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g NUCLEAR REGULATORY COMMISSION
g.g 'j WASHINGT ON, D. C. 20555

.
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) AUG 0 31982

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 employ 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 THERM 0 METERS, 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 plant 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 le Mr. 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 is to

) include a - A suffix.
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3 Mr. Peter A. Morris -2-

Should Nuclear Regulatory Commission criteria or regulations change such that
our conclusions as to the acceptability of the report are invalidated, Scand-) power, Inc. and/or the applicants referencing the topical report will be expected
to revise and resubmit their respective documentation or submit justification
for the continued effective applicability of the topical report without
revisions of their respective documentation.

Sincerely,
3

$'
# A Harold Bernard, Acting Branch Chief

Standardization & SpecialD ,

Projects Branch
Division of Licensing

Enclosure:
As stated
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Evaluation of a SCAtlDP0HER, Inc. Licensing Topical Report

D

Report fiumber: ScP-01, Rev. 4
g Report Title: i-RADCAL Gamma Thermometers ;

Report Date: February 1982
Originating Organization: SCAtlDPOWER, Inc,
Reviewed by: Reactor Physics Section,

Core Performance Branch,
Division of Systems Integration

3 Date of Evaluation: June 1982

.

The SCAtlDP0WER Company has submitted the Topical Report ScP-01, Rev. 4

entitled, "y-RADCAL Gamma Themometers" for our review. SCAflDP0WER, Inc.

is acting on behalf of a number of utilities. This report provides a

detailed description of the gamma themometer construction, operation and

expected perfomance as local power-measuring device for use in the cores of

pressurized water reactors. Our evaluation of this report follows.

1. Sullf1ARY OF REPORT

The purpose of this report is to describe gamma themometers and show that

they are adequate for use as a basic local power-measuring in-core

instrument for pressurized water reactors. This report provides a description

of principle, construction, operation and performance of the instrumenti

for use in future licensing submittals by several licensees.g
The report includes sections on: (1) the principles of gamma thermometry,

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

of the RGT sensitivity by computation and measurement, and (4) discussion3

|
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| of the components of the uncertainty of gamma ray heating and local power.

D The infomation has, to a great extent, been derived from heavy water

reactor experience (the Savannah River reactor and the Halden BUR). Some

f
pressurized water reactor experience has been cited from French reactors.

p An ongoing program for extensive measurements and calculations to detemine

the uncertainties is described.

3 The report is generally responsive to our comments for a revision of the pre-

vious submittal by deleting irrelevant material and including additional

experimental results.

S

2. Sultt1ARY OF EVALUATI0ft

8 Our review is based on the applicant's submittal ScP-01, Rev. 4, but addi-

tional infomation was also obtained in (a) a presentation to the staff

made by the applicant, with French and other participants, and (b) a meeting

O held in Bethesda in SCAf1DPOWER's headquarters, where a discussion was held

and a presentation was made on RGTs.

O Relative flerits of Power ?!easurement Principle with Gamma Themometry

Gamma themometers measure the temperature drop along a heat path which is

provided to dissipate the heat generated by gamma rays and fast neutrons in
0 a metal block. The volumetric heat generation rate in the metal is propor-

tional to the gamma ray and fast neutron field in that location and

correspondingly to the power of the adjacent and nearby fuel rods. Power

9 measurement in this manner does not depend on themal neutron flux, hehce,

9
2
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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 themal flux. Therefore, when such an instrument is near a control rod,

which severely suppresses the themal flux and the local power, the corres-

ponding response will not be proportional to that thermal flux decrease

because the fast neutron and the gamma ray mean free paths are much longer

than the themal neutron mean free path.
)

Gamma Themometer Design

The design proposed by SCANDPOWER, 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 themocouples to measure the temperature difference
)

and ceramic insulated themocouple leads. Seven to nine such sensors

mounted at equal distances along a 7.5 mm diameter tube of the necessary

length and a seal flange, constitute a gamma themometer 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 signal and small variations with radiation exposure. The

weakest point of the design seems to be the possibility of breakage of the

leads. The proposed design offers the possibility of perfoming electrical

heating calibration without taking the instrument out of the reactor. The

proposed design is intended to be a steady state instrument and can be fitted

into the instrument tubes of existing PWRs.

)
3
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Uncertainties of Gamma Thermoneter Used as Local Power Feasurement Instruments

Numerical values have been established for the gamma themometer sensitivity and)
the fuel power to sensor heating. However, the spatial extrapolation uncer-

tainty and the non-steady state uncertainty are not quantified.

3
The gamma thermometer sensitivity refers to the indicated AT per Watt /g

of mass of the heated stainless steel. ( A real and indicated sensitivity

) can be distinguished). Based on the existing data for a well calibrated

gamma thermometer at the beginning of life, the sensitivity is 1.9% and is

expected to be 5% at the end of life of the instrument.

)
The sensor heating to the local power uncertainty is given as 6.5%. It

is reported that prograns have been initiated to reduce this value.

3

The spatial extrannlation uncertainty depends on the system geometry,

material composition, unfolding program, heating block material, the mean

) free paths of the absorbed ganmas and neutrons and the proportion of the

delayed fission product decay gammas. This quantity is plant-specific,

hence, its numerical value, supporting data and theoretical justification

) will be reviewed on a case-by-case basis.

Finally, the non-steady state uncertainty depends in addition to the factors

) listed above, on the magnitude of the local power change, the time rate at

which it takes place and the local power history. No numerical value is

given, hence, it will have to be discussed on a plant-specific basis.

)
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3. EVALUATI0fl 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

) infomation was provided to pemit the conclusion that the principle of the

instrument, feasibility of the design, experimental verification and

theoretical analysis are adequately documented and acceptable.

)
4. REGULATORY POSITI0fl

) Based on our review of the topical report ScP-01, Rev. 4, we conclude that

it is acceptable for reference in PWR submittals. However, the use of

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

) plant-specific basis.

)

)
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2 The y-RADCAL gamma thermometer (RGT) is proposed by the applicantsO

as a replacement for any local power measuring instrument now in use 11
pressurized water reactors. The arguments and data supporting the use of
this instrument originate with 20 years of direct large-scale experience

> with classic gamma thermometers in heavy water reactors and with the
proven advances in structure and precision-of-calibration over classic

gamma thermometers embodied in the RGT assembly.

>
Empirical and theoretical proofs of the close relationship of RGT sensor
heat rate to local fuel power, and of the ability to accurately measure

sensor heat rate, are presented.

>
The report deals quantitatively (for RGTs) with the two most basic
uncertainties of any local power " measuring" system:

1) The uncertainty in sensitivity of the sensor (called og herein),,

which defines the proven ability of the instrument to measure the
parameter it purports to measure (e.g., thermal neutron flux, gamma
photon flux, or heat rate in a sta'inless steel sensor).

D

2) The " coupling" uncertainty (called herein), which defines the
2

uncertainty in the ratio of local fuel power around the sensor to the

parameter purported to be measured.

>

The other measurement uncertainties, respectively: the spatial

" extrapolation" uncertainty, 3; and the "non-steady state", or
time-domain, uncertainty, a4, are discussed primarily to inform NRC

D staff reviewers of the state-of-the-art in these two areas. These

uncertainties are data processing system dependent and will be addressed
in subsequent topical reports that are NSSS system and computer software
specific, but remain plant generic (and are therefore best treated via

D topical report rather than plant docket).

D
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DEFINITI0NS

) applicant Scandpower on behalf of US utility members of
GTIG: TVA, Duke Power, PSE&G, submitting this
topical report.

APRM Average pover range monitor system which
initiates the scram action in BWRs. -

BBR The B&W, Brown Bovery Co. consortium building
KKMK for RWE.

B&W Babcock-Wilcox Co., Lynchburg Virginia.

)
BWR Boiling Water Reactor.

CE Combustion Engineering Co., Windsor,
Connecticut.

) p Specific heat, Watt-seconds /g C or BTU /lb *F.C

cable pack The ordered array of stainless steel clad,
mineral insulated cables (thermocouples,
difference thermocouples, double difference
thermocouples, and nichrome heaters), running
coaxially with the centerline of the RGTA and

)
onto which the core tube is swaged or drawn.

canne The French word for cane, or rod. It is used
by EdF to identify the RGTA prototype series: '-

) canne no. 0 - a process development prototype rod
canne no.1 - a prototype rod for mechanical test
canne no. 2 - prototype used f or loop testing
canne no. 3 - in Bugey 5,12 June 1979
canne no. 4 - in Bugey 5,12 June 1979
canne no. 5,6,7,8 - in Tricastin 2, June 1980

) canne no. 9,10,11,12 - Tricastin 3, fall 1980

core rod, or tube The central piece of stainless steel in an
RGTA which is drawn or swaged onto the cable
pack and into which sensor (chamber) annuli
are ground or machined at selected measuring

) intervals along its first 4 meters of length.

DDT Double Difference Thermocouple: a composite
thermocouple assembly inside a single jacket
containing four junctions: chromel-alumel
(typeK).

