibration

The table below indicates the most important data to be recorded during a
direct electrical calibration of the RGT sensors. (In addition, dimen-
sions and electrical resistances must be known.)

Approx. Actual Voitage drop uV signals** n* To*
amperes amperes sensors 1 to n sensors (DTCs)
lton
1 2 3 1 2 3

30
60
90
120
150
180
210
240

* Tl and TO are coolant inlet and outlet temperatures respectively.
** The sensor signals are read as uV (or mV) and converted to nominal
temperature drop using the conversion factors for type K thermo-

couples from NBS 25.

Calculation of Indicated Sensitivity

The indicated sensitivity of the sensor is expressed as Si = ATi/P
where:

P = electrical heat dissipated per gram in the core of the
sensor (core and cable sheath).
AT1 = measured signal divided by standard conversion to
temperature at T I* T 0

—
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The heat generation is not directly measurable, but it can be calculated

from the formula:

total electrical current

mass per cm length of sensor (core *+ cable sheath) at
operating temperature

electrical resistance per ¢m length of sensor (core +
cable sheatn) at operating temperature

electrical resistance per c¢cm length of jacket tube

over sensor at operating temperature

Determination of Resistance

The resistances entering the formula are measured and corrected to the

actual temperature during calibration using the following formula:
W ¢ T=-T,))
a (.H 2/3 R)’
T )
a (T\N IR/)

resistances measured at reference temperature,

temperature coefficient of resistivity

coolant temperature

The two resistances are measured as follows:
RSO 1s measured on the core

the jacket tube is

1S me

-
JuU
drawing.




A check on the estimation of the resistances at reference temperature can
be obtained by measuring the resistance over the cha-ber section in the
completed sensor. This resistance should be the resultant of RSo and

RJO:

e - rso*Ryo

ch © Reg*Ry
As an example, the following values were found for one of the EdF-type
RGT specimens to be irradiated at ORNL:

RSO measured : 0.729 x 10'3 Q/cm

Ry Measured : 0.306 x 107 @/cm

Rch measured : 0.216 x 10'3 Q/cm

R, calculated : 0.2155 x 107> q/cn

For this case the combined resistance measurement checks the composite of
the two component resistances within 0.2 percent.

Determination of the Mass of the Core per cm Length

The mass of the core per c¢cm length is determined using the measured inner
diameter of the core chamber prior to mounting of the jacket tube. The
diameter is measured at several points and the average value is used in
the calculations. Destructive examination has shown that the diameter of
the sensor is unaffected by drawing on of the jacket tube.

Accuracies Obtainable from Direct Electric Calibration

The calibration of the French prototype RGTAs has shown that the indi-
cated sensitivity Si of a particular sensor can be calibrated relative
to all others with two standard deviations of 0.9 percent. The measured
standard deviation among 89 sensor sensitivities, as made, is 3.67
percent. Components of this are estimated to be: thermocouples 1 per-
cent, gas gap 2.3 percent, method 1.9 percent, material conductivity
(rod-to-rod) 1.9 percent; all * lo.
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High Temperature Calibration

In principle, the high temperature calibration is identical to the low
temperature one. The same set of data is recorded in the two cases. The
main difference is the demand on the test rig design due to the high
temperature (and pressures) involved. Figure 3.4-2 shows a sketch of the
EdF test rig used for the high t mperature calibration of the French
reactor prototype RGTs.

3.1.2.2.2 Calibration Results Obtained

IFA Bench Tests

Experimental investigations of the RGT gamma thermometer started with
bench tests at the Institutt for Atomenergy (IFA), Norway. In these
tests a specimen embodying two sensors was used. The gas chamber was
either air-filled or evacuated by a vacuum pump.

The objectives of the testing were to investigate:

electrical calibration of RGTs.

sensor stability (constant heating).

sensor reproducibility (power cycling).

thermal cycling (electrical heating without coolant to 450 C in sensor
body) .

influence of coolant flow and temperature.

In Figures 3.1-13 to 3.1-17 are shown sample results from the tests. The
sensors respond linearly to heat ratings up to a ractor of four higher
than those experienced at PWR conditions. The scatter of the measured

data is very low, Reference 2-(40).



Calibrations at EdF/Intertechnique

Description of Renardieres Test Loop

Figure 3.4-2 shows the high temperature test loop at Renardieres, and
Fjigure 3.4-3 shows the “"active" part of a full prototype stringer
mounted in the high pressure loop.

The operating range for the loop is:

Temperature : 30 - 300°C

Pressure : up to 155 bars
Coolant velocity: 0.5 - 4 m/s
Current : 0 - 255A

Description of the Intertechnique Test Loop

The Intertechnique company manufactures the French RGTAs and performs low
temperature, direct electric calibration of the sensors prior to delivery
to EdF.

Essentials of the Intertechnique test loop are shown in Figure 3.1-18.

The electric power is supplied by a high accuracy power supply.

In the Intertechnique case the voltage across the part of the assembly
installed in the loop is of secondary importance. The dissipated power
is calculated from the measured current and the measured resistance of
the sensors. The resistance is measured during manufacture of the RGTA
and is adjusted to the calibration temperature by applying the correction
formula given earlier in this section.

Low Temperature Calibration

Figures 3.1-19 to 3.1-27 show the results of the low temperature caiibra-
tion of the nine sensors of one of the French prototypes (canne no. 4).
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The signal varies linearly with heating power in the whole calibration
range (up to 3 times the average heat rating at PWR conditions). The
scatter of the data is very small. Table 3.1-3 shows the calibraticns
(Si’ T, o) obtained at low temperature for a number of French reactor
prototypes, numbers 3 through 12, and the five specimens made by
Intertechnique for ORNL. The average indicated sensitivity, Si’ for

the 89 chambers is 40.88 std “C/W/g. The lec variation in mean
sensitivities of the 89 chambers is 3.67 percent and the average standard
deviation for data from each sensor is 0.7 percent.

High Temperature Calibration

The high temperature direct electric calibration has shown the same
quality of results as those obtained at low temperature. This is true
both with respect to linearity and scatter of the experimental results.

Table 3.1-2 lists the results obtained for prototypes calibrated at high
temper  ‘ure.

Figure 3.1-28 shows calibration curves obtained for representative French
prototypes from high temperature calibration tests in the Renardieres
loop (see Figure 3.4-2). Calculations show that for all sensors shown in
Figure 3.1-28 the correlation coefficient is better than 0.9999, Refer-
ence 3-(16).

Data in Figure 3.1-29 show how the sensitivity of a sensor is lower at
PWR temperature than at room temperature. (This is predictable with
RADCAL/THERMAL.) Note that all PWR use of RGTs is in the relatively
narrow region of 300° to 340°C. For the 45 sensors reported in Table
3.1-2, the standard deviation of mean sensitivities measured at 300°C,
electrically, was 4.3 percent compared to the 3.67 percent o reported
above for 89 sensors on the cold calibration.
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Data Recording During Power Step

As a supplement to the static, direct electric2! calibration of the RGT
sensors, a dynamic measurement is made by switching on or off the elec-
tric current. From the sensor response, time constants can be calculated
as explained in Section 3.1.1.3.3.

The measured response is recorded on an X-Y strip-chart recorder and/or
by a computer system. To evaluate the time constants to the highest
accuracy, computer codes using regression analysis are applied. Graphic
analysis based upon logarithmic plots of the response curve provide
results with slightly larger uncertainties.

For the French reactor pratotypes (cannes 5, 9, 11, 12) such power step
determinations were made by the supplier (Intertechnique) with standard
deviations Dotween sensors in these rods of, respectively, 2.16 percent,
2.5 percent, 1.3 percent, and 1.48 percent. The standard deviations of
the means by direct electric calibration were, respectively, 3.6 percent,
1.42 percent, 1.43 percent and 1.58 percent. The average for a step
change was 1.86 percent and for direct electrical calibration 2.0 percent.

Interloop Comparisons

A very important proof of the accuracy and adequacy of the direct elec-
tric calibration has been obtained in connection with the ORNL program
(see Section 3.1.3.4). The RGT test specimens (15 in number) were first
electrically calibrated in the manufac.urers' workshop. Thereafter, the
calibration was repeated at TEC where the irradiation resistant signal
connector plug was installed.

For the ORNL test specimens only, the RGT sensors each employ two differ-
ence thermocouples. (This was for measurements of the contribution of

thermocouple celibration to variance in Si')

Five of the ORNL specimens were manufactured and first calibrated in
France by Intertechnique. Upon delivery to Knoxville, they were
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recalibrated by TEC (Technology for Energy Corporation) in their
electrical test loop which was separately designed, fabricated, and
instrumented without consultation with Intertechnique. The TEC loop used
batterie- for heating power, demineralizers, and water resistivity

contro . At TEC the power variation required was obtained by a water-
cooled series resistance, while at Intertechnique a small step,

constant-current power supply was used.

An example of the results from Intertechnique and TEC calibrations is
selected to show the high reproducibility of the direct current calibra-
tion technique. Other such data are available in Reference 3-(39).
Specimen no. 1 (of 15) exhibited the following characteristics when first
calibrated by Intertechnique:

In the equation: Signal = K (lz)* I in amperes
Signal in mv

Intertechnique determined that K = .07554 mv/amp2 for the first differ-
ence thermocouple and K = ,07754 ..:v,amp2 for the second.

TEC calibrating the same specimen obtained K = .07604 for the firsi
thermocouple and K = .07774 for the second.

The following table summarizes the comparison of the two independent
calibration data sets for RGT specimen no. 1:

Intertechnique TEC Difference
sensitivity:"C/W/q
DTC 1 27.83 27.56 1.0 percent
DTC 2 28.59 28.68 0.3 percent
o of data, percent (8 data points)
DTC 1 0.7 1.06
oTC 2 0.77 1.54

. This is the most basic comparison of experimental results because no computational
scheme for conversion of 1° to heat rate is involved.
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The data for specimen 1 are compared graphically in Figure 3.1-30 and
301"31-

For other ORNL specimens, the Intertechnique data, Reference 3-(38), can
bz summarized as follows:

The mean sensitivity and standard deviation of the eight best fit sensi-

tivities for the four stainless steel RGTs (two difference thermocouples
each) is:

S, = 28.69 std ‘C/M/g
s, percent = 1.5 percent (between sensors - best fit Si's)

average o percent for the data on the best fit lires = 0.88
percent.

3.1.2.3 “In Situ", or In-reactor, Calibration Methods

There are three entirely distinct methods which have potential for in
situ recalibration of RGT sensitivity, in-reactor, that are totally
indepenuent of the nced for TIPs. Two of these methods reveal real
sensitivity, Sr‘ and the third yields the more important indicated
sensitivity, Si‘

3.1.2.3.1 Determination of T, S, and S; From an Oscillation, Step

Increase, or Reduction in Total or Local Power

The precisions attainable by these in-reactor calibrations are best
guesses at present, until the methods have been reactor tested. As has
been explained in Section 3.1.1.3.4, the dyramic response characteristics
of an RGT are tightly related to the real sensitivity, Sr' A step

change in either gross power or in local power, corrected for late
arrival of delayed fission product gamma, yields the true response of the
RGTs exposed to this change, which can be directly converted to the real

3.1-50



sensitivity of the instrument with an estimated uncertainty of *+ 4
percent. The uncertainty is due in part to the inaccuracies in account-
ing for lagging sensor heat generation rate.

The uncertainty in real sensitivity during in-reactor dynamic recalibra-
tion can be reduced to about 3 percent by transfer function analysis of
local power oscillations of high enough frequency as to be predominantly
influenced by the ~75 percent of sensor heating which is prompt relative
to the 15 secord Tapparent of the RGT.

With this method there remains the uncertainty associated with the
correction of Sr to Si (correction for the variability of difference
thermocouple characteristics). It can be shown that, because both
junctions are equally irradiated in a difference thermocouple, most of
the postulated irradiation damage effects are cancelling and that by
applying pre-irradiation differences between Si and Sr the additional
uncertainty imposed to convert Sr (* 3 percent) to Si is at the 3/4
percent level.

A thermocoup:. .. rection curve can be initially associated with each RGT
and usecd to convert reactor-determined Sr's to Si's without signifi-
cant loss of accuracy.

The oscillation method is burdensome on the reactor operator, and more
often, tracking of signals during quick nuclear shutdowns would be used
(expected uncertainty on Si ~ 4.5 percent). Tracking RGT signals after
scram could be more accurate for detecting changes in sensitivity than
for absolute measures of sensitivity.

3.1.2.3.2 Loop Current Step Response

ORNL, References 3-(3!) and 3-(32), described methods (now used in PWRs
to recalibrate important RTDs and T/Cs) called "loop current step
response" in which small puises of power are applied to the signal leads
of thermocouples or RTDs. The response transfer functions of the instru-
ments following such pulses are analyzed, or deconvoluted, in such a way
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that the transfer functions for response to externally imposed steps
(such as occur in plunge testing) can be extracted. Thus, the T, and in
the case of RGTs, Sr, is determinc . ORNL has proposed to DOE, Refer-
ence 3-(45) and Section 3.2.3.2, that this method be qualified for
in-reactor recalibration of RGTs.

The expected uncertainty in the determination of Sr by this method,

which neither disrupts operation nor requires special hardware in the
RGTA is about * 5 percent on Sr plus the uncertainty of about 3/4

percent in converting to Si' related to difference thermocouple cali-
bration. The underlying limit on accuracy is the small value of the power
pulses, relative to the magnitude of the range of gamma sensor heat rates
(e.g., .05 W/g vs 1.5 W/g), that can be imposed without risk through tiny
thermocouple wires.

3.1.2.3.3 Installed Heater Cable

Al mm stainless steel jacketed, nichrome heater cable has been installed
in the center of the cable pack in some of the ORNL test specimens.
Through this cable a heat of up to 10 W/cm may be applied at will. This
corresponds to an additional 10 W/g of RGT sensor heating. The heat may
be applied in discrete steps, oscillations, or in ramps, and can be
superimposed upon in-reactor gamma heat rates ranging from 0 to 3 W/g.

Figure 3.4-1 compares a direct calibration obtained by use of the inter-
nal heater with that obtained by direct joule heating. The heater cable
can also be used in dynamic tests to determine T and Sr to an esti-
mated accuracy of *+ 1-1/2 percent.

Since no estimation of difference thermocouple calibration is required to
find Si when direct in situ recalibrations are done with the heater
cable, the accuracy of this method is aimost as good as the direct
electrical workshop calibration when the relationship between heater
cable power and RGT sensitivity is determined on an individual bas's.
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Thermal Conductivity of Steel

For the steel used, a maximum reduction in the conductivity of 4 percent
may cccur at the end of six years of operation of RGTs at PWR condi-
tions. The change is mainly caused by irradiation In

steel body.

Calculations with the RADCAL/THERMAL code show that the estimated
decrease in thermal conductivity would result in a 2.8 percent inCrease

in real ser.itivity.

Thermal Conductivity of Argon

—————————————————————————— e SONRE SRS

The study shows that a small amount of the argon gas may undergo trans
mutation into potassium (K This will not influence the heat

transfer in the gas chamber.

The potassium may, however, plate out on the surfices of the chamber and

thereby influence the emissivity.

Conservative calculations she that if all the pot: plates out, a
r

1 1 - ~on . . { \ ~ - ™~
ayer corresponding to atom layers ( . of potassium

. having no signific nt effect on the gap dimensions. In the

calculations, a ch : » emissivity from 0.3 to 0.4 was attributed
to the depos e calculaticn shows that a less than one percent

dec. ease in sens | Ly | uld result.