)

deconvolution Mathematical methods to find the input when
the output and transfer function are known.

xii
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DT Difference Thermocouple, a compound g
thermocouple containing both hot and cold
junctions. Always has zero s unal when both ;

of its junctions are at the same temperature. I

dry RGT An RGTA that fits into a Westinghouse or GE
TIP thimble rather than replacing it. 3

EdF Electricite de France - sole power supplier
for France, governmentally-owned corporation.
World's largest utility, 45 nuclear plants
operating or under construction by Framatome
(Westinghouse PWR type). 3

EPRI Electric Power Research Institute, Palo Alto,
California.

g specific heac rate in gamma thermometer
sensor, W/g. S

gamma thermometer Any of the family of devices that uses the AT
developed along a controlled heat path to
measure the rate of heat being generated by
absorption of gamma radiation energy.

GE General Electric Co., San Jose, California.

GKSS German utility operating the Otto Hahn nuclear
ship.

GTIG An information-shcring collaboration of #
companies in Europe, US, Japan doing RGT
develonment individually and collectively
(Gamma Thermometer Investigation Group)
currentTy consisting of: Electricite de
France, Du % Power Co., ,Rheinisch-Westfalisches Elektrizitatswerk,
Tennessee Valley Authority, Swedish State
Power Board, Public Service Electric and Gas
of New Jersey, Kansai Electric Power Co. and
Exxon Nuclear, the newest member of the group
which was started in November 1978. g

Halden See HBWR

|iBWR Halden Boiling Water Reactor, Halden, Norway.
An international project operated jointly by
15 organizations under auspices of OECD, and e
owned by I.F.E. (Institutt for Energiteknikk),
Kjeller, Norway.-
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O I.F.E. (formerly IFA) Institutt for Energiteknikk,'formerly
Institutt for Atomenergi, Norway.

in-situ synonym for in-reactor.

k or A thermal conductivity of a material in
O consistent units usually W/*C-cm.

reciprocal of indicated sensitivity 1/S ,K1 i
W/g of sensor heating per standard ,C of

,

signal voltage.

O K2 Ratio of local fuel power to " measured"
parameter. In the case of RGT: local fuel
power, W/cm, to sensor heat rate, W/g. For
SPNDs, the ratio of LHGR to neutron flux.

KWU Kraftwerk Union, originally a consortium of
G AEG and Siemens Nuclear Division, offering

both BWRs and PWRs. PWRs are represented by
RWE's Biblis A, B, C - 1300 MWe; BWRs are
Brunsbuttel, Philipsburg, and RWE's
Gundremmingen B, C. KWU is currently offering
only PWRs.

LHGR Linear heat generation rate in fuel pins,
kW/ft o- W/cm of fuel length.

LPRM Local power range monitor which, in some BWR
systems, initiates automatic rod withdrawal

O block.

LWR Light Water (moderated and cooled) Reactor.

ORNL Oak Ridge National Laboratory.

ORR Oak Ridge Research Reactor at ORNL.

Otto Hahn German nuclear ship, employing LWR fuel and
operated by GKSS.

O PSMS Power shape monitoring system, EPRI project at
Oyster Cre.ek.

PWR Pressurized Water Reactor.

q specific heat rate in gamma thermometer
O sensor, W/cm3,

Q heat rate, W.

xiv
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ORGT y-Radcal gamma thermometer, refers to one
sensor in an RGTA or the design concept.

RGTA y-Radcal gamma thermometer assembly - is the
array of RGTs reaching from top of core to
pressure seal flange (also referred to as g" string" or "canne").

RWE Rheinisch-Westfalisches Elektrizitatswerk,
Germany's largest utility, Essen, second
largest private utility in world with ca.
30,000 MWe, 10 nuclear plants operating or g
under construction. Major owner German

<

Breeder,17% participant in Super Phoenix.

y-Radcal Acronym for LWR type gamma thermometers for
light water reactors (radial heat flow,
electrically calibrated). 3

sensor Used to mean an RGT or an SPND or a fission
chamber, as appropriate.

S , indicated sensitivity The indicated temperature differencei
(obtained using type K standard thermocouple e
curves) produced by a one watt per gram
heating of the RGT sensor, std. *C/W-g.

Sr, real sensitivity The true temperature difference produced
beween hot and cold junctions by a one watt
ger gram gamma heating of the RGT sensor. O
C/W-g.

SPND Self-powered neutron detector.

SRP Savannah River Plant, Aiken, South Carolina;
DOE facility operated by E.I. DuPont de O
Nemours and Co.

SSPB Swedish State Power Board.

TIP Travelling in-core probe.
9

TRAVCAL GTIG name for a travelling gamma thermometer
enabling substitution for and comparison with
signals from Westinghouse travelling fission
chambers.

TVA Tennessee Valley Authority. O

xv g
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)
WIRECAL GTIG name for an assembly containing two RGTs

and a tube for travelling wire or other
probe. Originally specified for BWR, Big Rock
Point, the scheme eliminates symmetry

3 assumptions necessary in PWR tests to
calculate "real" local powers in a RGT test
position.

AT Difference in temperature, *C.

) +n Thermal neutron flux, neutrons /cm2-sec.

oc Combined uncertainty (standard deviation) in
the determination of the highest local LHGR in
the reactor.

) al Uncertainty (standard deviation) in the
sensitivity of the detector (i.e., the
uncertainty in the relationship of signal to
the " measured" parameter e C , or gamman y
heat rate).

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

o3 The " extrapolation" uncertainty (i.e., the
uncertainty involved in calculating local fuel

) power at a point remote from the measuring
instrument).

a4 The "non-steady state" uncertainty (i.e., the
uncertainty in local power " measurement" when
local power is not constant.

)

D
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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 gama 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 Pricciples 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 directly 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.
U3 Design temperature drops have been selected in the range from 4 C to

U250 C at full reactor power. The thermocouple indication of aT

1-1)
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O

generated by one watt of heating per gram of material is called the
" indicated sensitivity" of the gamma thermometer. The true temperature

difference between the measuring points is called the "real sensitivity"
Oof the gama thermometer.

1.3 History of Gamma Thermometry until 1974

O
Gama thermometers (single-sensor chambers) have been in routine use for
power distribution measurement in the cores of heavy water moderated
reactors at the DOE Savannah River Plant for over 25 years, Ref. 1-(l),
and in the heavy water moderated Halden reactor since 1963, Ref.1-(2). g

Figure 1-1 illustrates the original gamma thermometer as devised and
conceived at Savannah River Plant in 1953. The device replaced the

original gama ion chambers which proved to be unstable and short-lived g
devices.

Even in 1953 the designers of the gamma thermometer were cognizant that
neutron flux * was an inferior parameter for measurement of local fuel ,
heat generation rate, upon which all Savannah River Plant local control
limits were based (i.e., surface temperature, burnout safety factor, and
maximum local heat generation rate), Ref.1-(3) .

9

' Neutron flux peaks in water spaces, where no power is produced. It increases by large O
amounts as U235 burns up, even with constant fuel power.

Ref.1-(6c), the EPRI report on recent Hatch Nuclear Unit I tests, documents recognition of
the superiority of gamma over neutron r,casurement for local power determination in light
water reactors:

" Relative to the thermal neutron TIP, calculated power
distribution comparisons show that the gamrra-sensitive TIP
significantly reduces the apparent nodal and bundle power
asyrnne trie s. This reduction in asymmetry contributes to a 3
percent increase in the gamma TIP calculated thermal g
margins."

l-2 g

_ _ _ _-_____________. i



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 f ailure frequency under 3
i percent, Reference 1-(4).

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 drif t for periods as long as 7
years and fuel expcsure up to 26,000 mwd / ton, Reference 1-(5).

I

Note in Figure 1-2 that the pres ent 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
dApendent only on the heat generation rate in the iron pin itself. In

the absence of fission product gamma rays, the signal from this instru-,

I 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 gamma
thermometer and the temperature correspnnding 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 .

1-3
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O

reactors are, at the onset, subject to the uncertainties of the existing
methods of measuring fuel power by thermal flux systems.

'Not only is the gamma thermometer heating more nearly proportional to
fuel power than the current from a well-behaved gamma ion chamber, as can
be shown theoretically (Section 3.2), but the sensitivity, the signal per
unit of heat generation (Section 3.1), is stable within narrow limits for
indefinite life times in the reactor. Not only can sensitivity be |

accurately measured in the workshop but the sensitivity can be
re-measured at will in the reactor without recourse to the cumbersome,
inaccurate, time consuming systems such as travelling in-core probes.

OThe solid stainless steel structure of an RGT system reduces the NSSS
system exposure to pressure boundary disruption when compared to either
TIP or SPND systems now in use in PWRs.

O
1.4 The RGT Gamma Thermometer for PWRs

The PWR y-RADCAL assembly, RGTA, (Figure 1-4), is 7 to 8 mm in diameter

and 7 to 9 detectors are located along its length. The assembly is ,
constructed of stainless steel (Zircaloy is under investigation) and
consists of three parts: the jacket tube; the core tube; and a set of

difference thermocouples which ara located in a cluster, or pack, in the
small diameter bore of the core tube. The differential thermocouple g
construction is illustrated in the lower part of Figure 1-4. The cable
pack sometimes also contains a nichrome heater cable used for in-reactor

recalibration and one or more standard thermocouples. The difference
thermocouples are of conventional, mineral insulated construction (pre- g,

ferably Al 0 ), with stainless steel jacketing, and 0.5 or 1.0 mm23
outer diameter. The two chromel-alumel junctions are differentially
connected as illustrated with hot and cold junctions separated by 3 to 5
cm. Each hot junction is located at the center of a detector section, e
and the thermocouples comprising the pack run parallel with the RGTA axis
for total lengths up to 36 meters (in the large B&W systems). A dummy

extension of thermocouple-type cable replaces the signal cable beyond its
hot junction in order to provide an axnily uniform cross section for the O

cable pack inside the bore of the core tube.

1-4 ,

- ____ _ _ _ _ _ _ _ .



-

.

)
-

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 bore 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 and 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 manufacture are relatively common art.

The heat transfer path and the temperature gradient within the ganma
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

1-5
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need not be accurate. However, the length of the sensor chamber must be

carefully controlled since the total tempe ature gradient varies nearly
as the square of the length of the chamber.

O

The y-RADCAL gamma thermometer assembly, RGTA, is typically 15 to 36

meters long with an end seal and plug arrangement that are specific to
the reactor application. The prototype assemblies constructed for

O\

j Electricite de France are 16 meters long and are designea for installa-
I tion in the PWR (Westinghouse-type) reactors Bugey-5 and Tricastin. Duke

Power Company prototype assemblies are approximately 33 meters long and
are designed for the Babcock & Wilcox reactor at the Oconee Station.

eThe Duke prototypes have a central calibration tube (2.3 mm ID) and 7
sensors, as in the present self-powered neutron detector assemblies at
Oconee, while the EdF assemblies have 9 sensors plus an additional
differential thermocouple that measures the temperature rise across the ,
core. The 36 meter long, RWE prototype design for the B&W plants,
Mulheim-Karlich, contains heaters permitting direct in-core recalibration
and employ double difference thermocouples one mm in diameter (see

Section 3.1.1.3.6). ,

The gamma thermometers in the assembly (Fig.1-7) can be simultaneously

calibrated in the workshop by electric resistance heating of the 4 meter
length while the assembly is cooled with flowing water at either atmos- g
pheric or PWR conditions. EdF has constructed a high pressure electrical
calibration loop in which 10 RGT assemblies (90 chambers) have been
calibrated at PWR conditions before reactor installation, Ref. 1-(7a).

. This resistance heating simulates the gamma heating in the reactor core e
and makes it possible to calibrate over the full range of PWR gamma
heating rates and expected coolant conditions. This is a distinct
advantage of all y-P 1 CAL designs and will be discussed more completely
in Sections 3.1.1 and 3.1.2. e

1.5 The History of y-RADCAL

The y-RADCAL gamma thermometer for PWRs was an outgrowth of studies #

1-6 ,
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conducted by Scandpower for Framatome and EdF in 1974, the essential

conclusions of which were:

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

2. Gamma tharmometers, long used in D 0 reactors, should be examined
2

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 possible
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 D 0 reactor experience was that

2
signal stability would be such that no on-line, in-pile recalibration
would be necessary over the lifetime of the installed instrumentation.

y 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.

1-7
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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 gamna 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 g
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 thermometer loses only 2 percent accuracy when cable
resistance has dropped to 100 x 10 ohms. g

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 e
signal cable seals as they crossed the primary pressure barrier. A

single monolithic rod-like structure became the objective. The earliest
version of y-RADCAL employed pure radial heat flow in a rod of stainless

s, teel or Zircaloy in which multiple difference thermocouples could be 9
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 re. dial 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.

1-8 9



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
D 0 calibration, by extensive theoretical treatment, and by a number of2

light water reactor programs complete and in progress, is sufficient to
verify the high precision of local power measurement which can be
attained 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-

tioas), 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 Advantaaes 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 limits most directly hinge (e.g., DNB, MLHGR, MCHFR,
etc.),

i

i

^
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Both theory and experience show that the raw signals from all core gamma
thermometers can be converted to surrounding 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 9

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 8

power measurement from RGT sensors.

Constancy of Calibration

O

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 ganma thermometers have held constant

Ocalibration over seven years of irradiation in HBWR with no observable
changes in signal relative to the power in surrounding 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

9
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

21
10 neutrons per cm , (equivalent to 3 years in a PWR).*

O
The overall correlation of RGT signal to fuel LHGR is dependent first
upon the sensitivity of the RGT, S , signal / watt / gram of sensor heatingj

O
*Although the irradiation has been completed, as of July,1981, experimental prcblems have
delayed the post-irradiation calibration of the specimens. See section 3.1.3.4

1-10
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(or its reciprocal K)), and second upon K , the fission-to-gamma2
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 ( 1 5 percent on K andj
110 percent on K )*

2
)

Accurate Out-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. Ident'ity of chambers within 10.7 percent in sensitivity can be
so attained. In practice, to date, a variation of 1 1-1/2 percent in
mean sensitivity has been accepted by EdF. Individual chambers have

I shown high linearity of signal (correlation coefficient greater than
0.9999 to the best fit straight line) 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

I 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 be
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.

1-11
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O

In-Core Recalibration Without TIP

Oak Ridge National Laboratory has developed a process called " Loop.Curent
OStep Response" in which small current steps are imposed upon in-reactor

thermocouples and resistance temperature detectors to obtain transfer
functions which are "deconvoluted" to show the response of the devices to
external stimuli such as coolant temperature changes. This technique led

9Scandpower to propose to GTIG members that heater cables be incorporated
in RGTs.

The initial tests using such heater cables in the RGT specimens for ORNL
9testing gave calibration curves with linearity and scatter as good as

those obtained by direct electrical calibration.

In the application of the heater calibration technique, the heat being
G

generated in any RGT string at any time (usually 0 to 3.0 W/g) is aug-
mented by up to 3 watts per gram of electric heating via the mineral
insulated nichrome cables imbedded in the cable pack. This full range
recalibation can be done at any time required or desired, and at full or ,
reduced reactor power.

.

O

O*

O

l

6-
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2. SUMMARY

) This report describes the use of RGTs in PWRs and the expected
uncertainties associated with the use of RGTs to measure local power.

~

The uncertainties currently established are summarized below.

) Sensor Sensitivity (K ) and its Uncertainty (oy)y

The report and its references deal quantitatively with the uncertainty,

c), in RGT sensor sensitivity af ter precalibration and irradiation.
The values of this parameter are presently 1.9 percent for individual
chambers upon installation and within 5 percent over sensor lifetime.

Programs in place will probably reduce the uncertainty, c), to 1
percent and 2 percent, respectively, by a combination of well-documented

)
exposure testing, upon which computer corrections can be based, and
various means for accurate "in-situ" recalibration.

The Ratio of Fuel Power to Sensor Heating (K ) and the Uncertainty ( 2)2D

The report also deals with the ratio of local fuel power to gamma sensor
heating, K , and its associated uncertainty, 2, when used in PWR2

D fuel charges. The information presented herein, together with supporting
reference material made available to NRC reviewers, establishes that the

largest steady-state variation expected for K within the PWR operating
2

condition range is -12 percent and shows that the most important
D deviations from the reference value of K occur where local fuel powers

2

are suppressed (i.e., not possibly approaching local limits).

The report establishes that the most important limitation on proving
I experimentally the accuracy of K2 (I'''' 2), is the accuracy of the

must be benchmarked.installed neutron measuring systems from which K2
The applicants show that the presently established value for a2 is +_
6.5 percent for this reason, but anticipate that efforts to benchmark

2-1
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O
,

reference K values will reduce e to + 4.5 percent through various
2 2 _

experimental programs under way from which data will be available within
the course of NRC review of this report.

O

The limited range of variation of K , proved by both theory and experi-
2

ment, establishes that corrections to the final benchmarked values of

K are so small, and can be made with such high precision, that the
2

increment in introduced by such correction will be on the order of 9
2

10 percent of the basic uncertainty a2 experimentally proven at the |

benchmarked (reference) conditions.

A full core RGT system will enable accurate normalization of summed or 8

average RGT power indication to total thermal power and thus provide the

most important single reduction in the provable value of a2 To arrive
at this possibility for step improvement in demonstrable precision (i.e.,

Oa full core of RGTs), various programs (experimental and theoretical)

comprising the attack on uncertainty a2 have been initiated and are
defined.