Geometrical

The pore formation responsible for the reduction of the thermal conduc-
tivity of the stee results in swelling of the steel body. It 1is

estimated that the dimensiona cre will not be than one percent

1n any direction Calculations with the code sho at such changes in

the g¢







3.1.3.3 HBWR, Halden Reactor Experience

The Halden (HBRW) experience with gamma thermometers is reported fully in
Section 3.3.2. At Halden the gamma thermometer signai can be compared to
tne local power determined calorimetrically. At Halden the ratio of
local fuel power generation to gamma heating has been constant within the
limits of detection of such change, (about 3 percent).

3.1.3.4 Direct Testing of RGT at ORNL

Highly documented and well-characterized accelerated irradiation experi-
ments have been performed at ORNL. These tests give the possibility to
accurately measure the effects of irradiation on the RGT sensitivity
(Kz). The sensors used in these tests have been so designed that it is
possible to evaluate which parameters or properties have undergone
changes, if any.

The test involves special, short RGT specimens, each of which contains
only one chamber. Several different RGT designs have been tested - they
are identified by the prototype programs for which they were developed.
Thus, the Duke (or Oconee) type are designed to be compatible with the
BLW in-core system and include a central, hollow tube that would

permit, in reactor prototypes, a travelling SPND to be inserted for
cross-calibration. The RWE-type are designed to Mulheim-Karlich dimen-
sions and include double difference thermocouples and an internal heater
cable. The EdF-type are the same as the EdF prototype RGTs.

On April 10, 1980, the delivery of 15 RGT specimens to ORNL was initi-
ated. Five were of the EdF type, four of the Duke Power (Oconee) type,
three of the RWE (Mulheim-Karlich) type and three of the BWR type. One
of the EdF type specimens was made of Zircaloy and employs an evacuated
sensor cavity (i.e., rather than argon filled).

A11 specimens had been electrically calibrated for Si and power tran-

sient calibrated for Sr (except those with removable thermocouple
packs). The five EdF type specimens had been twice calibrated, first by
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Intertechnique and later by TEC of Knoxville (who produced seven other
specimens and also installed the irradiation resistant connection plugs
on all sperimens and produced seven other specimens). Some of the
calibration data were shown in Section 2.3.1.3 to illustrate the high
degree of reproducibility of direct electrical calibration (Joule test-

ing).

A selection of five “library" specimens has not been irradiated at all,
but are used in “standardization" campaigns before and after the one
year's irradiation to prove the reproducibility of the ORNL plunge test
method of calibration.

Ten specimens entered the ORR on the schedules shown in Table 3.1.4 to be
irradiated for one year tn a fast neutron exposure of 6.21 x 1021 mvt
(equivalent to three-year service in a PWR). From both library studies
and 020 reactor experience it was predicted that the resultant shift in
sensitivity would be less than 5 percent when the 10 irradiated specimens
are recalibrated. The experimental design, however, provided for separa-
tion of effects which may have caused any unforeseen changes in sensi-
tivity, Reference 3-(36).

The detailed design of the specimens appears in Reference 3-(9) and the
acceptance criteria for plunge test calibration are given in Reference
3-(10). The results of the Intertechnique calibration and the TEC
calibration are documented in References 3-(11) and 3-(12), respec-
tively. Results of the initial ORNL plunge test calibration are given in
Reference 3-(24).

Post-irradiation testing has not yet been completed due to problems
encountered with the special electrical connectors used on these test
specimens. The ceramic connectors experienced cracking apparently due to
irradiation and/or handling effects. (Note that these ceramic connectors
are used only for the ORNL test specimens and are not used with any RGT
for in-reactor use.) The possible failure of these connectors was
provided for in the test plan, since the connectors were of an original
and unique design. The failure of the connectors has resulted in broken
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3.2 Ky, the Ratio of Local Fuel Power to Gamma Heating in the Sensor and

the Components of the Uncertainty, o)

The gamma thermometer was, in the first twenty years of its use in heavy
water reactors (1935-1973), a purely empirical instrument. At SRP, where
the concept originated, and at Halden (HBWR), it was neither anticipated
nor required that the instrument indicate fuel LHGR directly for long
periods without correction to K2' Both Halden and SRP had the luxury

of recalibration at will.

SRP (as previously discussed) continually measures the power of every
fuel assembly to +3/4 percent accuracy with flow (orifice aP) and temper-
ature rise (four thermocouples) and can, at will, determine the axial
neutron flux shape by running TWrM (Travelling Wire Flux Monitor)
Traces. Thus, the gamma thermometer was not originally intended as an
accurate measure of local power but rather as a continuous multi-source
axial power shape indicator that could be recalibrated at will to read
channel power (the sum of seven readings) and relative axial flux (or
LHGR) distribution on a nearly real-time basis. For the short (one
qonth) SRP fuel cycles for plutonium production, the cifference between
neutrun flux shape and power shape (LHGR) was itself small. It was
observation, not theory, (there was no theory developed) that proved the
long-term constancy of the Fuel-Power-to-Sensor-Heating ratio, K2, even
in year-long tritium production cycles in which thermal neutron flux
shape had departed dramatically from LHGR shape. Recalibration was not
necessary, except in isolated cases where the sensitivity of instruments
had shifted for mechanical reasons, (e.g., shift in thermocouple posi-
tion). Stutheit, Reference 3-(4) reported:

"Response is linear with average reactor power (nmot flux) and
changes in sensitivity as a result of irradiation are small.
Of fifteen gamma thermometers which were used to monitor flux
levels for a year in a neutron flux of more than 1015 n/em’-
sec, only three required compensation for sensitivity changes
of 5-10 percent."

Awareness of the SRP experience in 1962 led the HBWR technical staff to
select ganoma thermometers as the best instrument to monitor the power of
3.2-1



individual test fuel assemblies. As at SRP, the construction of the HBWR
instrument fuel enabled direct calorimetric recalibration of these
instruments against measured thermal power of the fuel eleme as shown
in Figures 3.2.1 and 3.2.2, extracted from Roference 3-(5). ese show
pictorially how a device called the “"calibration valve" is used at HBWR
to convert normally boiling conlant to sensibly heated (non-boiling)
coolant in order to measure individual fuel elemert power at an accuracy
of +3 percent. Again it was observation, not theory, that led to the
conclusion that the ratio of the heat generated in the fuel to the heat
generated in a gamma thermometer sensor remained constant within very
narrow limits. '

For instance, the instirumented fuel assembly IFA-4 was installed in HBWR
early in 1964 and its three gamma thermometers were recalibrated from
time to time until the assembly was finally removed in 1971. The same
gamma thermometer signal factors (K1 X KZ) were being used when the

fuel was removed only because they were orserved to be the same (within
the limits of detection of change which, vecause of signal contribution
from other fuel and control configuration, was estimated to be + 6
percent). HBWR experience is described further in Section 3.3.2.

The initial theoretical work on the use of gamma thermometers in LWRs was
performed by SERMA (Service d'Etudes des Reacteurs et Mathematiques
Appliques), a division of the French National Atomic Energy organization,
CEA, located at the Saclay center outside Paris.

To enlarge and extend the basic work »f CEA to other types of 'WRs and
benchmark the predictions resulting, Scandpower and CEA submiited a joint
proposal to EPRI in September 1979, which is still under review at EPRI,
(Section 3.2.1.3). Additional independent work has been prrformed by the
Oak Ridge National Laboratory (Reference 3-54),
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3.0 Modelling via Neutron Physics and 3D Monte Carlo Shielding

Calculations

Goals of the Physics Modelling

The goals of the physics modelling efforts are to show fairly good
absolute predictive validity, to assess the magnitude of the corrections
applicable to K2 for "off-reference" core conditions, (such as
“rods-in"), and, finally, to provide software, practicable for plant
computers, to make the desired small corrections automatically to any of
the 350 to 450 values of K2 when core conditions there are "off-
reference" (i.e., different from the conditions at which the basic value
ard uncertainty of K, was established).
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The readout system construct supporting the steady-state use of fixed RGT

sensors in light water reactors is depictéd below:
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The calculational approach to establishing both the values of the correc-

tions to the single best value, Kz, the ratio of local fuel to sensor
heating, and estimating the accuracy tnereof, must use the most accurate
off-1ine neutronics and shielding theory available. The problem is
initiated in reverse order to its ultimate final use, i.e., to predict
values of KZ and to extrapolate beyond them rather than to interpolate
Kz between benchmarked points:

Given a distribution of known local fuel powers, compute the sensor
heating resulting in gamma sensors under a variety of burnup, control
rod, boron and burnable poison distributions.

- Use the models to bracket extreme influences on the ratio of fuel-to-
sensor heating, Kz, over such core-condition “feature space" (i.e.,
sensitivity studies).

- Benchmark the models to the highest accuracy possible in TIP or SPND
"measured" LWR cores.

- From the prediction accuracy provable at benchmark points estimate the
accuracy of (i.e., uncertainty in) extrapolation.

The provable accuracy in KZ at reference conditions (e.g., clean core,
steady state, no control rods, low burnup, etc.) will improve as larger
and larger groups of RGTs are inserted in PWR cores for comparison of RGT
measured fuel heat rates with the best values otherwise obtainable. Full
core irstallation will permit direct determination of the accuracy of

Kz by comparing the sum of LHGks “measured" to the total thermal power
independently measured.

The uncertainty of the extrapolation to "off-reference" conditions can be
satisfactorily developed by good theoretical models (whose expected
provable absolute accuracy is * 10 percent). The models can show the
size of the variation on Kz to be expected over feature space and, if
this is small, the error in K2 corrections for off-reference conditions
becomes very small. If, for example, K2 is measured at reference
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conditions with an uncertainty of + 10 percent and the absolute predic-
tive validity of the models for several extreme cases was shown to be
*+ 12 percent, then the corrections to K2 for off-reference conditions
could be relied upon to * 12 percent. If the theoretical models showed
that a +8 percent correction should be applied to the value of the
benchmarked K2 (accur cy +10 percent) for, say, control rods in the
vicinity, then the error in Kz-rodded would be:

.J: 102 + (8 x ,12)2 = 10.05 percent

The incremental uncertainty produced'by off-reference conditions would be
only 0.05 percent. This arises from tvo important facts:

1) The theoretical model was good on an absolute basis (*12 percent).
2) The change in Kz due to the off-reference condition is small,

Given that the best possible accuracy of benchmarking is about the same
for any local power instrument (whether by post-irradiation gamma scan,
total power normalization, comparison to TIP, etc.), there is one criter-
ion that governs the ultimate accuracy of measurement by any instrument
at any reactor condition, namely:

The single key to the ultimate reduction of the uncertainty of
LHGR measurements by an in-core device is the magnitude of the
corrections which must be applied to the signal to account for
"of f-reference" core condition changes, i.e., operation away
from the condition at which the ratio, KZ’ between LHGR and
the measured parameter can be most accurately established
experimentally.

This principle was alluded to, though perhaps not articulated in this
way, when Georgia Power and GE presented to NRC staff the advantages of
gamma measurement over neutron measurement depicted in Figure 3.2-3,
extracted from Reference 3-(1).
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The figure shows, along one axial distribution, that the raw signals of 4
gamma detecting device required less correction for various influential
parameters than did the thermal neutron or fast neutron sensitive
devices. It is evident therefore that the ultimate accuracy of the gamma
device will be better (i.e., the corrections to raw signal will be
smaller). It is notable that in this case the "dice are loaded" toward
the thermal neutron device because the denominator of the ratios being
plotted (i.e., actual loca® power) was obtained from computations made
upon the signal from the. thermal neutron device itself.

The applicants (herein) can draw upon the body of experimental work
submitted by GE and Georgia Power Company establishing the intrinsic
superiority of gamma measurement to either fast or thermal neutron
measurement. Measurements need not be made to demonstrate (as GE has
already done) that gamma signal deviates less from true LHGR of surround-
ing fuel than the signal from thermal neutron devices. This can be shown
by modelling. The changes in KZ’ the local fuel heat rate to sensor
heating ratio, are shown both by theory and past experiment, to be so
small that any necessary approximate corrections to K2 result in an
insignificant increase in the total uncertainty of KZ'

Measurement campaigns reported herein, therefore, are those necessary to
establish the accuracy of the LHGR measurement at reference core condi-
tions, and to try to minimize resident uncertainties imposed .n the new
instrument by the in-place reference systems to which it must be cali-
brated. The predictive validity of the theoretical models will be
ascertaiaed for each reference case (the first such data reported herein
are from Bugey 5 (Section 3.4.2), an EdF (Westinghouse-type) PWR.

The small variance of the fuel-to-sensor heating ratio, KZ'
makes possible the "straight-through-line" of signal processing in which

single-valued constants, ?; and R;, are applied hard-wired, without
individual bias, directly to the raw signals from 350 to 450 RGTs. The
"straight-through-line" of LHGR surveillance is a feature of gamma
thermometry which is unachievable by TIP, SPND, fission chamber or

previously installed in-core systems of any kind.
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In evaluating the uncertainties in nodal power which would be assoctated
with direct reading instruments biased only by R‘l' and Tq (i.e., the
"straight-through" line), it is necessary first to select a philosophy
for selecting the single value to be used for E;.

It is calculated by CEA that all poisons that tend to lower power in
particular individual assemblies, such as control rods, burnable poison
shim rods, and grey control rods, have the similar effect of adding a
little gamma heating to the RGT sensor for a fixed power in the fuel rods
(i.e., lowering K, for these core nodes). When a F; value is

selected for unpoisoned assemblies, the power in the poisoned nodes is
conservatively overestima®ad.

In no case can an overestirate of local LHGR originate from fuel which is
at or near local limits for LHGR. For example, the new consumable poison
suppresses power in its fuel assembly by about 15 percent relative to
"unpoisoned" assemblies. A regular control rod cluster suppresses power
by 50 percent or more, relative to unrodded fuel nearby. In the case of
such a control rod insertion in the assembly containing RGTs, the real
value of K2 would be reduced to 101.7 W/cm/W/g. Using a global

reference ?; of 115.6 in this case would give a "measured" power of 102
W/cm for the rodded assembly when the actual power was 90 W/cm. Mean-
while the average LHGR in the adjoining unrodded assemblies, where Kz

of 115.6 is ~ccurate, are being measured at 180 W/cm or greater.

Thus, if the philosophy of setting the average E; value at 115.6
(reference "clean" value) were adopted, the error in any local power
measurement would lie in the region between -0 and *12 percent. However,
the portion of the fuel in which local limits can occur lie< within a
much narrower uncertainty band of -0 to +4 percent. Thus, in discussing
errors resident in the straight-through system, it is more meaningful to
refer only to errors in measurement for the fuel with LHGRs lying within
the highest 50 percent of the LHGRs in the core.
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The figure below is qualitative only but illustrates the low importance
of errors in Kz occurring in or near poisoned or controlled

assemblies:

The conservatism resulting from use of 115.6 for K, would

2

have no effect on the accuracy of power "measur ments" for fuel closest
to any local limits.
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Gamma Heating

The sources of heat production in the gamma thermometer sensors are
absorption of direct gamma radiation from surrounding fuel rods (emanat-
ing directly from fission, fission product decay, and n-y reactions in
U235 and U238)’ a variety of gamma radiations from secondary sources
(such as neutron captures in control rods, borated water, fuel cladding),
elastic collision of fast neutrons in the gamma thermometer itself, and
n-y absorptions in the gamma thermometer itself. In the tightly packed
PWR lattice, the shielding provided by nearby fuel rods is quite effec-
tive in reducing the range from which source gammas can originate.

The gamma sources depend upon fuel burnup, void, and the structural
materials present in the core. The spectrum of source gammas covers a
range from a few eV to 10 MeV. (As suggested in Section 3.1.1.1, rough
shielding calculations characterize the spectrum at 1.5 MeV average.)

The transport of gammas from their point of origin involves scattering,
absorption and electron pair proaguction. Scattering processes include
Compton scattering and other types of diffusion. The probability that a
given source gamma, born at a known point, will contribute to gamma
heating in the RGT sensor position also depends upon the lattice type and
upen the operating parameters mentioned above (e.g., boron, burnable
poison).

3.2.1.1 The EdF/CEA Theoretical Programs

The CEA approach to the problem involves 20 neutronics codes which define
the neutron reactions taking place: fissions, absorptions, diffusion,
slowing down in fuel pins, water and structural materials (including the
sensor itselif). This Sn, j, k (geography, energy group, and nature of
neutron reaction) information is then transformed through nuclear data
iibraries, to Sy, j k information for source gamma rays, which are
tracked from points of origin through their journeys and scatterings to
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arrive at the probability of incidence on, and absorption in, the sen-
sor. All sources are summed and the signal determined. Monte Carlo
codes for gamma transport carry within the processing routines an esti-
mate of the uncertainty associated with the absorption probabilities
being arrived at. The CEA effort described below quickly established the
validity of use of simpler methods known as "integration of line-of-sight
point attenuation kernal" as substitutes for the more exact but more
costly Monte Carlo diffusion codes, such as TRIPOLI.

TRIPOLI is a'general, three dimensional Monte Carlo program, which treats
the slowing down and the diffusion of neutrons or gamma. For neutrons,
TRIPOLI can solve criticality problems, problems with a given source, or
time dependent problems. The geometry is described as a comoination of
volumes, bounded by portions of first or second degree surfaces. The
orientation in space of these volumes is arbitrary. Repetitive geometry
by translation, symmetry or rotation can be processed. The program
itself can control the consistency of geometry data.

For shielding calculations, the neutron or gamma cross sections are
represented in a multigroup mode, with the number of groups as large as
necessary. Usually used are 240 neutron energy groups from 14 MeV to
thermal energy and 61 gamma energy groups hetween 10 MeV and 10 KeV.
Multigroup data are derived from a library tape (LINDA) containing
pointwise data taken from the UKNDL library. For core calculations,
neutron cross sections are pointwise defined with 40000 points between 6
KeV and 5 eV; above 6 KeV and below 5 eV, the code uses fine multigroup
cross soctions. The following interactions are taken into account: for
neutron, elastic collision, with any anisotropy order, (n, n') and (n,
2n) reactions, fission, capture and thermalization; for gamma problems,
TRIPOLI tices into account the Compton diffusion with exact anisotropy,
pair effect, and photoelectric effect. The program can solve deep
penetration problems using variance reduction techniques based cn the
exponential transformation and biasing of angular scattering laws. The
distribution of sources can be any arbitrary function of space, energy
and direction. The program .alculates spectra and activities averaged in
specified volumes or areas.
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The neutron heating in gamma thermometers is composed of components due
to n, y reactions in the sensor itself (followed by some self-
absorption), and from elastic scattering of fast neutrons (which source
fs negligible and proportional to nearby fission rates, anyway).
TRIPOLI, described above, has been used in neution. as well as gamma
heating, calculations.

The onset of EdF/CEA involvement in gamma thermometery in 1976 marked the
first attempt to build detailed theoretical models capable of predicting
accurately every aspect of gamma thermometer performance with regard to
sensitivity in workshop calibration, the basic physics governing the
relationship of sensor heating to LHGR, and the thermal processes govern-
ing signal (aT) production and drift.

The first concern to EdF physicists before expending a large effort on
the development of a theory from which to develop reactor software for
correcting K2 was specificity of signal. Did the sources of heat in

the instrument come from nearby rods mostly, or were they a "smear" from
all over the reactor? It was found that 91.5 percent of externally
generated gammas producirg sensor heating came from within the instru-
mented fuel assembly, (in fact, 81 percent of such heat production came
from the first five rows of rods surrounding the sensor). Vertically, a
control rod or spacer grid more than 10 cm away from the sensor caused
less than 1/2 percent variation in heat rate and could be neglected.

The next activity was to actually predict the LHGR-to-sersor heat ratio,
KZ' using high accuracy 30 Monte Carlo methods, TRIPOLI, and at the
same time benchmarking with TRIPOLI less exg ~*v> codes (a first step
toward plant usable software). For Bugey 5, ' types, at reference
conditions, K2 was 115.6 W/cm fuel per W/g of sensor heating. This
value was used to design EdF RGTs for an . 2rage signal of 40°C (at 178
W/cm) with 26.0 mm sensor length.

The third theoretical activity was to assess the impact of such
“off-reference" conditions as control rods nearby, high burnup fuel,
burnable poison nearby, etc., upon K2' This was the first theoretical
effort to verify for HZO reactors a phenomenon which had been observed
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in 020 reactors (i.e., the constancy of the relationshir of signal to
heat production in surrounding fuel). The table below summarizes the
magnitude of various effects calculated by SERMA.

External v Internal v K2 Change
W/g at 178 from n,y %$£ﬂ' percent of
CASE W/cm W/g g K2
Reference (equilibrium
y from fission products,
100 hrs after startup) 1.43 |t | 115.6 -
Rods in 1.69 .06 101.7 -12.0
Consumable poison in 1.56 A1 106.6 -7.8
Grey control rods 1.46 11 113.4 -1.9
Exposure 20,000 Mwd/t
Reference 3-(42) 1.44 A1 114.8 -0.7

In applying the “straight through" system (e.g., use of Ky = 115.6 for
all gamma thermometers) one would overestimate local fuel power in the
three cases: control rods in the same assembly, burnable poison fingers
in the same assembly, grey control rods in the same assembly, as has been
discussed.

Only if an effort were made to normalize to total thermal power the sum

of all local powers, "measured" using ?; (as is done for neutron
instruments) would an overestimate in "off reference" (low power) parts
of the core lead to underestimates in the high power (1imiting) parts of
the core. For example, if 1/4 of the core contained fuel assemblies with
consumable poison and a normalized reference value were used for F;,

then power in 1/4 of the core would be overestimated by 8 percent, and,
through normalization, local powers in other parts of the core would be
underestimated.

In the example below, the operator attempts a correction of his best

estimate of global X, (i.e., 115.6) by normalization to total thermal
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power. The lower real values of K7 in the 1/4 core that contains
poison causes his new normalized K; (113.5) to produce a -1.7 percent
error in high power regions of the core where use of the original

E; (benchmarked in reference, no poison cases) would have resulted in

only a 0.1 percent overestimate in the "reference” region representing

3/4 of the core and including the highest power fuel.

ILLUSTRATION OF NORMALIZATION ERROR

Actual Conditions Known to Operator

Mwth: 3500 Mwth: 3500

Average LHGR in "poi- Avg. signal in poisoned region
soned" 1/4 core = 158.3 W/cm = 1.48 W/g

Avg. LHGR in 3/4 core at Avg. signal in reference reqion
reference conditions = 195.5 = 1.69 W/g

Actual Kz in poisoned Best estimated global K

region = 106.6 = 115.6

Actual K2 in reference
region = 115.5

Length of fuel: 188 km Length of fuel : 188 km

Consequences of Normalization to Adjust Operator's Value of Ko

before Calculating W/cm in "High Power" Reference Reaions of Core:

1) I of RGT readings x 115.6 x 188 km = 3566 Mwt

2) ggggggggn x 115.5 = 115.5 = 113.5 = normalized K»

3) Computation of max power = 1.69 x 113.5 = 193.1 W/cm

Error in max LHGR arising from inclusion of poisoned part of

core in normalization = '93155‘5‘95'5 = 1.7 percent

NB: Error if not "normalized" = II?ig g 115.5 = *0.1 percent

This type of error can be avoided with RGTs since the RGT signals can be

used directly, without normalization, to indicate local power.
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A fourth EdF/CEA theoretical effort has been to determine the inaccura-
cies resulting from transients in local power and how easily the raw
signals could be "deconvoluted" by analog or digital means to minimize
the effects of delayed fission product gammas.

The present topical report does not deal quantitatively with uncertain-
ties during transients for RGT systems because this is an NSSS system-
specific and computer-specific matter that will be dealt with in forth-
comine topical reports. Nonetheless, this report contains a status
report on signal deconvolution and the state-of-the-art regarding attacks
on the time-domain uncertainties, 94 without defining the signal
processing methcds which will be presented and defended in subsequent
system-specific (plant generic) topical reports. Both analog and digital
processes for deconvoluting the delayed fission-product gamma signal
exist and are being evaluated.

3.2.1.1.1 Specificity of Signal

Of first concern to EdF physicists was the specificity of signal. Would
heating in gamma sensors be from sources so wide spread as to render the
reading non-local? CEA theoreticians approached this problem for a
17x17 PWR lattice (Figure 3.2-4) and arrived at the positive result that
the sources of gamma signal were as specific as the sources of thermal
neutron flux feeding the present instrument systems.

Table 3.2-1 reports information contained in a report given by

M. Chabrillac at the Chattanooga meeting (11-12 October 1979) of the GTIG
group, Reference 3-(6). Ninety-one and one-half percent of the gamma
heating signal comes from the bundle within which the detector is
located. In fact, sciurces within the first five rod rows (cells) contri-
bute 80.9 percent of the gamma heating of the sensor. The tctal heating
of the sensor itself, from neutron scattering and n, y reactions,
followed by self-absorption, comprises 6.8 percent of the sensor heating
and is prompt.

The distribution of heat sources from the first and eighth pin rows is
about the same as is indicated by Table 3.2-2 (which considers only gamma
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rays from within the fuel rods). Table 3.2-2 also shows how well the
simpler code MERCUR IV reproduces results from the complex code TRIPOLI
(see Section 3.2.1.3 for code descriptions and References 3-(46) and
3-(47).

A series of calculations were made to decide if the 11 gamma energy
groups in use (matrix of j's) were adequate to describe the contribution
of the gamma rays having energies less than 500 KeV, i.e.:

e

MeV Range

8.5 - 7.5
7.5 - 6.5
6.5 - 5.5
5.5 - 4.5
4.5 - 3.5
3.5 - 2.75
2.75 - 2.25
2.25 - 1.75
1.75 - 1.25
1.25 - 0.75
" 0.75 - 0.5

O 0O N O 0 B W N -

—
o

To do this the energy region between 500 KeV was twice again subdivided
in TRIPOLI and reference cases rerun with nearly identical results
(difference = 0.43 percent).

3.2.1.1.2 Total Composition of Signal

Having tested the computational tool in various ways, CEA computed total
composition of the signal in the base or reference case (i.e., no control
rods, equilibrium fission product, high boron (low exposure)) as follows:

gamma from fissions 35.4 percent

22.8 percent prompt

decay gamma from fission products 32.6 percent {9.8 percent delayed
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gamma from n capture in U238 15.8 percent

gamma from n capture in U235 5.6 percent
gamma from n capture in cladding 1.85 percent
gamma from n capture in borated HZO 1.85 percent
gamma heating from n, y in sensor 6.8 percent*

Of this total heating source only 9.8 percent could be called delayed
relative to the 18 second response time of the signal.

3.2.1.1.3 Relationship of Sensor Heating to Fuel Power

When the average power within a 17x17 assembly was input as 178 W/cm (the
average LHGR for Bugey 5), the heating from external gamma in the RGT
sensor was computed to be 1.43 W/g with an additional .11 W/g arising
from self-shielding of gammas produced by n,yY reactions within the sensor
(1.54 W/g total).

This prediction has been confirmed sc far to a accuracy of *6.5 percunt
for the 18 sensors installed in Bugey 5 on June 12, 1979 (see Sec-
tion 3.4.1).

Equally important to the ultimate predictive validity are many of the
differential effects which now can be analysed by the CEA tools. The
most severe distortion of Kz could be produced by inserting control

rods directly into the assembly in whicn the RGT was installed. In fact,
control rods are not used in any high power regions of the PWR core,
being inserted only slightly at full power.

The effect of a control rod in the region of tha sensor would be to lower
KZ by 12 percent. If the rod tips are more than 10 cm above a given
sensor there is neqligible effect on KZ' If one used the fixed K2 of

oThe small contributions of direct heating from fast neutron scattering in the sensor and
from low energy gammas originating from neutron capture in fission products are prompt and
can be considered lumped into the 6.8 percent, although they were not separately calculated.
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the straight-through system (115.6), power would be underestimated in
rodded areas by 12 percent. However, since the real power in rodded
areas is suppressed to 52 percent of that in surrounding, unrodded fuel
the underestimate is of no consequence except if attempting to normalize,
as discussed above. Local power limits do not occur in fuel in which
control rods are embedded.

The next condition calculated was the inclusion of 15 rods of burnable
poison. This lowered Kz by 7.8 percent relative to an unpoisoned

bundle of equal power, (i.e., raised sensor heating). This would lead to
a conservative overestimate of local power by +7.8 percent in poisoned
bundles by the straight-through signal interpretation system.

EdF reactors may use “"grey" control rods. These raise the sensor heat
rate by 1.9 percent (i.e., lower the value of K2 which should be

used). Again the overestimate of local power which would occur in the
straight-through system is of no consequence because the actual power of
fuel in the area is suppressed.

The effects of long fuel exposure upon K2 are negative and variable as
shown in Figure 3.2-8. At 8500 MWd/t, K2
percent, and is down by 1.2 percent at 20,000 MWd/t. However, the effect

goes down a maximum of 1.7

is more than offset by boron reduction in the water, the from which
contributes 1.85 percent of the signal early in core life. The reduction
in boron concentration is itself partly off set by increasing contribu-
tion of n, y reactions in fission products.

3.2.1.2 Heat Rate of Gamma Thermometers During Non-Steady State Oper-
ation - CEA Studies

After a change of power in either direction, a portion of the heating in
gamma thermometers is delayed while fission product gamma emission
reaches an equilibirum state for the new condition.

As shown earlier, 32.6 percent of the heating is caused by fission
product gamma, much of which may be considered prompt relative to the 18
second time constant of the instrument.
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The % situation without deconvolution can be depicted qualitatively by
the following diagram showing line of constant signal deficit after a
power increase as a function of size of the variance, and time during
which it took place.

The pictorial description of a complete matrix of such deficits would
require that such functions be developed for a number of starting powers,
with each such deficit map having subsidiary "maps" lowering the "iso-
deficit" curves, to account for any recent high power history precedirg
the lower start point power.

The "straight-through" line of signal processing depicted earlier in

Section 3.2 will be subject to such deficits in local power indication

after local power increases of the approximate characteristics depicted
® in the fioure.

For most variations in local power occurring in a base-loaded PWR plant,
the dynamic reduction in accuracy of the straight-through signal process-
. ing line is not great. Drifts in local power due to xenon redistribu-
tion, for example, fall well within the < 1 percent deficit line.
Increases resultirg from boron dilution would be equally well tracked.

s To quickly administer local power limits in the vicinities of control rod
withdrawals, however, some form of signal deconvolution will be applied
in the "plant-accuracy" line of signal processing.

s In Figure 3.2-6 is depicted a theoretically "clean" case, in which real
power is raised instantaneously from O to 100 percent. The sensor
heating instantly reaches 65 percent of its equilibrium value (since this
computation does not inc'ude n, y in the sensor itself which is prompt,

e the "instant" signal is actually 72 percent of the equilibrium value).