The Spatial Extrapolation Uncertainty ( 3)

The extrapolation uncertainty, 3, represents an identical problem for
neutron devices (SPND, TIP) as for the new fixed RGT system. It is both

O
system specific and computer dependent and has little to do with the

detector employed. This report deals with e3 nly to the degree that
the increased marginal returns of more sophisticated data processing,

consequent upon the reduced og and achieved by RGT systems, are
2

illustrated. For example, the use of a high-speed on-line nodal physics
simulator to interpolate between points of measurement can gain only 16
percent improvement in total uncertainty for a typical neutron-based

system, but after RGT installation the same interpolation improvement can ,
! gain 38 percent of the remaining combined uncertainties for an RGT based

system. The data processing, or extrapolation, uncertainties will be
1

treated in subsequent submittals that are NSSS and RGT system generic but

computer-code specific. g

2-2
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The Non-Steady State Uncertainty (o )
4

Real-time core power distribution monitoring involves the non-steady
D

state uncertainty, a4, whose short term value can be fairly large for
RGT systems, without signal deconvolution. This is due to the delayed

part of the gamma sensor heating arising from fission product gamma. The

uncertainty, a4, is dependent uoon the size of a local power change,
O

the time over which it occurs anc the recent local power history around

the RGT position. The status of signal deconvolution development for '

RGTs is reported without arguing the final value of e4 attainable
through analog or digital data processing. This uncertainty will bee
quantitatively addressed (as o4) in subsequent system specific, plant
generic topical reports.

Signal Correctionsg

The RGT is so accurately characterized as made, and so little dependent
upon complex on-line correction of signals, that the entire stream of 350

g to 450 raw signals can be presented meaningfully and directly to the
operator, without complex intervening data processing. The applicants

propose to utilize this " straight-through" system attribute in all full

scale applications, while the parallel, computer-processed data streams

e obtain the maximum accuracy of signal interpretation. All sensors now
being made (to a particular design) exhibit mean sensitivities (K )y

within a 1 4.1 percent band (a). The total range of variation in the

uncorrected constant K2 (the ratio of local fuel heat rate to sensor
e heating) is 1 3 percent in unrodded PWR cores (for the normal, baseload

case).

The applicants conclude that a gamma responsive instrument such as RGT,
S requiring only small compensations during signal processing, intrinsi-

cally has an ultimate uncertainty in local power determination lower than
that of any instrument responding to thermal neutron flux.

O

2-3
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UNCERTAINTY STATUS
(All~ values are standara deviations, +)

A. With " Plant Accuracy" Line of Digital Signal Processing

Attainable
from present Attainable
programs (com- with full

Currently (ll) pleted during PWR e of
established NRC review) RGT(

cy: Sensitivity uncertainty on K ey
} + 1 percent ( ) -+ 1 percentnew RGTs + 1.9 percent

-

-+ 2 percent (4) + 2 percentirradiated RGTs + 5 percent (2)
_

Coupling uncertainty on K22:
at clean ref. conditions (5)2 6.5 percent (6) 4.5 percent (8) 3.5 percent (10) 6
at off ref. conditions 7.5 percent (7) 5.0 percent (9) 4.0 parcent('0)1

03: Spatial extrapolation X per EDP rou- use of 30
to hot points tines selected: nodal simu-

same as SPNDs lator 3.5 g
or TIPS (4.5 percent
percent)

e4: Transient uncertainties less then 6 6 percent for depeident on
percent with 20 sec. after BWR program
analog filters 20 percent step e

(digital decon-
volution)

B. With "Straioht-Throuah" Signal Processing (l2)

e: new RGTs 4.1 percent 2.5 percent 2.5 percenty ,
irradiated RGTs 6.5 percent 3.5 percent 3.0 percent

2: at clean ref. conditions 6.5 percent 4.5 percent 3.5 percent

j at off ref. conditions 8.5 percent ( ) 6.0 percent 5.0 percent
|

(1) Based on EdF, ORNL calibration. $
' (2) Based on sRP, Halden, experience + " library" studies.

(3) Based on latest-made RCT specimens (ORNL). Process improvements underway (Duke, RWE).
(4) Based on ORNL tests, exposure corrections to K2, in situ recalibration.
(5) No nearby control rods or local poisons.
(6) Bugey 5 results.
(7) This reaches higher values for low powered (rodded, poisoned) fuel. O
(8) Limits of accuracy attainable via Tricastin 2, 3, TRAVCAL and Oconee programs in 1981-82.
(9) Contributions from TRAVCAL, Tricastin, and theoretical (CEA, CRNL) programs.

(10) Requires normalization to thermal power - possibly P.I. gamma scans.
(11) Via this Topical Report and cited references.
(12) The systems selected for processing data from the " straight-through" signals will be a

O.compromise between accuracy (smaller 0) and c4) and reliability (larger c3 and
'

Q). Maximum attainable occuracy on 03 and c4 is that of the " plant accuracy"
line. Selection of appropriate signal processing awaits more experience.

,
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)

The following figure shows the effect of exposure on the value of K '
2

calculated for position D-5 in Bugey 5. For the exposure from 0 to

) 20,000 mwd /t the ratio of computed fuel heat rate to sensor heat rate,
K , remains constant within 1.7 percent. (For this exposure rangeg

there would be nearly a 100 percent increase in neutron flux.)

!

)
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Mechanical, Safety, and Other Considerations

Mechanical and pressure boundary compatibility of RGTAs with Westinghouse
and Babcock-Wilcox NSS5 systems has been demonstrated. Because of their

j solid, monolithic structure the RGTAs reduce the total system vulner-
ability (area exposed) to breach of the presrure boundary in both cases.

RGTs have the potential to measure core temperatures, heat transfer
coefficients and tank level during loss-of-coolant-level accidents.

The lifetime of RGTs is not easily predicted because there are no known
Ophenonema that should limit lifetime (equivalent PWR exposures of 5-1/2

years have been experienced). ihe premature failure rate should be much

lower than the 3 percent experienced by some 3226 gamma thermometers used
in D 0 reactors over the past 20 years because the RGT thermocouple

2

sheaths are not exposed to reactor water. (Water penetration of thermo-
couple sheaths accounts for at least half of the 3 percent early f ailures
experienced in D 0 plants).

2

Reduced frequency of handling of highly radioactive core instrument
components arising from the long life expectancy of RGTs will reduce
plant personnel exposure risk and critical path time lost for such
handling during shutdowns. g

.

O

O

9
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3.0 DISCUSSION

) There are four principal components of uncertainty (each complex) that
must be addressed in qualifying any in-core detector for use in the
determination of local fuel heat generation rates within the reactor core:

oy: The Sensitivity Uncertainty

Question: To what accuracy is th; sensitivity (i.e., the ratio of the

signal to the " measured" variable) of the detector provable?
)

The question may be restated as:*

What are the uncertainties between the processed signals from the RGT
sensors and the heat generation rate in the sensors at the point of

)
measurement?

Answer:

)

g, sensor heat rate, W/g = K y signal + og

where K has been determined individually and accurately for eachy

sensor by electric calibration (i.e., 1/S ), and oy is thej,

uncertainty associated with K .y

There is as yet no known systematic correction applicable to the original
out-of-reactor workshop calibration of an RGT. Conservative calculations,

using nominal materials property data indicate that a six year PWR

irradiation of an RGT could have a maximum effect upon Ky of +5 percent
if the maximum postulated changes were combined unfavorably (Section

3.1.3). Past reactor experience (Section 3.3) has revealed no changes ini

K. Since the total changes to Ky are expected to be small, they

uncertainty on K is also small.
1

4
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O

o2: The Coupling Uncertainty In The Ratio Of T;ie Local Fuel Power To

The " Measured" Variable

Question: To what accuracy is the ratio of the local heat generation O

rate in surrounding fuel calculable from an accurate value of
the measured parameter? (Since local fuel heat generation
rate is the dominant variable in local operational limits
derived from heat transfer burnout, maximum allewable surface
temperature after LOCA, pellet clad interactions and all other
phenomena which might damage fuel, LHGR is the parameter w,iich

should be directly measured if possible.)
O

*
For gamma thermometers the c2 question can be restated as follows:
Assuming the " measured" heating rate in the sensor is accurate, how
accurately may the local powers of fuel rods in the immediate vicinity
of the sensor be calculated?

Answer

1 0
! LHGR - g ,f (exposure, poison configuration),+ c2

K
2

where g is the watts / gram of heating in the sensor and is the
2 g

uncertainty on K *'
2

Accurate measurements in 0 0 reactors, where fuel thermal powers are
2

directly measured calorimetrically, have shown that the total variances g
in K , the ratio of LHGR to g, are extremely small over large fuel2

exposure ranges, (Sections 3.3.1 and 3.3.2), and are zero within the
limits of detection at the HBWR up to 26,000 Mwd /t, and are within
+ 2 percent in high exposure charges at SRP where the limits of detection e
of change are + 3/4 percent.