In the case depicted, unlike that in Figure 3.2-5, there is no residual
fission product gamma to contribute to the heat rates. In six minutes,
84 percent of signal is present and in 12 minutes 86 percent. About 30
hours after this the heat rate is within 1 percent of its final equilib-

rium.
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explained in Section 3.3.2). Calibration is more complicated and less
accurate at Halden than at SRP for two reasons:

1)  The fuel load is very heterogeneous and large fractions of the gamma
thermometer signals come from very dissimilar fuel assemblies.

2) The instrumented channel must be converted from boiling to non-
boiling to measure thermal power auring gamma ther.ometer
calibration.

The estimated calibration accuracy at HBWR is * 3 percent and at SRP +
3/4 percent,

Unlike the 020 reactors, where the proof of gamma thermometer accuracy
can be made directly and empirically, in LWRs any new instrument must be
calibrated against the existing neutron-sensitive devices. There have
been a few special experiments constructed for LWRs that provide proof
that unprocessed gamma thermometer signals are more representative of
local fuel power than existing neutron flux-to-LHGR constructs. One of
these is the Otto Hahn work reported in Section 3.3.3. Another is the
comparison of post irradiation gamma scan to the signals from travelling
fission chambers and travelling gamma detectors at Hatch reported in
Section 3.3.4.

331 Savannah River Plan%, SRP, Experience

During the 1950's and early 60's, all work a2t SRP was classified, mili-
tarily, and virtually no publications relating to operating experience
entered the open literature. Even in 1961, Reference 3-(2) and in 1968,
Reference 3-(4), publications were carefully edited to avoid disclosures
of protected information. Thus, though summary statements such as those
by Stutheit, Reference 3-(4), could be made, the highly qualified data
which would back such conclusions were largely omitted:

"-- long life with constant sensitivity
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produce signals which can be converted direzily to local fuel powers.
During the short plutonium production cycles, the signals are closely
proportional to the thermal neutron fluxes measured by travelling wires.
Re-biasing is not required for the instruments and they are used to
automatically initiate control rod reversal should local core power

limits be approached (minimum burnout safety factor, maximum LHGR, etc.).

In the much longer (higher burnup) tritium production cycles, thermal
neutron flux departs substantially from its original proportionality to
power in the fuel, rising the most in the highest burnup portions of the
core. Gamma thermometers continue tc accurately report local fuel power,
independent of fuel burnup status, while travelling wire neutron flux
determinations converted to local power become progressively less
accurate.

The most LWR pertinent case reported to the applicarts during the investi-
gation of SRP gamma thermometer performance was a year-long high-flux
jrradiation, producing Californium, during which the gamma thermometers

9
2
were exposed to a fast neutron fluence of - 10L2 nvt (a fast neutron
dosage equivalent to five calendar years of PWR exposure). During the

period the driver fuel element powers were “determined” 1in four ways:

1) The basic calorimetric determination \ﬁjpaT) enabled by channel flow
and temperature instrumentation at SRP; o

= (+ 3/4 percent) : P1

The pure calculational determination from neutron physics codes with
no correction from travelling wires: P,
Physics calculations of power adjusted to fit thermal neutron flux

wire traces of %n: 93 (this is a typical LWR procedure).

Direct readings (summed) from gamma thermometers using the start of
- 3 B

Pl X

LGT signals ‘"4

cycle const
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Only when SRP sums all seven gamma thermometers in a string to compute
adjacent fuel channel power (which is comparable to accurately measured
fuel assembly thermal power), can the uncertainty associated with neutron
flux measurement be eliminated. In the case depicted in Figure 3.3-2,
the axial iso.ation of yts makes this type of calibration impossible.

Jedsl HBWR, Halden Reactor, Experience

The history of application of gamma thermometers at Hal ‘en was presented
in Section 1.2, and the standard design shown in Figure 1-3. The theo-
retical treatments upon which actual design features (gap, length, fill
gas, materials) were selected in 1963 are treated by Asphaug in
Feference 1-(2).

Table 3.3-1 is a record of instruments installed at Halden and shows that
through 1978 a total of 226 gamma thermometers had been used in-core.

Figure 3.3-3 shows the performance record of various sorts of instruments
in use at Halden, classified by year, type of fault (electric or mechani-
cal) and whether the failure was indicated by absence of signal or faulty
signal. The best performance (i.e., the lowest in-reactor failure rate)
is from low temperature thermocouples and has been consistent for four
years at five percent. These thermocouples are mostly 1 mm inconel
Jacketed, supplied by SODERN. ATl thermocouples are exposed throughout
their core length to 230°C, 30 atmosphere heavy water. The thermocouples
being reported upon have had an average exposure of three years with a ¢
on exposure time of two years.

The category "flux thermometers" in the table includes not only the
standard gamma thermometer, but a like number of experimental instruments
(neutron flux thermometers, special gamma thermometers, etc., tested
since 1964), and shows a failure rate in the whole category of 7.5
percent. For standard gamma thermometers, with water-exposed thermo-
couple cables, the rate of failure has been about 5 percent with exposure
lifetimes of about three years.
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The RGT gamma thermometer {(Figure 1-4) employs a configuration in which
the thermocouple sheaths are entirely dry and much lower failure rates
are thus anticipated (moisture in cables has been the most frequent cause
of both thermocouple and gamma thermometer failure at Halden, accounting
for at least half of the failures for which a cause has been determined).
Thus, a projected premature failure frequency for RGTs of 2-1/2 percent
is considered realistic.*

Some 220 self-powered neutron detectors have been used at Halden. They
have exhibited a premature failure frequency of 13.5 percent.

HBWR engineers have published a number of papers describing usz and
performance of gamma thermometers at Halden where, due to the open
lattice and heterogeneity of the fuel load, the sources of signal for a
detector in a given fuel assembly lack the specificity characteristic of
SRP or LWR applications. Asphaug, Reference 1-(2), showed the various
HBWR fuel configurations under considerction at that time, see Figure
3.3-4. Since that time, corrections for lack of specificity have been
even greater because many single-rod fuel assemblies have been tested.

In these cases less than 20 percent of the gamma thermometer signal comes
from the source being "measured" and frequent recalibrations are required
as the assemblies in the adjoining lattice positions are shifted, control
rods inserted, etc. The lack-of-specificity problem affects both gamma
thermometer and SPND power measurements at Halden. Various tests have
indicated that SPNDs require somewhat smaller corrections for the sur-
rounding environment than do gamma thermometers. (The problem, unique to
HBWR, perhaps explains why HBWR staff did not recognize the value ¢/
gamma thermometers for use in LWRs.)

* The importance of individually failed RGT sensors is related to the number and location
of sensors in an assembly. The EdF program has included an analysis of the errors
introduced in axial power shape determinations by the failure of one or more sensors s
@ function of the number originally installed. This work is reported briefly in Section
J.4.2, but is primarily related to the uncertainty of 03 (the extrapolation
uncertainty) which will be reported subsequently,
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Figure 3.:.-5 shows the effect of nearby control rods on the relationship
between the sum of three gamma thermometer readings and the
calorimetrically determined assembly power. The calibration slope
changes by about 20 percent. For a PWR lattice, where the signal speci-
ficity is much greater, this effect is smaller: CEA has shown a 12
percent increase in signal when control rods are in the instrument
assembly,

Figure 3.3-6 shows a comparison between fast flux taken from a wire after
shutdown and gamma thermometer readings at the locations shown.

The depression in power which would have been calculated from the fast
neutron flux wire previously used is obviously not real. The fuel rods
in IFA-3 and 4 had been deliberately misplaced (lifted a few cm) to show
the high specificity of gamma thermometer signal.

Halden publications through the years 1964 to 1974 dealt extensively with
reliability and specificity. Svanholm, in 1967, Reference 3-(7), related
the variety of gamma thermometers which had been tested at Halden.
Figures 3.3-7, 3.3-8, 3-3.9 and 3.3-10 show these. Svanholm described
the relationship between time response and real sensitivity, i.e.:

S . ATrea1 N T
real q (heat rate) Cp (specific heat)

Svanholm did not, however, deal with differences in thermocouple sensi-
tivity, which affect Si’ but not Sr' He reported t determinations
for the various detector designs ranging from 46 to 104 seconds.

Regarding in-core gamma thermometer experience, Svanholm reported:

"Approximately eighty gamma thermometers of type B have been
used to date and most of them have performed very well, The
failure rate has been very low: one instrument has given
indication of leakage, while three more have failed because of
thermocouple failures."




In June 1974, Fordestrommen, of the HBWR staff, Reference 3-(8), proposed
a hybrid instrument system for BWRs composed of gamma thermometers
replacing the TIP system (for the LPRM function) and fast response neu-
tron detector (for the APRM function). His paper was important because
it summarized the surprisingly good accuracy results from Halden gamma
thermometers, though they had been made with little attention to oy

the uncertainty in Ky the ratio of signal to heat rate (this 9y has

been reduced to low levels for RGT sensors):

"The gamma thermometer (GT) consists of a tube with heater, heat
bridge and heat sink inside. The hot thermocouple is fixed in the
heat bridge while the reference thermocouple is mounted in the heat
sink near the outer surface of the tube. The heater is isolated by
ergon gas or vacuum, The electronics are very simple and rugged,
giving a8 low resistance voltage signal about 3-5 mV. The time
constant is approximately 20 sec., found experimentally. ODuring a
period of approximately eleven years, about 230 GT's in 95
different fuel assemblies have been used in-core. Of these, only 5
percent have failed, mainly because of fuel handling ~perations,
like fuel rod exchange, and not due to any in-core irradiaton
damage effect. Average in-core time is about 10,000 MWd/tUO, and

a maximum of 36,000 Mwd/tu0;."

"In order to test if the sensitivity of the GT is changing with
irradiation time (for instance, due to thermocouple deterioration),
the signals have been compared relative to the signals of
self-powered Vanadium neutron detector, which is xnown toc have a
very small burnup rate. No change in the sensitivity*® could be
seen during a period of 2 years of irradiation, within an accurcy
of 43 percent."”

®* The Haloen engineers often mix two retios when they refer to sensitivity. In RGT
parlance the indicated sensitivity, Si» 1s the ratio of the output signal to the heat
generation rate in the sensor, (1/K;), while K; is the ratio of local fuel power
(W/cm) to heat generation in the RGT sensor.
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"In order to see if the CT is giving a good cescription of the
exial flux (power) profile, average signals over the last
month of irradiation for a number of fuel assemblies have been
compared to the gamma scan curves of the fuel rods obtained
from post-irradiation examination (PIE). Eighteen IFAs have
been examined, and the GTs had an average deviation from the
gamma scan curve equal to +3 percent, and a maximum of +12
percent. This recult becomes more impressive when one
realizes that the GTs are used without any out-of-pile
calibration, that is: one assumes all the GTs to be
identical.”

The assumption of identical sensitivity is onc that the applicants do not
choose to make. RGT s can be accurately calibrated out of pile either
with electrical heating or pluncs testing {Section 3.2.1). In-core
recalibration of RGTs can be provided without use of a TIP system via

in situ heaters (section 3.1.2.3).

Fordestrommen further reports on matters of specificity at HBWR, and
alludes indirectly to the ability to account for the delayed fraction of
the signal through deconvolution.

"The GT-signal is caused by two heat sources in the heater:
a) neutron flux absorption; b) gamma flux absorptions.”

Their relative magnitude depends on the heater material and
the specific reactor design. For the gamma thermometers in
HBWR, the neutron absorption heat is roughly calculated to
account for approximately 10 percent of the total GT-signal.*

The gamma radiation escaping the fuel rods originates from
different physical processes, Table I below gives their
relative importance in a typical power reactor, together with
*Seir approximate percentage cor*ribution to the total

G"‘.iq‘.l .

s For PWR 17x17 lattice the n,Y component is computed to be 6.8 percent.
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PROCESS GAMMA GT.SIGNAL
RADIATION (%) %)
Fission 288 ~ 26
Prompt Captured in U235 and Pu (ny) 131 - 12
Gammas Captured in U238 (ny) 16.7 -~ 15
Captured in structure snd fissign products (n, 9} 12.7 - 1
Delaysd Gammas Gamme radistion from fusion products 28.7 ~ 26
Neutron Absorption — -~ 10

100.0 100.0

"0f the delayed gammas, only approximately 1/5 comes from
radioactive gamma emitters with half-lives bigger than minutes
in magnitude. Furthermore, of these, only a minor part has
half-lives bigger than one ye~r in magnitude. Therefore, it
will be only a small build-up of constant gamma flux signal as
burnup increases, about 1-2 percent of the total signal over
the range of 1-30,000 MWd/tUO;. These results are found by
comparing GT- and ND-signals in fuel assemblies with different
burnup during shutdown ramps and shutdown periods.”

With respect to the appropriate reference point for in-core determination
of the ratio of sensor heating to fission power, in particular, the
remarks:

"New fuel assemblies in HBWR are usually calibrated before the
build-up of fission products has reached equilibrium. The
gamma flux will tierefore continue to increase some time after
the calibration work is finished. In this way, the GTs will
show somewhat too high power. Thecretically, the error can be
as big as 26 percent,* see table, but for actual cases in the
HBRW, the error most probably does not exceed 10 percent,
since the fuel is always irradiated some days before the
calibration is performed, This assertion is supported by the
PIlE-results mentioned, and can elso easily be checked in-core
by performing & recalibration a few weeks after start-up."

* l.e., after an instant power rise, see Figure 3 2-6 for this value computed for a PWR by
CEA. In the PWR such error is negligible after 100 hours. In any event, deconvolution
will be applied in the plant-accuracy line of data processing.
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3.3.3 The Otto HaY\n Tests

This particular series of tests is valuable in that it permits direct
comparison of the scatter in "measurement" of local power by SPND and
gamma thermometer, and special devices such as the central oxide temper-
ature thermocouples.

The Otto Hahn program of instrument calibration was a cooperation between
GKSS (the German utility responsible for the Otto Hahn ship operation),
and the Halden Project, which prepared instrumentation for a fuel
assembly installed in the second cycle of the second core in August,
1976. The Otto Hahn core emnloys standard PWR type fuel pins at standard
lattice pitches.

In addition to an assembly of four gamma thermometers of the Halden type
B (Figure 3.3-8), a corner fuel assembly was equipped with the following
additional instruments:

2 fission chambers (type I)

2 fission chambers (type W)

4 SPND detectors (Cobalt)

1 KWU Aeroball tube (Neutron flux detector)

2 Tungsten-Rhenium thermocouples (inside fuel pieces)

In the following paragraphs, the item on the Otto Hahn test results has
been extracted from HPR-198 "OECD Halden Reactor Project Quarterly
Progress Report, July to September, 1776 and is reproduced in its

entirety, with clarifying footnotes ii.troduced by the applicants.
* k * Kk Kk * & k Kk *

Experiments with Gamma Thermometers in the NS
; "Otto Hahn" Reactor Core

Introduction

In cooperation between GKSS and the Halden Project, four of the
Halden type gamma thermometers were installed in the core of tne
German nuclear powered ship "Otto Hahn" during its stay in Hamburg
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for core relcading and general overhaul. During its subsequent
commissioning runs, a series of measurements with the gamma

thermometers were successfully performed. A brief introductory
review of the experiments and results is given in the following.

Installation and Experiments

The four Halden type gamma thermometers were located in a corner
assembly as shown in Figures P-1 and P-2, where also the location
of other flux sensors are shown. Signals from the gamma thermom-
eters and cther flux sensors were measured together with thermal
reactor power both during experiments in the Hamburg harbour, and
during trial runs in the North Sea, during the period 8th to 24th

August. ;
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Fig. P.2. Vertical location of in-core instruments

Results and Evaluation
In order to evaluate the gamma thermometers, their —ignals were
compared to those simultaneously obtained from seli ' ,wered

neutron detectors (cobalt), fuel temperature measurements and

reactor thermal power determinations.
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In Figures P-3, P-4, and P-5, the reference signals are plotted
versus the signals from gamma thermometer no. 2 (near the axial
reactor flux maximum). Because of difficulties with the read-out
systems during the period up to 16th August (half-way through the
initial slow ramp up in power), only the measurements from 25 to
38 MW reactor power are considered reliable during this period.

Due to the working principle of the gamma thermometer, there is a
slight non-linearity in the relation between heat rate and signal
(1). This is due to the temperature dependence of the thermal
conductivity of the instrument fill gas.
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signals meter signals

Figure P-6 shows the calculated heat rates versus instrument
signal. The thermal conductance of the instruments was calculated
from measurements of the thermal time constant prior to instal-

lation in the core (2).
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Figures P-3 througn P-5 show similar non-linearity as does the
calculated heat rate in the gamma thermometer. This cbservation
leads to two conclusions (3):

--the heat rate in the stainless steel heater of the gamma ther-
mometer is proportional to reactor neutron flux and power, and
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signals Fig. P-6. Heat rating in gamma thermometer as function

of signal

--the heat transfer mechanism in the gamma thermometer is
primarily conductive up to the temperatures experienced (340°C
average, 425°C at heater), while convection and radiation are of
negligible importance.
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Axial Heat Rate Profile

The relative heat rates (normalized) in the gamma thermometers are
plotted against their respective axial core positions in Figures
P-7 and P-8. Since there were no other simultaneous measurements
of axial fiux distribution, the resulting heat rate provile cannot
be directly verified, but the comparisons to aeroball profiles (2)
measured at the end of the 1st cycle of the second core and to
theoretically calculated profiles (3) show close agreement.

Gamma Thermometer Signal during Reactor Shutdown

Figure P-9 shows the signal from gamma thermometer no. 2 at
shutdown of the reactor from ca. 8 MW to subcritical conditions.
Figure P-10 shows the development of the signal in the following
24 hours. Most of this time, the reactor was kept at temperature
by nuclear heat, but the periods at full shutdown provides infor-
mation about the reactor decay heat generation rate, which can be
expressed in terms of the gamma heating rate in stainless steel
(4). Quantitative use of such information should be made with
cauticn, as even small changes in the thermocouple caiibration may
distort the result.

Extrapolating the decay heat function back towards the moment of
shutdown makes it possible (in Figure P-9) to estimate the time
constant in the gamma thermometer signal. It is found to be about
two minutes, as found in the tects prior to installation in the
reactor.

Conclusions

The initial operational experience with the gamma thermometers in
the "Otto Hahn" reactor has verified the characteristics of this
instrument. The linearity and stability over short time periods
were very good. The results make it possible to quantify the
specific gamma heating rate in stainless steel in the core and to
obtain data on the rate of decay heat generation. The tests also

3.3-17




200 (oo DRyl | SRR S | L o
Aeroball measurements
1100 ¢ Fe-tallsithermal fiun 1
MWL ot
o= S erobe
100 |- © 3w g
* B } Gamma thermometer
%0 K 1
‘\
o 0TG4
= ‘
[ =4
T w 1
g 0 0163 1
-
& y
3
3
g ‘
z — D162
°
o X0 g
204 3
- Ao orc1 :
. V. A A A l A ofki A A J A A " A l
¢ as L0 LS
RELATIVE SCALE .

Fig. P-7. Axial thermal flux profile measured 9-11/2-74

cormpared to gamma thermometer signals

L — e v -~ -

i ]
110. 4
s 1
3 4
L 4
r |
!u.
9 E
:
4 Insirument na 1 ':
3 y
. ra— t”" | SR | WD I
) 1.8 Y “Ws an

Fig. P-9. Gamma thermometer signal transient at reactor
shutdown from ca. 8 MW

DISTANCE FROM LOWER SUPPORT PLATE(mm)

B

Lo 1G4

x0

20

100
OO.A.Q;A‘..lA.L.Ll,

RELATIVE SCALE

Fg. P-8. Comparison of gamma thermometer signals

CAMMA THERMOMETER §ICNALIMW

»
-

-
-
g

and calculated thermal flux profile

R b Crihcal

N e hest [
.
2 “
.
°
3
\
\
A
: fra |
“.-.- L)
" R Tl T T Tt I (-
"y x ™ P 1 ") ™ = n LU |
»a L

Fig. P-10. Gamma thermometer signal cfter shutdown




demonstrated the advantages of instruments not requiring compli-

cated electronic amplifier systems for signal treatment.

Future Work

The overall design of the "Otto Hahn" reactor makes possible
measurement of reactor thermal power with very good reproduc-
ibility. It is therefore recommended that measurements of gamma
thermometer signals and reactor thermal power should be repeated
at increasing burnup levels to asses: the drift and/or decali-

bration of the instruments. (5)
o S S OB U G R
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(1)

(2)

(3)

COMMENTS OF THE APPLICANT

The non-linearity referred to is smaller for RGTs for several
reasons: the signal selected is less (40°C for RGT vs 200°C
indicated here); RGT uses difference thermocouples that virtually
eliminate effects of sink temperature variations. The "curve"
comparable to P-6 for RGT is given in Section 3.1.2.2 and the linear
correlation coefficient is 0.9997.

Since, as explained in Section 3.1.1, the time constant method of
calibration yields the real sensitivity, Sr, not the indicated
sensitivity, Si’ some of the curvature of P-6 might be attribut-
able to thermocouple signal non-linearity (this is not revealed by 1
calibrations, but is revealed by direct electric calibration).

Although Figures P-3, P-4, and P-5 do exhibit the same degree of
upward concavity as the gamma thermometer calibration curve, the
next step in analysis of the data would be to present sensor heat
rate (W/g) using the calibration curve of P-6 instead of the raw
signal. T:is step would have eliminated the upward curvature and
shown even more clearly the linear relationship between W/g and
nuclear power.

There is a second important observation to be drawn by examination
of P-3, P-4, and P-5, which all depict GT signal on the abcissa. Of
the three experimental quantities depicted on the ordinates (i.e.,
SP..D signal, central oxide temperature, and reactor thermal power,
successively), the probable error resident in the Y coordinate of
the data points is diminishing, (i.e., SPND signal (P-3) is least
accurate, central oxide temperature moderately so, (P-4), and
reactor thermal power is known to *+ 1/2 percent (P-5).

The variance of the data from the best fit lines is obviously, in
P-3 and P-4, being produced by the Y coordinates of the data points,
not the gamma thermometers. Both SPND signal and central oxide
temperature are less accurate measures of power than the gamma
thermometer,
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P-5 data shows a ¢ c¢f ~3 percent, P-4 of ~8 percent, and P-3 of
~16 percent. Thus, the error contribution of the gamma thermomcter
can be "determined" from °-5 as:

x2 + (1/2 percent)2 = 3 percent x = 9T = 2.96 percent

and the scatter contributions of the signals to which the gamma
thermometers are referred can be calculated, for P-4:

o central temp. = 1](8{? - (2.95)2 ocr = 7.4 percent

and for P-5:

o SPND = _JIOZ ” 2.952 GSPND = 9.6 percent

(4) The decay curves of P-9 and P-10 are also of interest to RGT propo-
nents in other ways (the heat generation rate in the sensor is
predictec by the methods of 3.2.1). Of major interest is the
readability of signal to levels beiow 50 micro-volts without inter-
ference by noise. This agrees with EdF observations in Bugey 5 that
RGT signals are usable without noise disturbance at local fuel
powers down to one percent cf nominal. RGT difference thermocouples
always give zero signal with zero senso~ heat generation.

(5) This recommendation is indeed being followed but (as is the rule for
both SRP and HBWR) the distinci.on is not drawn between the two
components governing the relationship between fuel power and gamma
thermemeter signal, i.e.,

Both Kl and K2 rould conceivably change. The value of K2 at

any time and its associated uncertainty o, are determined by
benchmarking te the best available reference conditions and extrapo-
lation by physics models. The value of Kl and its associated
uncertainty, Gys 1S addressed by direct electrical calibration,

ORNL irradiation tests, the various prototype programs and the in
situ recalibration developments.
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In RGT terminology the two uncertainties, ) and o, are referred
to as the "sensitivity" and “"coupling" uncertainties.

Given the size of the o, involved in these tests, (i.e., *2.5
percent), the inference can be drawn that the total uncertainty in
gamma thermometer measurement of power is 3 percent, and the
inference can also be drawn that the variability in K2 is limited
to 1.7 percent over the range represented by these tests. If
calibrated RGT sensors had been used (cl = 0.9 percent when new)
the value of combined uncertainty in GT measurement of power would
have been:

o, = V(I + (1.7)° = 1.93 percent

3.3.4 EPRI/GE/Georgia Power Work at Hatch Nuclear Unit No. 1

The program carried out at Hatch Nuclear Unit No. 1 by GE and Georgia
Power Company is documented by References 1-(6a), 1-(6b), 1-(6c), and
1-(6d), published by EPRI, and the summary of that work was quoted in the
introduction (Section 1.2), to the effect that use of gamma ion chambers
instead of fission chambers resulted in smaller uncertainties in local
power determination when used in BWR;.

The use of gamma sensors in TIP systems has been initiated as a conse-
quence of the work at Hatch. The neutron fission chambers in the TIP
system have been entirely replaced by gamma sensitive chambers in Lhe TIP
systems at Hatch I, Duane Arnold, Muhleberg, and other GE plants. These
actions have been undertaken, without reexamination of the plant
licenses, under CFR-50.59, for operating plants.

The Hatch work was presented to NRC staff on September 23, 1977,
Reference 3-(49). The work supports tne applicants' position that gamma
flux is a better measure of local fuel power distribution, with smaller
ultimate uncertainty in local power distribution determination, than any
system based upon measurements of neutron flux.
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In being applied in the GE TIP systems, the ganma ion chamber becomes the
fundamental source of information on local fuel power distribution to
which the individual fixed fission chambers of the LPRM are repeatedly

recalibrated.

The empirical evidence from the Hatch program establishes the superiority
of measurement of gamma flux to measurement of neutron flux for local
power determinations. Figure 3.3-12 is extracted from Reference 1-(6a)
and shows the three TIP devices compared at Hatch 1.

The applicants have three main points to make in connection with the
entire Hatch 1 program:

a) It establishes the validity of the applicants' claim that gamma
radiation is the proper parameter to "measure" if local fuel power
is the objective.

b) Because the work was done with a device whose sensitivity to the
gamma flux is neither known nor czlibratible before it is inserted
into the reactor, the requirements for mechanically cumbersome
processes of total and inter-sensor normalization are preserved
intact after Hatch 1.

€) It is considered unfortunate that in such an extensive and unique
effort (one of the very few that is not totally denendent on
existing neutron devices and calculations to calibrate new and
better devices), the travelling gemma thermometer (called TRAVCAL by
GTIG) was not included in the comparison among fast flux chamber,
thermal flux chamber, and gamma ion chamber.
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3.3.5 AEG/KhU Gamma Thermometer Evaluation at KWL (Lingen)

Description of Gamma Thermometer

The AEG gamma thermometer is shown in Figure 3.3-13. In principle, there
is no difference in design between AEG's gamma thermometer and their
neutron thermometers. In both cases, heat generated within a nickel
encapsu.ated block is measured by two thermocouples connected to censti-
tute a difference thermocouple.

When one of these devices is designed as a gamma thermometer, gamma
radiation heats a solid nickel block (or a nickel encapsulated heavy
metal block). To be used as a neutron thermometer, a piece of U235 is
embedded in the nickel block.

The heat generated in the nickel block is conducted to the heat sink
along a heat path made up of CrNi. An Inconel jacketed cable containing
two nickel leads penetrates the detector housing and the leads are
terminated, one on the nickel block and one on the inside of the nickel
housing. The nickel leads together with the nickel housing constitute
the nickel part of the thermocouple pair while the heat path constitutes
the CrNi part. The hot junction is the interface between the nickel
block and the heat path, while the cold junction is the heat path/bottom
plug interface.

Testing of Detectors

The development program included irradiation in the test reactors at
Seibersdorf and Kahl. During these tests the linearitv and sensitivity
of the detectors were established. For the gamma thermometers, a sensi-
tivity of 2.5 mv/10° k/h was found.

A power plant program was undertaken by installing 28 dotectors in the

Lingen BWR plant. In that case, however, the detectors were used as
neutron thermometers.
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A decision was later taken within AEG to base the in-core instrumentation
on miniature fission chambers. This decision stopped the further devel-
opment and testing of the AEG gamma thermometer in the German reactors.
Therefore, 10 data from full-scale operation of the gamma thermometers
are available.

Ironically, the decision to use fission chambers reflected the poor
experience with those devices rather than the good experience with gamma
thermometers. It was assumed at that time that the gamma thermometer
could not be made fast enough for APRM scram functions and for this
reason a certain number of fission chambers would have to be used. Since
fission chambers had a high failure rate it would be necessary to install
at least twice as many as required for the APRM function if all were
working. Thus, the unreliable fission chamber literally crowded the
reliable gamma thermometer out of the in-core system.
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The signals from all 90 prototype sensors have been analyzed by EdF
Comparing the gamma heating (W/gm) to the local nuclear power (W/CM

J J ”

obtained from the TIP system, EdF found a very good correlation (th

compa‘ison is an evaluation of Kz;

The linearity of K2 was found to be excellent with a 0 < 1.6 percent

and the origin intercept was within +20. This considered all flux maps
obtained so far by EdF, with no corrections made for transient or burn-up
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3.5 Programs Establishing Mechanical System Compatability, Handling
Technique, Integrity of Pressure Boundary, Consequences and Modes of

Failure

The RGTA looks from the outside exactly like the presently installed
instrument. For Westinghouse PWRs, the jacket tube of the RGTA is the
same outside diameter and wall thickness as the pressure thimble through
which TIPs are inserted. In fact, Intertechnique, who makes RGTAs for
EdF, uses pressure thimble tubes (purchased from Framatome) for the RGTA
Jackets.

For B&W pressurized water reactors, the present SPND array is shown
inside its jacket tube in Figure 3.5-1. The seal location is shown in
Figure 3.5-2 and a seal detail in Figure 3.5-3. The seal flange is
defined as an element in the primary pressure boundary and is subject to
Class I quality assurance and regulations under 10 CFR 50.51, Appendix B.

In the newest Westinghouse system the TIP tubes make only one bend as
they are led from beneath the reactor to the seal flange array (Figure
3.5-4). The use of the snlid RGT assembly to replace the dry TIP thimble
tubes eliminates these 50 tubes as components of the primary pressure
boundary, and eliminates the need for emergency isolation valves (and the
complexity of the TIP drive system). The use of the essentially solid
RGTA reduces the risk of leakage relative to that of the B&W SPND
assembly.

CE has, in its System 80 plants, gone to bottom entry systems similar to
those of B&W and Westinghouse. RGTA installation would also be similar.

The EdF mechanical compatability program is well advanced. Before
insertion of the first two RGTAs in Bugey 5, the entire spectrum of
handling and system compatability questions was dealt with.




3.5.1 EdF Mechanical and Torture Testing of RGT's

Thermal Cycling

The first prototype RGTA maae by Intertechnique (canne No. 0) was three
meters long. This was a successful extrapolation of the manufacturing
process from the earlier, shorter, drawn specimens, containing two
sensors, made by ScP/IFA. The specimen was cycled more than 50 times
through severe cycles from room temperature to 550°C. No thermocouple
signal was lost and destructive examinations revealed no disturbance in
positior of jacket tube, core rod, or sensors.