Theoretical work with PWR (Westinghouse-type) lattices by CEA, (SERMA at
Saclay) has confirmed this stability of K for the effects of fuel #

2

exposure, boron concentration, and burnable poison with the conclusion

3.0-2 ,
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)
that the ratio of local fuel power to gamma detector heating varies by
less than + 3 percent over the whole range of these kinds of variables in
PWR cycles (Section 3.2) . Because the range of variation of K IS

2
) small, the incremented uncertainty in calculational corrections away from

experimentally benchmarked conditions is small, even if the predictive
validity of the physics models were to be fairly poor in absolute terms.

} This means that the sum of core gamma thermometer readings has the
potential for agreement to total thermal power, without correction by
normalization.

) e3: The Spatial Extrapolation Uncertainty

Question: To what accuracy are determinations of local fuel power in the
region of sensors extrapolatable to local fuel power at

)
locations remote from the sensors?

Answer:

This question is both reactor-system and computer-programming dependent.
) The most elegant methods of expansion of the measurements involve

extrapolation on-line by streamlined three-dimensional core simulator

models constrained to fit measurements at sensor locations in the nodal
core structure.

)

There is diminishing marginal utility in such sophisticated methods,
however, when other components of uncertainty are large. For example,
consider that the simple " interpolate =.nd-ratio" scheme yields + 6

)
percent for 3, the spline-fit technique yields + 5 percent, and the
on-line simulator yields + 3 percent. For sensor systems in which og
is + 5 percent and e2 is + 5 percent, improvements in a3 have,

) marginal pay off, e.g.:

(.05)2 + (.05)2 '3'c (combined) =

For interpolate-and-ratio 9.2 percento =
c

For spline fit 8.6 percento =
c

) For on-line simulator 7.7 percent=
c

Gain over poorest method: 16 percent

3.0-3
)
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If RGT systems produce a og of 2 percent and e2 of 2 percent the
value of the more elegant expansion processes increases:

'

O
For interpolate-and-rati 6.6 percent=

c
For spline fit o = 5.7 percent

c
For on-line simulator o = 4.1 percent

c
Achievable gain from better expansion processing: 38 percent g

Among the GTIG member 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 g
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.
i

G
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 S or, Kg +_ al, and the LHGR-to-gamma-sensor heating - Oj
ratio, K2 + "2*

.,

Subsequent topical reports will address both o3 and c4 on NSSS and
computer software-specific bases, for referencing in individual plant #

licensing cases.

e4: The Non-Steady State Uncertainty
0

Question: To what extent is the ratio of LHGR-to-measured parameter
(i.e., K ), made more uncertain when power or powerp

distribution is changing or has recently changed?
9

Answer:

This is an uncertainty not necessarily addressed for base loaded
systems. For example, the Westinghouse full core power mapping system

6
takes from 3/4 to 1-1/2 hours to execute with TIP, and stable steady

3.0-4 #
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state operation is a prerequisite for accurate use of the system (i.e., ;

e4 is large if power is 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 a step increase in reactor power in a D 0 moderated2
reactor, game flux will increase by 65 percent instantly
*(following the prompt game resulting from fission) and after
100 seconds (the increase) 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 e4 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 sitJ1al is exchangeable for response time in en RGT. see section 3.1.1.1.*

,

! 3.0-5
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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 gama thermometer is
directly 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 K and K f r 450 instruments). The expected totaly 2
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 g_
sensitivities within a 2a band of 3 percent. The average sensitivities
for all 90 sensors in 10 assemblies agree within 7 percent (2a). 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 g.
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 e

The conversion of the Hatch Nuclear Unit 1 TIP system to gama ton

chambers (from fission chambers) constituted the first serious
recognition in the LWR industry that gama flux was superior to neutron O

flux as an indication of LHGR, although isolated instances of recognition
of the utility of gama indicating devices in LWRs had occurred prior to
Hatch 1. In Reference 3-(3), H. Weiss of Westinghouse Nuclear Energy

0

4

O

O

,

3.0-6 c:
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Systems, concluded a paper on gamma ion chamber measurements in

Connecticut Yankee reactor by saying:

"The presented results may be considered as an atteppt towards
the application nf 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 constant
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.,increasesinog after RGTs are in use) in ganna thermometers has
been attacked in several ways (Section 3.1.3):

1) 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).

2) 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).

3) 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 of'

sensitivity change after a three year equivalent PWR irradiation

3.0-7'
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have been delaye: due to experimental difficulties with the
post-irradiaticr ilibration. More complete results are expected in

mid-1982 (Sectica 3.1.3.4).
S

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
O~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 e3 The

heater cables also improve the ability of the RGTs to be used for
9

level indication and core coolant heat transfer measurement during
abnormal situations.

S'

O~

#
,

,

-

9

!

O'

l

t 9
.
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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 cord ;n for

developing the signal temperature difference, and, if the sicnal were
great enough, (i.e., W/g were high enough), the ideal geometry world se

) pure radial heat flow, as:

hot

2 'T\
sink

)

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

)

4
AT

r

&T h

| and AT signal = |AT =pg r

>

ihe 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

to 100'C) and an average k corresponding to Tsink + 2/3 of aTsignal
gives quite accurate prediction.

.

)

3.1-1
)
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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 (OD 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:

O

i

(- L -9

Thot e 1 .To cold
V3CUUm

.

O

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 T In such a case the temperature profile is:hot.

e

Thot
Ii 1 l

Tempera ture AT - 4'? 'I

| | AT 2k
x

I* I T 0

| I /
| | T i T

j cold
i ! .' *

T ' - 'coolant _,,

e

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 T would have to be very accuratelyy

located, for sensor reproducibility, because it is in the region of
steepest temperature gradient. Thus, the cold junction has been
moved to a point where its temperature is dominated by pure radial
conduction (as described on the previous page) and the axial temper-
ature distribution is flat. The signal AT from an RGT with vacuum
in the annular space would thus be:

.

aT signal = yk + (T1-Tcold)

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

)
Stainless steel jacket tubes are permeated rapidly by hydrogen in a2.

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 negl.igibly 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 g
)

\ Quick cooling of cold junction keeps signal
1.0 M up in this period-

i
I
i _

Signal in this period is dominated
) by time constant associated with'

pgger the hot Junction
gff

i
I

Time
3.1-3)
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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

8step 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 computar code, which is designated as RADCAL/ THERMAL, to predict

accurately the signals received during electric calibration, plunge test
ortransientcalibralion,andin-reactorheating. The primary use of the

computer code is in the prediction of response to transient type calibra- ,
tions and to appraise the . 'asitivity of the instrument to manuf acturing
tolerances and non-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:

O
The RGT and some earlier gamma thermometers employ difference thermo-

couples (0TC) 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 e
order as that for two remotely connected standard type K (chromel-alumel)
thermocouples, e 1 percent.

O

3.1-4 ,
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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:

O

S = real sensitivity - true sensor AT per W/g of heating
r

uV signal from DTC '

o Si = indicated sensitivity = per W/g of heating
standard pV/ C

This distinction is important because the transient methods of calibration

:g (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,

S , the indicated sensitivity, is that which must be used by the reactorj
power distribution system.

O
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

2
;O Joule testing (1 R heating) the indicated sensitivities, S '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

.O are accurate to at least + 3.8 percent, 2o, at the present state-of-the-art

and are being improved with a target accuracy of 1 percent in the RWE
prototype program.

O Aproximate equations for the real AT of a PWR Gama Thermometer RGT

Real AT (with vacuum in gap):

AT =

ideal real temperature difference with axial conduc-where: AT =

I" "I#:O 3heat rate, watts /cmq =

half length of the sensor, cmL =

thermal conductivity, W/*C-cmk =

O 3.1-5
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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

approximated by:
.

2w k l ATg A
Oleakage " d

2
in 7

1

where: g

heat loss by radial conduction, wattsQleakage -
k thermal conductivity of gas, W/*C-cm=

g
inside diameter of Jacket tube, cmd =

2
d = outside diameter of sensor, cm e

y

average temperature difference between jacketAT =
A

tube and sensor. Can be taken as 2/3 aT sensor
half length of RGT sensor, cmL =

O

Real AT with Gas in the Gap:

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

ATsignal " 2k k
s 20 g.

L 3(d )2i in
d
l

where both k and k are somewhat temperature dependent and an
g 3

iterative solution of aT is required. For type 316 ss and argon gas,
s ,

the properties normally used are:

ref a ref

316 stainless steel .131 W/cm *C 10X10-4 *C 20'C/

argon .000164 .00267 0*C

3.1-6 ,
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and for other temperatures: ;

K K [1 + a (T-Tref)3T" Tg

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,

O where the axial temperature distribution is truly parabolic. -

Gamma Heat Absorption:

O q= 16.03 % Eu x 10-14c

o

3where: q = W/cm
0 2%= no. of photons /cm -sec.

p = absorption coefficient for energy Ec
E = photon energy in MeV
p = density g/cm

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
_

O *

approximations the equation may be rewritten:

q = 11.7 % o x 10-15
0 .