Mechanical Testing

The first full length prototype RGTA (canne No. 1) was 14.2 meters long
and was used in the Framatome test facility, Figure 3.5-5. The insertion
and removal techniaqres were found adequate. Forty insertions and
removals showed no damage to either the RGTA or the guide tube mockups.
Figure 3.5-€ gives the mechanical details of the EdF RGTA.

The forces required to insert and withdraw the RGTA were measured and
found acceptable and consistent with TIP tube experience.

Hydrostatic pressure tests were performed and thermal cycling repeated
within the 1imits of the facility (1.e., temperatures not as high as
those of canne No. 0).

After satisfactory completion of non-destructive testing, canne No. 1 was
processed through the disposal equipment in accordance with standard test
specifications for the TIP thimbles.

The disposal machine (Figure 3.5-7) removed a TIP thimble and coiled it

into about a 2/3 meter diameter (a destructive process). After this
treatment, the sensor thermocouples of canne No. 1 were still functioning.
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Positional Accuracy of Sensors

Both theoretical and experimental work were condu.ted by Framatome (on
behalf of EdF) to determine the accuracy to which locations of RGTs could
be calculated.

The distance from the bottom reference plane of the fuel core to the top
of the RGTA was calculated to be 3875 mm in cold conditions and 3915.5 mm
in hot conditions and the nine RGT positions distributed accordingly
(Figure 3.5-8).

Actual measurements were performed in Bugey 3 where a TIP was used to
“find" the top of a mock-up RGTA (i.e., a TIP thimble) and relate it to
known positions of fuel spacers. This was done for core positions D-5
.nd J-10 (the same positions used for Cannes No. 3 and No. 4 in Bugey
5). In position D-5 the top was at 3918 mm measured and 3916.5 mm
calculated. Positional uncertainties on the measurement are +15 mm.

Exgerience

The installation of Cannes No. 3 and No. 4 in Bugey 5 took place on June
19, 1979, where EdF replaced TIP thimble tubes in core positions J-10 and
D-5. No problems were encountered in insertion or sealing. Subsequent
successful installations have taken place in eight core locations of
Tricastin 2 and 3.

3.5.2 RMWE and Duke Power Prototype Program

The substitution of RGTAs for SPND strings in B&W reactors as regards
insertion, removal, handling, transport, and disposal causes virtually no
change. The Duke Power prototypes are to be shipped on reels used for
SPNDs and supplied to Reuter Stokes by Duke (who owns them).

At Oconee the four prototype RGTAs (see Figures 3.5-9 and 3.5-10) will

employ the same seal flanges, Bendix connectors and cabling as have been
used for the SPND assemblies they displace.
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For RWE's KKMK plant (startup 1984), the seal flanges are of an improved
BWR design which may also be employed for the RGTAs (Figure 3.5-11).
However, an advanced “"no welds" design which employs mechanical fittings,
arranged doubly for uvack-up pressure tests, is also being considered to
eliminate welds on the RGTA jacket tube (Figure 3.5-12).

A series of qualifying mechanical tests are embodied in the purchase
specifications for both sets of prototypes. Both Duke, Reference 3-(23),
and KKMK (RWE) bid specs, Reference 3-(24), will be provided to NRC
reviewers upon request.

There exist two schools of thought regarding termination of the RGTA core
rod. The first opinion is that the core rods inside the RGTAs should be
continuous and uninterrupted from top of the core to the seal flange

(36 m). The alternative ‘s to end the core rods somewhere below the
reactor vessel and allow the cables to proceed inside the seamless jacket
tube to the seal flange. Generally, buyers prefer the former alterna-
tive, while suppliers prefer the latter.

Figure 3.5-13 illustrates three degrees of conservatism with respect to
primary system leakage after a crack occurs in the jacket or sheath tube:

1) In the present SPND design a crack anywhere in the jacket tube feeds
water directly into the inter-cable space from which it proceeds to
confront the gold braze seals around each SPND cable.

2) In the buyer-preferred RGTA design; a jacket tube crack anywhere
along the entire 36 m length of the RGTA means nothing. High
pressure helium tests impressing 3000 psi on a short section of an
RGT have produced no detectable helium leakages along the path of
the drawn joint between jacket tube and core rod. Further, even .
core rod crack does not result in primary coolant out-leakage
because the thermocouples are held so tightly within the drawn down
core rod, (see Figure 3.4-6). The KKMK mechanical testing specs
(seismic) for RGTAs call for a complete destructive fracture of the
RGTA cross-section of the pressure side of the seal flange and no
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leakage is allowed (such a fracture of an SPND would open the

calibration tube to the in-core instrument pit).

3) In the supplier-preferred RGTA design, the core rod terminates
outside the reactor core. In this case a leak developing in the
Jacket tube, between the reactor and seal flange, would result in
primary pressure at the cable penetration seal much as in case 1
above. The proponents of this middle alternative arqgue that jacket
tube leaks are far more probable in the high temperature high-
coolant velocity core region of the RGTA than in the static, low
temperature region inside the guide pipe. Since the SPND is vulner-
able to such cracks also in the core region, as well as outside,
proponents of arrangement (3) argue that "much less vulnerable" is
good enough. Proponents of configuration (2) argue that the RGTA
offers the opportunity to remove the full area of 52 pressure tubes
from the surface area retaining the primary pressure, and "why go
only half way?",

At this point in RGT development, mechanical testing necessary to
qualify RGTAs to replace Westinghouse TIP thimbles is complete.
Mechanical testing of various kinds will be carried out by Duke
Power and RWE but the fact is clear that reduced exposure to primary
system leakage is brought about where any PWR instrument system 1s
converted to RGTAs.

3.5.3 ScP/IFA Tests Simulating Signal Failure Modes

The ways in which RGTs can fail or give erroneous signals is more limited
than for either the SPND or the fission chambers. It has already been
pointed out that lead-to-sheath resistance can drop to 100,000 Q before a
¢ percent signal error occurs. The modes of failure or signal degrada-
tior for fission chambers and gamma ion chambers are several and degrada-
tions are difficult to detect.

3.5-5




There are two known types of failure for RGTs:

1) Cable defects which are those common to all low temperature thermo-
couples: Tlead interruption (detectable by loop resistance
measurement); lead grounding (detectable by lead-to-sheath resis-
tance); and moisture (n insulation (detectable by lead-to-sheath
resistance).

2) Water in the annular gas space arising from jacket tube failure. In
a PWR any crack in the jacket tube (over a sensor cavity) will fill
the sensor space with water, not steam. Tests in 1975 and 1976 at
IFA, Reference 3-(25), showed that the presence of water in the
annular space completely eliminated (made zero) the RGT sianal.

There are no known non-detectable (i.e., "soft") failure .odes for RGTs.
The signals are either correct or the instrument can clearly be shown to

be inoperative.

Use of heater cables for in situ calibration of RGTs eliminates the
necessity for insulation resistance measurement to detect failure.
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Mr. R.D. Smith -2- 21 September 1977

4) Program & constructs a representation of the power in all fuel
assemblies from the detector readings.

5) Program 5 performs the following:

(i) Calculates Assembly Powers

(ii) Calculates Nuclear Core Power
(ii1) Converts Heat Balance Power to Megawatts

(iv) Calculates Heat Balance to MNuclear Power

Normalization Factor

(v) MNormalization of Segment and Assembly Powers

(vi) Performs an Axial Least Squares Fic of Each Assembly
(vii) Sums Polynomial Coefficients for Each Level
(viii) Integration

(ix) Calculates Quadrant Relative Powers

6) Program 6 calculates:

(i) Core Power History
(ii) Segment Power History
(iii) Assembly Power History

(iv) Time Integration

7) Program 7 calculates the depletion of the incore cr SPND emitter
material.

A1l of the above presupposes of course, that the required correlations and con-
version factors are available, the determination of which is not trivial and must
be performed for each cycle. The calculational flow for each y factor or correc-
tion term is shown in Attachment I, and involves large amounts of man and computer

time to execute.

It is my opinion that whatever software and conversion factor work would have to
be performed for signal to power conversion of gamma thermometer signals, that
work could not be greater in magnitude than that performed for SPND signals, and
in all probability would be less, based upon what [ now know of both systems.

It is this probability plus the promise of higher dependability and longer life-
time that would, once proven, allow Duke Power to provide its resources in a
cooperative effort toward an integrated gamma thermometer system, both harcware
and software.

[-2



Yours very truly,

H.T. Snead, Manager
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FIGURE 1-1

FIRST SRP GAMMA THERMOMETER (CA. 1953)
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65% prompt fission 7

g = 0.5 W/g 25% fission product v (70% “prompt")

10% fast neutron heating

AT = pgx/kA (40° to 150°C.)

In this device, about one inch 4in Jiametor, the majorily 0§ gamma
heating was produced in the central block of stainless steel. The
device was Long enough so that the temperature measured was
controlled by radial heat path (X) which also generated a &uttle
heat.



FIGURE 1-2

ToDAY’S SRP GAMMA THERMOMETER (CA. 1962 TO PRESENT)
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AT =~ pglé/2k (40° to 150°C.)

This embodiment, of which some 3000 have been used, was the finst
2o use principles of the difference thenmoceuple. The signat L8
zeno at zero power regardless of coolant temperature. The undts
are made identical within +3% nesponse time on plunge festung.
(This A the same as +3% on real AT sensetivity Lo heawding.) They
are then signal biased in-core within this $3% range by cross
calibration with wire monitor and §€ow x AT measwrement. Although
nonmally neplaced yearly, SRP reponted fast jluence exposures up
to 1022 nut (5§ operating PUR years) without change «n rateo ¢f
fuel power to gamma themwmometer sdignal. Fadlure before removal 44
neported gor Less than 35 of the undts.



FIGURE 1-3

STANDARD HALDEN TYPE
GAMMA THERMOMETER

Inside Surfoces
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P
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These units are about 1/3 inch in diameter and about 3 inches Long.
Thez are of stanless steel aud are cylindnical. Since 1964 226
sduch undits have been employed and only 3% have ‘ailed beiore thein
| removal. They are plunge tested at manufaciw: 1 accepted <4
within $14% on measured response time (1t 48 wuniguely related to
neal sensitivity, 9C/Watt/am). A set of 5 gamma theamometers
anstalled in Instwmented Fued Assembly, IFA-4 in 1964 were
nemoved with TFA-4 in 1971 after a fuel burnup o4 26,000 Mwd/t,
and showed no .change in calibration over this pexdied. Note that
thermocouple cables (as at SRP) axe exposed to reactor coolant,
and are therefore more vulnerable to premature faclure than the
RGT design.



FIGURE 1-4

y-RADCAL GAMMA THERMOMETER ASSEMBLY (RGTA) FOR

PRESSURIZED WATER
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Details vf these desdigns are given «n Secticn 2.4,

jacket

They daffer

very Little 4in outsdde appearance and substitute darectly for in-
core pressure thimbles «n Westinghouse plants and for SPND assemblies

in BEW plants. The Duke YRGT

employs a central calibration tube.

The RWE vy RGT uses a central heater cable that permits in sctu

necalibration at will. Some Y

RGTs wuse double défference thewmo-

couples to double signal without Lengthending time of resvonse. (1
48 17 seconds for the C'F Y RGTS compared Lo 150 seconds gor Rhodium

self-powered newthon detectors).

BWR Y RGTs widll be much faster

and wll be augmented by sdignal deconvolution electrondcs to gave

apparent 1's of 0.25 seconds.

The monolithic stainless stoel con-

stwetion keeps themmocouples dry, 4mproves pressure beundary 4nte-

grity <n all PWRs, and permits
dineet electrical heating (I1<R

workshop calibration to o: * 1.0% by
). Introduction o4 a ncchrome reaten

cable into the cable pack veamits full-range «n-situ recalibration.
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FIGURE 1-6: TEMPERATURE DISTRIBUTION AND HEAT FLOW
IN PWRYRADCAL
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The unit 48 relatively insensitive to Location s 04 hot and cold

junctwns because of flat temperature gradients «n junction

negionsd. A specsfic two damensional code RADCAL/THERMAL has been e
developed by Scandpower to predict steady titrle sdignals and

transcent response To step change on plunge test. Beth eleetrce

and ¢ gamma heating modes are accurately modelled. Tests and theory

show {nsensitivity of response to coolant velocity over a wide

range. Responses to ;.uuwz exnebit a cornelation coeffcccent > 0.9999 °
Lo the besat fit stradght Lone. A sensctivity change of about - 3%

2l

occurd when coolant temperature {ncreases gfrom 20°C to 300°C. Thus
4 accurately modetded «n r\\l‘CAL THERMAL code.



FIGURE 1-7: PRINCIPLE OF DIRECT ELECTRIC CALIBRATION OF

AN RGTA
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FIGURE 3.0 - 1

IINCERTAINTY |

RGT: a

small individual -
sensor corrections -

RGT millivolts x [

The range of gamma thermometer sensitivities is proven to be
within *2.5% as they leave the shop calibration. Nc effect of
irradiation has been detected during long irradiations at SRP

and HBWR. High precision tests to verify this are now in progress
at ORNL.



FIGURE 3.0 - 2

CONTRIBUTIONS 10 INCERTAINTY IN
Rat1o o LocaL LHGR 1o “MEASURED” PARAME . (R,

Ky

- T - e T e T T T T Caliy vesm

UNCERTAINTY 2

How well does KZ define local power of fuel adjoining
a detector?:

rKz corrected for: Small

RADCAL HEAT « | (¢ 6%) Corrections as found| _ \uep oy

by experimental and

_theoretical work.

To date, both experiment and theoretical calculations indicate

that total corrections smaller than * 3% need to be applied to

relate gamma thermometer heat rate to the highest possible pre-

cision to LHGR in surrounding fuel in a PWR, regardless of ex-

posure, enrichment or distributed poison. Slightly larger corrections,
in a minus direction, may be needed for low power fuel near embedded
control rods. Avoidance of normalization yields truly independent
local power determination.




FIGURE 3,1-1: "BWR" y-RADCAL Uses Pure RapiaL HeaT FLow
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The Radial-type RADCALs are simpler and avoid
the gas gap.
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FIGRE 3.1 -3
Ineur Array For TADCAL/THERIWL
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FIGUPE 3.1 - 4

CALCULATED STeADY STATE TEMPERATURE DISTRIBUTION
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FIGURE 3.1 - 5

PrRepICTED ResPonse oF CANNE 4 THRoucH 8 BY RADCAL/THERMAL
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The figure shows the predicted respomse c¢f Canme 3 @ d 4

to a step in electrical heating from 0 to 1.4 F/g. Cooling

water 15°C.
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FIGURE 3.1 - 7

RELATIONSHIP BETWEEN REAL SENSITIVITY. SR,
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The curve showes the relationship between the real sensiti-
vity and the tfme constantes of an RGT. The

curve has been comstructed by calculating semsitivity and
time conmstant when basic parameters have been varied around
a reference value. Knowing the time constants of

v
P

the two junctions of the RGT sensor (e.g., fram
test), the curve can be used to find real semsitivit

plunge
Y
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FIGURE 3.1 - 8

Prep1cTED PLunce TesT Response - A TypicaL ORNL SpeciMen

Step from 0°c (ice water)
to 100°C (hoiling water)

M//un-l‘on

QU/M!‘ -

oo&“é*f‘l‘a‘é

The observed signal is the algebraic difference of the two
individual response curves. If the two bath temperatures
A are well controlled, the experiment aleo yields t/e cali-
y bration (i.e., amplitude of the response).

v
» NB! Actual ORNL tests were dome from a stirred 20°C bath
to a stirred 100°C bath. See section 3.4.1.

s 8 & & &



FIGURE 3.1 - 9

EFFecT oF CAavBER LENSTH VARIATIONS ON AT AT 300°C
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The figure shows how the output signal AT changes if the
chamber length ie varied by & 2 mm around 26 mm. It 18
worth noticing the linear relationship between AT and
chamber length. At this particular length the gas conduc-
tiom is important to the degree that response is no longer
proportional to L2.



FIGURE 3.1 - 1C

ErFecT oF AxIAL DisLocaTion on Hot
JUNCTION IN AT

VARIATIWN IN AT * 037 °C

’? b ’ . COLD JUNCTisN
{, /) "]F,zl A Trden: -

' / 7 F I & woumd
S
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™ R T T
25 20 5 /e oS ao 24 20 /5 20 25

@t BRIBL LIZTANCE (117)

The figure shows the axial temperature dictribution in the
RGT sensor. It ia seen from the figure that,as the
curve i8 rather flat in the region of the hot junction,
minor displacement of the _unction in arial direetion does
not influence the signal very much. Tolerances of # 0.25 mm
are held in practice.




FIGURE 3,1-11

EFFect oF CHAMBER GAS FILLING oN AT
WITH 300° C sink

TEMPERATURE

or Air
Hydr‘ogen
— e
10
% 5 0 i5 20

THERMAL CONDUCTIVITY ((w/m -°C)xI02)

The figure shows how various types of gas filling influence the sensor
siggil AT. Conductivity is independent of pressure, over a wide range_
(10  to 10 ata). A consequence of this is with 2 ata of argon and 10
ata of hydrogen the_sonduction is dominated by argon. With pure hydrogen,
however, even at 10 ata, the sensitivity would be only 20 C/watt/gm.



FIGURE 3.1 - 12

ExPerIMENTAL SET-UP FOR HoT-LaB PLunce Tests AT ORNL

smplifier/electrenics

multiplexer

ADC

= AEy

CPU

T,/T\_f—

NN
NN N
= N

?'.;::l.d R X-Y recorder

input DVM X = time .05 cm/sec
Y' - AT'
vz - Arz

The figure shows the experimental set-up specified for the plunge
testing in hot lab of RG T specimens at ORNL. In the test the
specimens will be quickly transferred from ice bath (0°C) to a
boiling water bath (100°C).

Storage




FIGURE 3.1 - I3

CALIBRATION OF Y RGT ProtoTYPE AT IFA (AIR-FILLING)

T 13 (M)
205‘-
2I°d
1.5- .
1.0
°.SJ
PSIN/GR,)
0.0 T T T T T T ! S
0 1 2 - S 6 ?

Figuree 3.1-13 through 3.1-17 show results from electrical
calibration of an early prototype of the KRG T. The eritical
experiments done by ScP/IFA established methods of manufacture,

s

tested failure mechanisms, and exposed specimens to severe

. s o 7 , . g3 .
thermal cycling (7550 C). The direct el:etrical calibration
techniques were piloted.



FIGUPE 3.1 - 14

CALIBRATION OF yRGT Prototype AT IFA (Vacuum FiLLing)

{ -
PSIH/GR.)
0 - T T T T T
(] ] 3 - S 6 7

An evacuated chamber doubles the signal over the air filled
chamber but in PWR environment, an evacuated chamber quickly
fills with hydrogen which peretrates the stainless steel
Jjacket tube until equi 1ibrium with partial prese in the
coolant ts reached.



FIGURE 3.1 - 15

CALIBRATION OF Y RGT ProtoTYPE AT IFA (EFFecT oF COOLANT TEMPERATURE)

oTY (M)

$ -

X COOLANT TEMPER. APPROX. 10°C
Y . © COOLANT TEMPER. RPPRDX. 80°C

L]
p. o
™
1
PSIN/GR.)
' T T -T T T i
[} ' 2 3 y 3 ?

Over the 40°C range of coolant temperatures which occur
in @ PR, the change ir semsitivity ts alightly larger

(] L] . . 0
than between 100 and 80" but it is very closely predict-
able.



FIGURE 3.1 - 16

CALIBRATION OF v RGT ProtoTYPE AT IFA (EFFecT oF VERY Low CooLanT
VELOCITY)

T o7 (MV)
& COOLANT TEMPER. APPROX = 80°C
¢ APPROX. VELOCLTY = 0.50 M/S
Y - o RPPROX. VELOCITY = 0.24 W/S
© APPROX. VELOCITY = 0.19 M/S i
b
?
2~
| =
PSIN/GR. )
¢ T T T T T T re—
0 ' 2 3 v 3 3 ?

Calibration does not begin to depend upon coolant veloetty
wntil velooity ts lower than 0.2 m/sec. In the curve above,
both power and velocity are varied below 0.5 m/sec. The
velocity of coolant tn the PWR case 18 1.3 m/sec.



FIGURE 3.1 - I/

CALIBRATION OF YRGT Prototype AT IFA
Vacu FILLED SENSOR RECALIBRATED AFTER 5 THErMAL CvcLings up To 450°C

OTHINV)
S ~
L .
3 -
3
before cyeliny
. after cycling
i -
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¢ y >
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Severe thermal eyeling did not affect calibration
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FIGURE 3.1 - 18

INTERTECHNIQUE TEST LooPp
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FIGURE 3.1 - 19

w___ o
signal e ¢ Best fit S = 38.47
140}
120

100

80t

60

40
20

re A A il

0 1 2 3 4 5 6 7
power in sensor, watts/gm

CANNE NO. 4, SENSOR NO. |

Figures 3.1-19 through 3.1-27 show the low temperature
electrical calibration of the sensors in Canme No. 4

Scatter of data around best fit line is too small to see.
Variations in sensor—-to-gensor sensitivity (slope) have been
greatly improved for later cannes. See table 3.2-3. Overall
sensitivity vartation for 10 RGTAs (90 sensors) is 3.67%.



FIGURE 3.1 - 20

signal 0.6 Best fit & = 42.34

140
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100}
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60
40
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& o A A
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power in sensor, watts/gm

% CANNE NO. 4, SENSOR NO. 2



FIGURE 3.1 - 21

40.6 . Best fit S = 41.70

140
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100
80}
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40t
20

. 1 2 3 & 5 & 7

power in sensor, watts/gm

CANNE NO. 4, SENSOR NO. 3



sl o6 . Best fit S
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CANNE NO. 4, SENSOR NO. 4



FIGURE 5.1 - 25
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CANNE NO. 4, SENSOR NO. 5
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FIGURE 3.1 - 24

0
Best fit S
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CANNE NO. 4, SENSOR NO. 6



FIGURE 5.1 - 25

signal
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CANNE NO. 4, SENSOR NO. 7



FIGURE 3.1 - 26
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CANNE NO. 4, SENSOR NP, 8




FIGURE 3.1 - 27

uv

signal 0.6~ Best fit S = 44.42
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CANNE NO. 4, SENSOR NO. 9



FIGURE 3.,1-28: HIGH TEMPERATURE CALIBRATION OF
CANNES NO., 4-8
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The §igure shows the results of high temperature calibration
0§ Cannes No. 4, 5, 6, 7, § - Averages por 9 sensond.

NB! High temperature data are subject to possible systematic
nevision based on cormrections to high temperature resistdivities.




FIGURE 3.1-29: EFFECT OF TEMPERATURE ON THE
ELECTRICAL CALIBRATION

0.5 1.0 1.5 2.0
W/gm

The figure shows the calibration of one of the sensors in

Canre 2 at digferent temperaturcs. The Lowen sensitivity at

higi. temperature due to higher theamal conducitivity of the
materials 44 clearly 4indicated, and <8 predictable by RADCAL/THERMAL.
Note that in-reactor coolant temperature variation 44 quite

small compared to this range.



FIGURE 3.1 - 30

INTERLOOP COMPARISON
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Intertechnique specimen no. 1, signal DT 11



FIGJRE 3.1 - 31
INTERLOOP COMPARISON

2000
/ 7 braric
o < CaveOrmi07?
e 7’ / /
> o /n:éf}éaéﬂ/'fuc av‘fém?{o'?
N
v

- " - 4 o
/0 20 40

30
2 -
(‘Z o /os), (Amperes)?

Intertechnique specimen no. 1, signal DT 12



FIGURE 3.2-1:

USE OF CALIBRATION VALVE AT HALDEN TO

MEASURE FUEL POWER DURING GAMMA THERMOMETER

CALIBRATION
ASSEMBLY POWER
__ Primery sleem
T wanvir meny
OA'CAVl'°°Y.) -OM
m -l
4:1/"'3’-'-7““" e L0
.~ Coliwstion valwe '
Calidration )
Sutconied panue b } S ubcooled ) S
= plenum 3
1/. T—— Natural Forced
circulation circulation

R— -
£i6.1 Simplitied HBWR primary circuit diagram, 15 - 20°C subconled
o,o is available through a plenum chamber below the reactor core,

FIG. 2 The calibration valve either permils natural circulation coolant
flow o up to 10 tons/nr of forced subcooled flow through a fuel
channel,

Natural circulation da'a, IFA- 2,
230°C, 10 kW subcooling (Ge=10kW)

Channe! inlet velocity, Viy
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FIC. ) Measured netural circulstion hydraulic data for the insiry -
merted fuel assembly IFA - 2

FIC. & Experimentai determination of heat transier from the moderator
10 the instrumented fuel assembly IFA - 4 at 3 MW reaclor pomer
and 20°C moderator temperature,

%t + 230°C flux shape A o, I 5" |
c ‘e 230°%C,=w= —a=— B = %m0 |
2 W s 180%, - —"—A % = . |
o e
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Assembly power , k¥ J ASSEMBLY POWER (04), KW
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FIC. S Fiow x AT measurements in the instrumented fuel assembdly
A~ 2 parmittes zalibeation of adjacent tlux rod containing three
Wt chamber s against (FA - 2 power,

FIG.& By means of fiow x AT measurements the gamma thermometers
in IFA - & was calibrated against power for five different control rod
configurations,



FIGURE 3.2-2:

DETAILS OF CALIBRATION VALVE

£
~
i‘ 1 . g ___,,.L—r:‘.’"
5 / Open valve,
3 = 1" forced circulatioh
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e ot SESS 1
g Closed valve, o
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« N ] 10

Pressure drop across calibration valve, n;l::m2

Cable penetration Zlﬂ!el port By psos s ceve
seqals open position

i

FIG.7 Flow through fuel channel with open and closed calibration
valve as function of pressure difference between s.bcooled plenum

. Chamber and steam plenum can be used 1o recheck flow turbine
calidration.

FIG.9 Photograph showiny complele Calibration valve assembhy ,,:"
for mounting at bottom end of instrumented fuel assembly.
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FIG.8 Technical details of the remotely controlled calibration valve.
Two characteristic positions shown

FIG. 10 Proposed design for new calidration valve use lead scres

driven by stepping moior



SICNAL TO POWER RATIO

o

FIGURE 3.2 - 3

Rat10 oF SiGNALS TO POWER
(Extracted grom Hatch 1 Tests)

— FAST NEUTAON SIGNAL TO POWER RA IO

O GAMMA SIGNAL TO POWER RATIO

Q THERMAL SIGNAL TO POWES RATIO

AXIAL NODES

The ratio of rw signal to ultimate parameter, local fuel
power, it8 a measure of the ultimate "measurement" precision
obtainable from the processed signal. In this case
denominator of the ratio t8 "incestuous" because it t&
the power taken from the neutron TIP signals after proces
tng. The agreement of gamma flux with real local power
even closer,

~



FIGURE 5.2 - 4

One-E16HTH SecTor oF 17x 77 FueL AsseMsLY
Derining Pin Rows Usep 1n CEA CALCULATIONS
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FIGURE 3.2 - 5

INFLUENCE OF A TRANSIENT IN POWER
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During the half-hour transient deptcted gamma thermometer
heatmg logs actual power gwma a 16% excess at the
tnstant of minimum power and a 1% deficiency at the instant
of full power restoration. Thirty minutes later heat rate
has reached full equilibriwm.



14

1

kg ppt B
i \j' o L U .~i. EERIRILE | '
Ple - - - - weeie-

e[St ey

FIGURE 3.2 - 6
Sensor Heat RaTe FowLowing InsTanT Rise 1o FulL Power
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Signal ts 72% tnstantly, 84% in six minutes in this hypothe=-
tical case where no fission product contribution is present
at time zero and power rise is instantaneous.



FIGURE 3.2 - 7

Dvnamic Response oF Sensor HEATING
10 8 Hour LoAD RepucTion
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In this case the low power excess signal i3 a maximum of
10% and the high power deficit is 7%, dropping to 3.5%
20 minutes after power is restored.
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FIGURE 3.3 - 1

CHANGE IN GAMMA FLUX AFTER
A POWER CHANGE

(Bosed on 0 20% Step Increose in Power )

° n ' 1 L

(] 2 » 3 50 60 70 80
Ti=mgktier Foasr Chonje, seconds

The observed response to a 20% step change in power at
SRP corresponds closely to the respomse calculated
CEA using APPOLLO-TRIPOLI-MERCUR IV on Westinghouse
17217 lattice. There 18 a 10% error after 100 seconds

(on the change). This is a 2% signal def
step were from 80 to 100% poser. SRP data
tzed to obscure actual fluxes and heat ra

(Ref. 3-(2))

ere normal-



FIGURE 3.3 - 2
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PERFORMANCE OF SRP GAMMA THERMOME TER
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These results are remarkabl: good when it 18 comeidered that:

= No requirements on reproducibility of t existed at that time (1961)

= Difference thermocouples were not in use

= Signal was extremely high (producing mon=l'nearity’)

= No knowledge exists of scatter of the x values of data points
(Neutron flux measurerent is in ttroelf inexact)



FIGURE 3.3 - 3

FAILURE FREQUENCY OF INsTRUMENTS IN HBWR
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This gives a record of failure frequencies <n the ICWR fuel test program which
has included 226 gamma thenmometers of standard tupe plus 106 {Lux thermometens
of other types. For standard garma thewmoreterns the premature failure rate has
been about the same as for Low temperature thermocouples (~5%). The Longest
used gamma thewmometers were used 4or seven years without change in calibration,
Discounting facfures due to water penetra’ion of expesed thermecouple sheaths,
premature falfure frequency for RGTS (s profected to<2js. 14% of SPNDs at
Halden have 4ailed prematurely, compared <o 30-50% 4n LWRS.




FIGURE 3.3 - 4

SpecIFICITY oF SicnaL AT HIBR

o0
ooc¢C
0.0
Y - Thermometer

o)
20

In core geomelrical location of ¥ ~thermometers ralative to
IFA an¢ adjacent fuel,

Signal specific to:

IFA 3 ws
L5

IFA4 {s0%
i (03]

IFA 6-7-8
5%

LR Y

HBWR >
tubular fuel
3 rod 9%
bundle

o 1= Thermometer

Specific signal depends on fuel geometry. Percentage fiqure
®easured for iFA &, and calculated for the other arrangements.

The six elements surrounding an IFA (Instrumented Fuel
Assembly) at Halden can be of any exposure, design or
enmchmm, sometimes being only omne fuel rod. For struc-
tural reasons, the detectore are often eccentrically located

X
(as in IFA-4). Many recent experiments (IFA's) at Halden
have used only a gingle fuel pin because of the space
required by travelling pr;‘»;‘i.'.;""utpro ete. In this case
the signal specificity problem increases from "difficult”
to "extre mely difficult”. The 31 Rod Marviken type bundle
(95% specificity)more nearly typifies PWR application.