5 2Since a flux of 3.8 x 10 photons /cm -sec of 1.5 MeV energy is 1 R/h
the equation may be expressed as:

O q = 4.6 o r x 10-9
.

where:

O
r = the field in R/hr.

.

O 3.1-7
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3Having measured q = 11.9 W/cm in a PWR, the approximate radiation
8field is thus 3.3 x'10 R/hr.

Neutron Heating 9

-- fast neutrons .

Energy from collision from fast neutrons is: #

2A
16.03 ta E x 10-14q = s

(A+1)2
e

'

where:

3q= W/cm
2 9

4= flux in n/cm -sec
elastic scattering cross'sectiono-

s
2^

(A+1)2 = fraction of energy transferred to the target atom ,
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 g
the total and fast flux is directly proportional to fission rate.

-- Neutron Capture

O
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.
O.

G.

3.1-8 ,
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Heat from n, y Reactions in Sensors:

#16.03 op E f y 10q =
c

)

where:
3

W/cmq =

24 neutron flux n/cm -sec=

) u = absorption cross sectionc
E energy of y ray given off-

f probability of self-absorption of y ray=

) The self-absorption factor for internally generated gamma rays in a thin
'

rod is:

f 1.3 ur=

)~ where: u = linear absorption cross section
radius of rod in cmr =

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 q 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 T is:

2C pL
p**

2K

)

where:

T = time constant in seconds
) C = heat capacity of thermometer material, W-sec/*Cp

p = density

3.1-9
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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) e

By combining the equation for sensitivity (AT) and that for T, one

obtains:
O

= =p andS
r

2col g
p

T- and
2k

, where S is the real sensitivity, *C/W/gS =
r r

p
9

This relationship suggests how step changes in either power or in coolant
temperature could be used to determine S if the gamma thermometerr
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/THERfML (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

9
the ratio of 5/T until the gamma thermometer is made so f ast acting that
the outside coolant film heat transfer coefficient (normally greater than

22 W/cm _.C) begins to play a role.

O
To determine the very important S , 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.g., a
" plunge" test changing coolant temperature) would be the same whether an e
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 G

3.1.1.3.5).
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3.1.1.2 Computer Model for Determining both Sr 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 to 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 considered 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 conditions 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 elements 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.

O

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.

9

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

O
Mathematical Formulation

The code is two-dimensional in the sense that rotational symmetry around
the axial center line is assumed. The differentia'i heat transfer equa-

tion is therefore formulated for rings as sketched below where four heat
flow components are considered:

.

S

Sown + [
kut e
-

N.
|in

/ //
~

+% .

The equation is written: et

dT
9

+ OM =Q +O +Oin + Oout heati dt up down

9
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here:

g = thermal capacity of the element (volume x p x C )M p

Tj = temperature of the element
)

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

_

The heat conducted from the neighboring elements is calculated using the
) equation:

A=ATQ=k AL

)
where:

thermal conductivityk =

contact area between neighboring elementsA =
.

) AL linear distance between the centers of the two=

elements

the temperature difference between the center of theAT =

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 neighbor.ing 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. I to Coolant

j RADCAL/ THERMAL was designed for situations where the mode of cooling is

forced circulation by subcooled water flowing longitudinally along the

RGTA surface.

! . .

The equation:

l

Nu = 0.023 X Re .8 X Pr .4 (Nu = Nusselt number) is0 0

j assumed to apply.

3.1-13j
.



O

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: ,

oVDRe -
u

where:

water densityo =

coolant flow rate, typical value = 2 m/secV =

hydraulic diameter for the coolant flow passageD =

9
outside of RGT (typical value = 0.003 m)
dynamic viscosity of the coolcnt water (typical valueu =

at 300*C = 0.91 X 10-4 kg/m-sec)

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

oVD 712 X 2 X 0.003 46,945Re - , =

u 0.91 X 10~ ,

Using the relationship:

-p .ne

Where:

heat transfer coefficient on the water cooled surfaceH =

k thermal conductivity of water (0.54 W/m *C at 300*C)=

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

9
Nu k

H -
D

0.023 X Re .8 X Pr .4 X k/D0 0
=

2
2.2315 W/cm *C=

S
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Heat Transfer from Radial Element tio. 3 to Element 2 in Sink Region

A temperature step could conceivably exist at the border between radial
9

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:

(TEMP (3) - TEMP (2)) X P3 X DLC O "
_02 - 03)(out (03 - 04) 1

4 X C0tiDA , HIA 4 X C0i1DA
.

The diameters D1, 02, 03 . . . are defined in Figure 3.1-2 and P3 is the
D 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

O 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.

D
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-
3 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))
O "

(D5 - 06) (03 - 05) (02 - 03), ,.

4 X C0riDA 2 X C0t40A 4 X C0r4DA

.
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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. 9

The equation for the radiant heat transfer is:

P4 X DL X RADCONS X ((T(5) ) I ))Q = l00 100

Where:

0.0005672 .g
RADCONS -

1 05 1
g + g X (g -1)

EMIS is the emissivity of the two surfaces, and is an input value. It

8takes 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

9
treated as a possible temperature step occurring where the sheath con-
tacts the core rod, using the equation:

P8 X DL X (TEMP (8) - TEMP (7))
O 8"
out l 07 - 08

hlb 4 X CONDA

i

The total contact perimeter is input as P8 and the heat transfer coeffi-
cient as HTB. Different values for HTB can be input for various axial W

regions.

e
|
|
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I

Heat Transfer from Radial Element 9 to 8

Radial region 9 is the insulation material together with the thermocouple
wires of the outer thermocouples. There is also modelled a possible |

temperature step at the contact boundary, calculated by the equation:
.

Qout - P9 X DL X (TEMP (9) - TEMP (8)) X HTC

P9 and HTC are input. ;

;

Heat Transfer from Radial Element 10 to 8
,

This is calculated by the equation:
3

Qout = P10 X OL X (TEMP (10) - TEMP (8)) X HTD
i

|
where P10 and the array HTC are input.

* Heat Transfer from Radial Element 11 to 10
;

j

! 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 Pil and the HTF array are input.
!

Heat Transfer from Radial Element 10 to 7

i

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 computedi

by the equation:

1 ,

t Qout = P12 X DL X (TEMP (10) - TEMP (7)) X HTG
i

where P12 and tha array HTG are input.

3.1-17.

. -, .. . - - . - _ _ . .



O
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 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 core and the jacket tube. The split is

calculated based upon the input resistivity of the core part and the 4

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 O

calculated as:

Tsink + (T -Tsink)T =
max gcore

where:

sink =
temperature of sink at beginning of heaterT

temperature in the center of the core eT =
max

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

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
8rating (W/cm) given as an input.

Method of Solution

OThe 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.

3.1-18
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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 Model 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 thst 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/THERAAL results are converted
into the calibration curve as obtained during direct electric calibration
of the RGT sensors. e

P3 (P3 > P2 > PI)d
4

AT AJ3
P2

4 |
9

^!2 |
PI | |

9
AT; |

| i
i I e.

Steady State
Ternperature

| i
'

I |

| |
- - r .

Time
'

. n
il

AT

| *+

A |
'

L I
Ii

| !' *
I I
i 1 y
Pl P2 P3 Electrical Heating

*i 3.1.1.3 Application of the Model RADCAL/ THERMAL

3.1.1.3.1 Predicting Electric Calibration Results
9

Figure 3.1-5 shows how the 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

3.1-20 4
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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:

) 40.38
Real Sensitivity - - 39.71 *C/W/gSr -

1.017

The average indicated sensitivity, S , for the RGTs in this assemblyj)
was:

,

{ - 40.65 *C/W/g with 2.64 percent=
means

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/W/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 the scatter of calibration data for a

) single sensor. In prototype no. 6, for example, the RGTs exhibit ,aean
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

I 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

3.1-21
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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 (2a)

_

resulting from variations in "as-made" jacket tube dimensions. This gap
8variation alone accounts for +4.6 percent (+2c) variation in real sensi-

tivity among chambers. These two variations alone account for much of
the range of inter-sensor variation.

OThe 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 for such " tuning" have

been developed.
O

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
O

and within types according to chrome and nickel content. A good predic-

tion of sensitivity therefore depends upon good characterization of these
parameters. Values normall'y used for high quality type 316 ss are:

0.131 W/cm *C at 20*Ck =

10X10-4 *C in kT=k20(1 + a(T - 20))/a =

C 0.51 at 100*C=

-4 *C3.9X1t) /a = ,

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

p

O.

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

giventotalcurrent)andforcalculationofthepower,W/g O

2
from (1 XRsensor)*sensor

EdF has commissioned a complete study of the sources of variation in both g
manufacture and electric calibration, Reference 3-(44), and has concluded

j
' that, with their present techniques (i.e., used by Intertechnique after
|

i manufacture and EdF in the high temperature and pressure loop), the
3.1-22 ,
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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
(Examples)

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 r.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 S$ 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.

3.1-23
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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
8of 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 th' heater section. The controlled variable

Ois 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-

O
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
1 -t/ T 2 -t/T

aT= (1 + e y_ e 2)aT =
T -TT -T

2 l 2 1
O

Where Ty, T2 = time constants
AT = final, steady state value

O
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As T2 >> 1, the response can be approximated for t > 10 sec. to

AT = AT. (1 7 _
g/T)2 t

2

and this equation can be transformed into:
)

In(1-k)= - h - In (1 - )
1 2

In Figure 3.1-6 this equation has been plotted using the response value
from Figure 3.1-5. From the slope and intercept of the plotted curve the

time constants are found to be:

)
2.1 sec.T -

1

17.8 sec.T =
2

's, reported forThe average of the " measured" time constants, i.e., T2
)

the EdF prototypes in Table 3.1-3 is 17.27 seconds.

3.1.1.3.4 Relationship of T to Sr 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 "%

f where:

; Cp = specific heat of gamma thermometer material

i

.

-

.

3.1-25)



C

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:
O

- heater length

-- gas filling and emissivity of chamber inner surface

- thermal conductivity of steel

O
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, T, ver large variation ,2
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 e
specific heat of the gamma therm' meter material, the sample curve is
valid for cases where no changes in specific heat take place. This means

tha_t.the sample curve shown would not be used, for example:
O

- for high temperature cases (300*C) (C varies by - +12
p

percent frcm 20*C to 300*C for type 316 stainless steel)
-- for gamma thermometers of different material (e.g.,

zircaloy) O

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 8

difference in sensitivity obtained 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 Canae No. 4 to 8 can be obtained
*

(see calculated time constants in Section 3.1.1.3.2). Determinations of
S made in this way are dependent only on the least variable of the
r

physical properties (i.e., C ) and independent of the values of either
p

thermal conductivity or electrical resistivity.
O
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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 fromg
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.

O
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

3 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 thermcmeter can be calculated. By approximating

O the thermal behavior of the sensor by a second order function, the
response can be expressed in the time aomain as:

AT = AT, (B e-t/T1 + A e-t/T2)
D

where:

temperature step in pitnge test (difference in bathAT, =

3 temperatures).

A and B are constants calculated from test data along with

T and T 'y 2

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.

-

D
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from S ndicatedSeparating Sreal i

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-
Otivity (pV/*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, S , and the indicated sensitivity, S . In ,

r g

order to take variations in the thermocouple calibration into account,

the equation above should be formulated:

2+Ae-t/ T )T = AT, f ( B e-t/ T 1

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 g

thermocouple characteristics.
.

If, therefore, aT is well controlled and accurately measured, theg

value of f can be determined by comparing the response obtained to the e
and T 'response predicted for the actual AT,, A, B, Ty 2

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

54=f S
r

J

3.1.1.3.6 Sensitivity Studies of Manufacturing Variables

The RADCAL-THERMAL model has been used to do studies of the sensitivity
9' 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

,

J
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):
|

|

1 - length of chamber
J
| - gas chamber inner and outer diameter

! - fill gas thermal conductivity

| -- steel thermal conductivity
!

|g - hot junction location displacement
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The following results are extracted from the study:

Chamber Length Variations S

The chamber length was varied +2 mm around the nominal length of 26 mm.
The effect on AT is shown in Figure 3.1-9.

O

For the chamber length studied, there is a linear relationship between AT
and chamber length. The simple formula for AT, neglecting gas gap heat

2transfer, says that AT is proportional to L . 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.

O

A
,

\
l All heat through gas gap
I i
l I g

!\ near equationSimple
Liformula

6 |
'

' >
Chamber Length, L e

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 perce*t.

W' a 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 10-6 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

3 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

3 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

D 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

3 on the argon gas fill have been developed for RGTA manufacture.

3 3.1-31



O

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

8that of steam, the resulting AT would become so low th"e 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

O
difficult to tell whether a reading is true or faulty.

Chamber Inside and Outside Diameter'

,

OThe 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:

O

7.52 OD 7.f0 OD

\/ if

/ *

/ /
---M.----------
' #N \\ 0.5 mm nominal ;;ap e

T \ \

Because the jacket tubes vary somewhat in wall thickness and draw dies ,
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 e
(0.1 mm less than nominal).

Such measurements, together with data from accuracy resistance measure-

ments of the completed RGTs, indicate that the expected +2a variation in G

.
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gas gap thickness is 1 10 mm around 0.4 mm (ncminal 0.5 mm). The + 2e_

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 SensitivityI -

The coolant velocity in the instrument tubes of PWRs is in the region of
1-2 meters per second. Experiments by IFA and tests by Intertechnique
and EdF 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
this velocity range will not be detectable in tests having an accuracy
(2o) of +3/4 percent. The variation in coolant velocity results in a
change of coolant film temperature of only 1-3*C. The difference thermo-

couple junctions rise by almost equal amounts and the AT remains con-
stant. The effect on the signal of 1-3*C changes is limited to that
produced by the absolute temperature change on conductances internal to+

RGT (i.e., - 20 percent for a 300*C change in absolute temperature).

.

The outside film coefficient can however effect the accuracy of plunge
test calibrations and good bath agitation must be provided.

Effects of Crud Deposit, Uniform - Non-Uniform

There is no report of crud or scale buildup on SPND rods or TIP thimbles
in PWRs. This, of course, does not preclude that crud deposits could be

occurring.

The crud deposits, if uniform, along the RGT jacket, would have the same'

effect upon RGT signal as a reduction of coolant velocity (i.e., negligi-
ble) because both junctions are raised in temperature the same amount and
this increase could not be large enough to affect sensitivity.

i
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O

Non-uniform deposits, however, could render the heat flow asymmetric from
the RGT center line 3nd affect sensitivity.

O

In order to attack this source of uncertainty, several (i.e., ORNL and
RWE) RGT prototypes (see 4-tion 3.1.3.4) are employing double difference
thermocouples which not oi.ly double the signal strength, without increas-
ing r, but also eliminate possible error deriving from asymmetric heat e
flow. This is shown by the illustration which follows:

1) Consider RGT with a single difference thermocouple:
O

I I

|* L --*|
| 1

I

| e
,

&T eT2q ~ l - -* Q

|
1

'

S
A _..__________ ,

_ _ _ _ _ _ _ _.___

i
i

|f v u

g" I
ATieft i AT right 9

5 I
a. n i a

5 |
|

! >
-X 0 +X e

If heat flow is ideal (i.e., symmetric about center line), then
and T ccurs at X = 0.ATleft = ATright max

is designed for about 40*C byFor average PWR conditions aTsignal
choosing appropriate L and the equation for T -T is:

max x

O

9*2 9'2
(T -TT and AT . ~

=

y signalmax x' = y
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)

Now, this holds true only if heat splits identically to right and left of

| the center line (where the hot junction is located). RGTs with single

f difference thermocouples are dependent upon such symmetry.
I

2) Heat flow in an RGT can be disturbed (i.e., rendered non-symmetric)
by asymmetric heat transfer resistance to the coolant sink. This could

2 occur if crud deposited on one end only of the sensor, as:
.

..

)

*T2?Ti

)

Crud
Layer m + Coolant

i
I

0
)

) d
a

|

E ! ~

{ T +D iiTmax

b !
a i
B i

T2_ _ _ _ _j _ __ _ _ _ _ _ _ _ . - - -- _ _ _ _ _ _ _ _ _ _ _ _ .

b
)

In this case heat transfer will be impeded between the outer jacket tube
of the RGT and the coolan* at the left and heat will flow preferentially

)
toward the good conducti ith the resulting skew in temperature distri-
bution.
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C1
I

1 - T , becomes:In this case the signal AT, T
2

1

2gL + qDL g!

T k j

l

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

without consideration of the additional term, 9 L g
k,

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

.
double difference thermocouple, as:

O

1 T
Al 2 #Cr e Cr +

-

T *=3 Al signal ATCr"

4

O

Then the " signal AT" in the symmetrical flow case becomes:

AT = (T -T ) + (T -T ) - 2(T -T ), or 2(T -T ) #3 2 i 3 y 2 1 3

NB! Signal is doubled without increase in chamber length.

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

2 2
2*qL gl

"ddt " 2k k

O

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.
O
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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

t 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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O

amplitude of the response, indicated sensitivity can be obtained if both
terminal temperatures are accurately known:

O
"

start terminal '

position position
at time 0

Wu, e W - -

O

cold boiling

bath bagh
200C_ _' 100 C

,

*" c::>cj
e J O

4.0 mv 's
's

%
negative 's e
signal s

s

from RADCAL A0 * I (Tc'Th, themoccuple'

calibration)
,

T from this
T from hot e
cold region
this region

0 mv 8
0 100

seconds after plunge into boiling water

3.1.2.1 Response Time in Plunge Tests e-

Plunge 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.g., for Halden gamma 9|
thermometers), it has been sufficient to plunge the sensor from ambient
air to boiling water.