FIGURE 3.3 - 5
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In this plot the sum of three gamma thermometers in IFA-4
are calibrated against calorimetric power of the test fuel
assembly. With maximum disturbance of flux chape by an

symmetrically placed contyel rod, the slope ckanges by

about 20%. Such effects are much reduced in PWR's by:
-specificity of signal (local distributicn of source Y)
- tnereased numbers of semsors (7-9 ve 3) in a fuel assemb ly
- absence of steam bubbles (no votid)

In IFA-4 65% of sources of heat producing radiation are
within the measured fuel assembly. In a 17x17 PWR assembly,
91%




FIGURE 3.3 - 6
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HEWR fuel pieces are separated with about 4 cm of zircaloy
between two fuel sectors. The fuel in IFA-4 was deltber-
ately placed off center a little. The post irradiated
fast flux traces mormally used are showm to be non-repre=
sentative of fuel power distribution in IFA-3 and IFA 4.



FIGURE 3.3-7: GAMMA THERMOMETER ASSEMBLY, TYPE A
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This s the type most used at Halden Reactox.




FIGURE 3.3-8: GAMMA THERMOMETER ASSEMBLY, TYPE B
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Thes type was evaluated to produce high s4gnal and incorporates a second thermocouple for neference



FIGURE 3.3-9: GAMMA THERMOMETER ASSEMBLY, TYPE D
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Gold has high density and good conduction. Thas type tends to give
high signal with reasonable 1 but <4 of complex construction.




FIGURE 3,3-10: GAMMA THERMOMETER ASSEMBLY, TYPE E
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FIGURE 3.3-11: ALL TIP SYSTEMS REQUIRE NORMALIZATION
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This §Low diagram 04 bundle power caleulation with gamma TIP
system was extracted 4rom Ref. 1-(6)a. Nowmalization 48 requinred
for all travelling probes whose sensitivily <5 not precisely
known. 1t is also required jor SPND systems. The high precisdon
RGT system will give total pewer generated within 1.5% without
noamalization.



FIGURE 3.3-12: TIP pevices coMpAReD AT HATcH | BY GE/EPRI
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Although the gamma <on chamber proved {ar superior to the neutron detectors, all

devices share the noisy sdignals, unpredictability of absolute calibration, and
difficulties associated with high voltage power applied to cables.

S The preghram
dhould have included trhavelling gamma Lthermomelens.



FIGURE 3.3-13:
AEG GAMMA THERMOMETER
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The g§igure shows the principle design of the AEG gamma thermo-
meter. The aketched difference thermocouple to the L24t indicates
how this measuring technique 4A integrated into the garmma theamo-
meter design. The whofe gamma theamometer 48 made from nicked

to constitute the "nickel Leads", whife the critical heat path
makes up the "CaNi{-fead". The ganma thenmometer 44 changed 2o a
neuthon sensitive device aimply by inserting a U<?? piece 4n the
nickel block. The measurding technique <8 not alfered.
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FIGURE 3.4-1: CALIBRATION COMPARISON
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The §inst tests of the imbedded heater calibration o4 RGTS vs
direct electric, or Joule test, calibrations neveal, as
predicted by RADCAL/THERMAL, identity of the two calibrations.
Within the 1.9% o band for soule tests and 3% o band on heater
cable nominal resistivity. In-reactorn recalibration o4 RGTS
can eliminate speculation on drift of sensditivity with exposure
and provides direct measure, at will, of K, and ol 2o #+ 14%
(attairable).



FIGURE 3.4-2: EDF MIGH PRESSURE TEST LOOP

Counterweighl

] 1 . ' $S1: helding up the calibration lube device
H \ \,-‘é $61 SGL. calidration lube device guide ond back pipe
i SCh:support of the fowmeler [wilh compensatien)

[Lenght of halt circuminrence 7850 mm

This Loop was {abricated by EdF to electrically calibrate
RG T  assemblies, 10 of which are entering EdF reactors.
The Loop has been made available by EAF to other utilides
installing RGTA prototypes. Temperatures of 3509C and

pressures up to 150 bar are atiadinable.



FIGURE 3.4-3: TEST SECTION IN HIGH PRESSURE TEST LOOP
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High purity water and precision dpacing of RGTAs provide data at 300° in which the 20 scatter of
data points on the best it Line 4is 0.5%.



FIGURE 3.4-4: Coonr, IPERATURE EFI SENSITIVITY




FIGURE 3.4-5: EDFY RADCAL ASSEMBLY
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The EAF RGTAs  are 20 meters Long and identical 4in ocutside
configuration to the Framatome (Westinghouse] TIP thimbles
(droit de gant) which they neplace. They contain 9 sensors
and a central difjerence thewmocouple which measures coclant AT.
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FIGURE 3.4-7: RGTAs IN BUGEY 5
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The fwo RGTAs in Bugey 5 since June, 1979 (Canne no. 3 and 4) contain 1§ sensons

in positions where readings can be compared by symmetry Lo TIP traces.




)

10

1

12

13

14

15

®)

FIGURE 3,4-8:

RGTAS IN TRICASTIN 2
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FIGURE 3.4-9:

PLANNED POSITIONS OF RGTAS IN TRICASTIN 3
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FIGURE 3.4-10: POWER TRACES NF GT SENSORS AT EQUAL CORE
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FIGURE 3.4-12:

AXIAL PROCESSING
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The axial power shape reconstructed from 9 sensors agrees
well with the TIP produced shape at time = 0. The

power shape obviously changes later without operator
awareness (in the absence of a TIP trace at t # 0).







Gamma Heating W/gm

N Figure 3.4-14: Comparison of Gamma Heating and In-core Nuclear Power
: For canne G9, detector 1, at Tricastin 3.
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Figure 3.4-15:

Comparison of Gamma Heating and In-core Nuclear Power
For canne G9, detector 2, at Tricastin 3.
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Gamma Heating W/gm

' . Figure 3.4-16: Comparison of Gamma iie2ting and In-core Nuclear Power
» For canne G9, detector 3, at Tricastin 3.
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For canne G9, detector 4,

Figure 3.4-17: Comparison of Gamma Heating
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Figure 3.4-18:

Conparison of Gamma Heating and In-core Nuclear Power
For canne G9, detector 5, at Tricastin 3.
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Figure 3.4-19:

Comparison of Gamma Heating and In-core Nuclear Power
For canne G9, detector 6, at Tricastin 3.
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Figure 3.4-20:

Comparison of Gamma Heating and In-core Nuclear Power
For canne G9, detector 7, at Tricastin 3.
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Figure 3.4-21: Comparison of Gamma Heating and In-core Nuclear Power
For canne G2, detector 8, at Tricastin 3.
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Figure 3.4-22: Comparison of Gamma Heating and In-core Nuclear Power
For canne G9, detector 9, at Tricastin 3.
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Figure 3.4-23: Comparison of RGT and TIP Measurements for a Xenon Transient - Top Peak
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Figure 3.4-24: Comparison of RGT and TIP Measurements for a Xenon Transient - Middle Peak




TRICASTIN 3 CYCLE |

=
¢
e
[
:;; '
o
9
Ej
Ha
Pl
e
5!
«
3
RECOUSTITUNIZN AYIALE DE PUISSANCE
PAR W1 PCAYHOMZ CE CESRE 7
CARTE PE FLUY HWEnRQ 9
:‘g ASSEMELACE (O 9
O 1 TRACE TIFEPLIOMETNES GAMLIA
4+ : TRACE IHOTRUMENTATION MDGILE
§ . A
-0y P ) P .~ 2] o 1. W) W I 2 2w e 2 3 M) M6 M) e
COTL (LM)
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Figure 3.4-26: 3-D Plot of Xenon Transient Using RGT Measurements
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FIGURE 3.5-2: DETECTOR ORIENTATION IN A B&W PWR
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The pipes containing SPNDs (or RGTAs) are §rom 31 to 36 meters fLong.

The bending radid are such that no permanent sthain 48 nduced when

the nelatively nigdid assembiies are §irnst introduced on partly withdrawn
and rnedinserted during jueling. The entire jacket ot sheath tube Length
{8 exposed to system pressure up to the seal «n the pt.
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FIGURE 3.5-5: FRAMATOME MECHANICAL TEST FACILITY

Seal system
Straight guide tube
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containing 108 RGTs have been
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FIGURE 3.57: DISPOSAL OF IRRADIATED TIP

TURES OR RGTA

The f4nal test of Canne No. 1 was disposal. The 2/3 meter coiling
anwveolved did rnot damage the thermocouples! Destructive exam showed
denson gaps Lo be well preserved and no relative motion 04 jacket
Lube and core ned had occurred.



FIGURE 3.5-8: CALCULATED HOT AND COLD POSITINNS OF ®
RGTs., BUGEY-3
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FIGURE 3.5-9 DEeTAILS OF DuKE RGTA CONTAINING CALIBRATION
TUBE,
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Section A A DUKE PROTOTYPE

WALL THICKNESS JACKET 0.66 mM
THEROCOUPLE 0D 0.5 m
10 BE TRAVERSED BY SPND OR TRAVCAL ON MIDAS DRIVE
(STHGLE HOLE SYSTEM)
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The scven sensor Locations correspond to those in present SPNDs and a
calibration hole {or a TIP is incorporated. Hence the nickname "Cal-Cal"
fon the Duke RGTAs. Llarge numbers <n ( ) are 4n mm, Others are inches.




FIGURE 3.5-10: DUKE RGTA e
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FIGURE 3.5-11: KKK SEAL FLANGE

KRADCAL TOP
SEAL PLUG

/-

-

NUT

X137 140 .
FLAMGE CONMNECTION

r®

This seal iange desdign improvement 48 used in recent BEW plants
Like KKMK. 1£ will be replicated on the four RGTAs beding installed

by RWE.



FIGURE 3.5-12: MECHANICAL ALTERNATIVE TO
WELDED SEAL FLANGE FOR KKMK
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This design uses high pressure mechanical seals to replace
welds between jacket tube and seal 4lange. Once seals have
been made up they become pewmanent and can be back pressure
Lested at will, KKMK qualifdcation program includes complete
gracture of RGTA and cable pack without eak.




FIGURE 3.5-13: PRrResSURE BARRIER CONSIDERATIONS

1) BELFAB SPND:

Crack anywhere in jacket tube mcans a leak along
spaces between detector cables. The goldbraze is
the sole remaining scal.

{Diagram of "equivalent"
containment only. )

) RGTA alternative | (with full length core rod):

Jacket tube is tightly swaged to central core rod.
NO water passage exists!

Double mechanical (deformation)
fittings or welds provide redundant
primary scals and twice again insure
against leakage from secondary
passage

Tertiary passage highly restrictive and
sealed at end by Conax or gold braze.

3) RGTA alternative 2 (with partial core rod):

in-core portion protected as above by
swaging of jacket to central core rod.

- = «avesse]l bottom crack in jacket tube
ex=core exposcs same
leak path as described
in case 1 above,

— - tnd of core rod
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TABLE 3.1-1:

EXPERIMENTAL RESULTS FOR EpF CANNE NO. 6

SENSOR LEVEL INDICATED STANDARD DEVIATION
FROM BOTTOM SENSITIVITY, OF THE RGT DATA
OF CORE 0C/W/G, BEST POINTS FROM BEST
FIT TO 8 DATA FIT, % OF SI
POINTS
1 39,73 0.15%
2 41.83 0.17%
3 42.17 0.09%
4 39.56 0.11%
5 41.31 0.117
6 41.45 0.117
7 (OPEN CKT) --
8 39,85 0.21%
(tor) 9 39,31 0.11%

AvG = 40.65 OC/W/6

STD. DEVIATION OF THE RGT
MEANS = 2.64%

Sensoxr-to-sensor variation in sensitivity occurs for two main
rReasons:

1) Vardiation in signal vs temperature of the type K difference
theamocouples (est. ! 1%, 20)

2) Variation in annular gap width arising grom drawing process,
est. 20 = 3% on sensctevety



TABLE 3.1-2:

*SUMMARY OF HIGH TEMPERATURE CALIBRATION OF FRENCH

PROTOTYPES AND SPECIMENS

(PROVISIONAL)

Si (indicated sensitivity) 0C/W/g

SENSOT  SCNSOT  SEeNnsOr SEensOr Sensor SEnsor Sensor Sensor  Sensor Avg/o%
no. 1 _no. 2 no.3 no.4 no.5 no. 6 no.7 no. 8 no. 9
Canne 4 25.13  25.58 25.44 25.71 26.02 25.69 25.90 25.90 27.37 |25.86/2.4
Canne 5 27.19  24.66 24.71 24.99 24.34 24.79 24.94 24.99 22.56 |24.79/4.7
Canne 6 25.63  24.12  24.17 24.02 24.87 24.74 21.57 24.61 22.97 124.08/4.9
Canne 7 25.90  25.71  26.27 25.80 25.99 25.88 25.82 25.28 22.35 |25.11/5.6
Canne 3 25.71  24.99 25.61 25.94 26.65 25.99 25.17 27.40 25.65 |25.90/2.8
25.15/3.0

* The neponted sensitivities may Later be chan
measure electrical nesistance at calibration

The data

above have been evaluated using handbook data for electrical nesistance.

ged as a result of EdF's attempts to
temperatures (300°C).
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TABLE 3.1-4

SCHEDULE OF INSTALLATION OF ACCELERATED IRRADIATION *
SPECIMENS IN ORR

L
@

Date of Capsule No. Specimens Type Made by

Installation  (ORNL No.) Contained )

31 July 80 2 | P . EdF INTss

31 July 80 4 3, 10 E4F INTss/INPzr ®

21 Aug 80 1 4, 9 DUKE  TEC

23 Sept 80 3 5, 14 RWE TEC

23 Sept 80 5 6, 7 BWR IND o
@

Five specimens are withheld grom irradiation and serve
as standards to deteamine reproducibility of ORNL plunge

tests that ane used to calibrate RGT specimens. L]




TABLE 3.1-5
ORNL Tests: Post-IrRRADIATION PESULTS

SPECIMEN
PRE-IRRADIATION Int-2 (DTC-2)
9 Plunges
3 (seconds) 1.767

3.4%

0
Spre (¥C per W/qgm) 14.0

PQSI'IBEEDI AT 1ON

7 Plunges



TABLE 3.1-6
Fast Neutron Exposure For THE ORNL SpecimMens

~ Capsule Specimen

1

Scp-4 (TEC-5)
Scp-9 (TEC-6)

Scp-1 (INT-1)
Scp-2 (INT-2)

Scp-14 (TEC-4)
Scp-5 (TEC-1)

Scp-10 (INT-5)
Scp-3 (INT-3)

Scp-7 (INK-1)
Scp-6 (INK-2)

Estimated Fluence x10

-2tV

oo, (o e ) oron oo o
~n N NN n N ~nN N

.3(2)
3

(1) Neutrons /cm2 (nvt) at energies greater than 0.1 MeV.

(2) AN

values are + 20%.




TABLE 3.2-1: SOURCES OF GAMMA HEATING IN SENSOR

*Fuel Rod Row  *Number of Number of Fraction Average %
from which Fuel Rods Water Cells of famma contribution
the gamma in the in the row heating in from a singie
rays issuc row sensor, % rod at this

distance
1 8 0 29.9 3.73
2 16 0 22.2 1.39
3 16 8 11.4 .71
4 32 0 10.8 .34
5 36 4 6.6 .18
6 36 12 4.0 - §
7 56 0 3.8 .068
8 64 0 2.8 .044
91.5% inside the assembly
all others -~ 8.5
100% of gamma
heating

(exclusive neutron heating)

* See Figure 3.2-4 for row definiiion

+6.8%
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