O
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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 neces_sary 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 e.asier to
)

obtain a good surface heat transfer in boiling water (good, natural
agitation, higher Prandtl 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 S for the gammaj
thermometers larger than 1.5 percent over the irradiation period (fast
test fluence corresponding to three years irradiation at PWR condi-

tions). For S , a one percent level of detectability of change was
r

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

O
3.1.2.2.1 Reductions of the Uncertainty, el

In contrast to the earlier designs of the gamma thermometer (Savannah
River, Halden) the RGT gamma thermometer can be electrically calibrated 9

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 og related to variations
in sensor design parameters and properties. 4

The low temperature electrical calibration is rather straightforward and
can be made by any well qualified workshop. Experimental rigs and

8equipment 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.

I

1
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, coolant in A coolant out-.-

, coolant velocit'y 1-3 m/s.

2
\, .-

_

\ f .

|pg g-

voltage ca ureme t

digital [
voltmeter

0-18Vprecision shunt g
! / ! | | |

,

adju/stabic battery
r sistance

digital _,_

volt-
meter

current meas.

The electrical current going through the RGTA is measured by the voltage

drop over a high accuracy shunt.

IThe 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.

i
'

,

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

f outlet temperature of the water is recorded.
I
I

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
Odirect electrical calibration of the RGT sensors. (In addition, dimen-

sions and electrical resistances must be known.)

Approx. Actual Voltage drop uV signals ** T* To*I
amperes amperes sensors 1 to n sensors (DTCs) 9

1 to n
1 2 3 1 2 3

30

60 g
90

120

150

180 g:
210

240

* T and T are coolant inlet and outlet temperatures respectively. 4y 0

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. G:

Calculation of Indicated Sensitivity

#The indicated sensitivity of the sensor is expressed as S$ = AT /Pj
where:

P = electrical heat dissipated per gram in the core of the
*

sensor (core and cable sheath). :

AT$ = measured signal divided by standard conversion to
temperature at T +T

7 0
2

*\
!
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The heat generation is not directly measurable, but it can be calculated
from the formula:

h( R
2 J

)2P(W/g) = 1,

M R3+RJ

where:

I total electrical current=

mass per cm length of sensor (core + cable sheath) atM =

operating temperature
R electrical resistance per cm length of sensor (core +=

3
cable sheatn) at operating temperature

R electrical resistance per cm length of jacket tube=
J

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:

RSO (1 + a (Ty + 2/3 T - T ))R3- R

RJO (1 + a (Ty - T ))RJ= R

where:

R and R = resistances measured at reference temperature, TR
SO JO

a = temperature coefficient of resistivity

Ty+TO
T = coolant temperaturey- 2

The two resistances are measured as follows:
'

R is measured on the core rod in the chamber region before39
the jacket tube is installed.

R is measured in an excess piece of the jacket tube after
JO

drawing.
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A check on the estimation of the resistances at reference temperature can

be obtained by measuring the resistance over the charber section in the
completed sensor. This resistance should be the resultant of R and

SO
8

R -

J0*

R xR50 J0
Rch " RS0+RJ0 9

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

4
0.729 x 10-3 D/cmR measured :

SO
0.306 x 10-3 0/cmR measured :

JO

0.216 x 10-3 0/cmR measured :
ch

0.2155 x 10-3 0/cm oR calculated :
ch

For this case the combined resistance measurement checks the composite of

the two component resistances within 0.2 percent.

O

Determination of the Mass of the Core per cm Length

The mass of the core per em length is determined using the measured inner
diameter of the core chamber prior to mounting of the jacket tube. The 9

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.

S

Accuracies Obtainable from Direct Electric Calibration

The calibration of the French prototype RGTAs has shown that the indi-
Ocated sensitivity S of a particular sensor can be calibrated relative

g

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 start'ed 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 factor of four higher
j than those experienced at PWR conditions. The scatter of the measured
| data is very low, Reference 3-(40).
i
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Calibrations at EdF/Intertechnique

Description of Renardieres Test loop
O

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.
O

The operating range for the loop is:

Temperature : 30 - 300*C
O

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

9
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 q,
to EdF.

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

9
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 gp

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. O

Low Temperature Calibration

8Figures 3.1-19 to 3.1-27 show the results of the low temperature calibra-
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 calibrations
(S , T, o) obtained at low temperature for a number of French reactorj
prototypes, numbers 3 through 12, and the five specimens made by
Intertechnique for ORNL. The average indicated sensitivity, S , for

$

the 89 chambers is 40.88 std *C/W/g. The la 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
tempere.ure.

t

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-i

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, f
I electrically, was 4.3 percent compared to the 3.67 percent a reported |

above for 89 sensors on the cold calibration.
)
1

)

i
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Data Recording During Power Step

As a supplement to the static, direct electrical 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.'

O
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 g
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 e
deviations between 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 G
change was 1.86 percent and for direct electrical calibration 2.0 percent.

.

Interloop Comparisons

e
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 manufaci.urers' workshop. Thereafter, the 8

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 calibration to variance in S .)

$

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.

7

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:

2In the equation: Signal K (I )* I in amperes-

Signal in mv

2Intertechnique determined that K = .07554 mv/ amp for the first differ-
2ence thermocouple and K = .07754 mviamp for the second.

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

i

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

Intertechnique TEC Difference
sensitivity:*C/W/g

DTC 1 27.83 27.56 1.0 percent
DTC 2 28.59 28.68 0.3 percent
a of data, percent (8 data points)
DTC 1 0.7 1.06

i DTC 2 0.77 1.54

i

|
* This is the most basic comoarison of experimental results because no computational

2scheme 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 |
3.1-31.

'1For other ORNL specimens, the Intertechnique data, Reference 3-(38), can l
,

be sumarized as follows: l

The mean sensitivity and standard deviation of the eight best fit sensi-
Otivities for the four stainless steel RGTs (two difference thermocouples

each) is:

{ = 28.69 std 'C/W/g #

1.5 percent (between sensors - best fit S 's)e, percent =
$

*0.88average o percent for the data on the best fit lines =

percent.

3.1.2.3 "In Situ", or In-reactor, Calibration Methods
9

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
9

sensitivity, S , and the third yields the more important indicated
r

sensitivity, S .j

3.1.2.3.1 Determination of T, Sr, and St 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 e
been explained in Section 3.1.1.3.4, the dynamic response characteristics

~

of an RGT are tightly related to the real sensitivity, S . A step
r

change in either gross power or in local power, corrected for late
arrival of delayed fission product gama, yields the true response of the G

RGTs exposed to this change, which can be directly converted to the real
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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 second T f the RGT.apparent

With this method there remains the uncertainty associated with the

correction of S to S$ (correction for the variability of differencer

- thermocouplecharacteristics). 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

and S the additionalapplying pre-irradiation differences between Sg r

uncertainty imposed to convert Sr (+ 3 percent) to Sg is at the 3/4
percent level.

A thermocoup u srection curve can be initially associated with each RGT
and used to convert reactor-determined S 's to S '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
- 4.5 percent). Tracking RGT signals after(expected uncertainty on Sj

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-(31) and 3-(32), described methods (now used in PWRs
to recalibrate important RTDs and T/Cs) called " loop current step

response" in which small pulses 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, S , is determinc1. ORfil has proposed to 00E, Refer-

r Oence 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 S by this method,
r Owhich neither disrupts operation nor requires special hardware in the

RGTA is about + 5 percent on S plus the uncertainty of about 3/4
r

percent in converting to S , related to difference thermocouple cali-
g

bration. The underlying limit on accuracy is the small value of the power
O

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.

O
3.1.2.3.3 Installed Heater Cable

A 1 mm stainless steel jacketed, nichrome heater cable has been installed
in the center of the cable pack in some of the ORf1L 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. 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 S to an esti- g
r

mated accuracy of + 1-1/2 percent.
_

Since no estimation of difference thermocouple calibration is required to

find S when direct in situ recalibrations are done with the heater Oj
cable, the accuracy of this method is almost as good as the direct
electrical workshop calibration when the relationship between heater
cable power and RGT sensitivity is determined on an individual basis,

e

3.1-52 g



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3.1.3 Effects of Reactor Exposure on Sensitivity

3.1.3.1 " Library" Studies .

A study, Reference 3-(33), has been made to evaluate possible effects of
irradiation on the sensitivity of the gamma thermometer (both real and
indicatedsensitivity). The study is referred to as a library study

,
since the first step was a literature search for reported experience on
variations to be expected in critical material properties. Using the

estimated variations as input to the RADCAL/ THERMAL code, the possible

3 effects on sensitivity hava been calculated.

The changes to be expected during in-pile operation can be divided into
two groups:

D
-- changes that influence only the indicated sensitivity of the instru-

ment (i.e., changes in the thermocouples during irradiation).

9 -- changes that influence the real sensitivity (and thereby also the
indicated sensitivity) of the instrument, (i.e., changes in the
thermal properties and the geometry of the sensor).

O Irradiation Effects on Thermocouples (Effect on Si Alone)

Extensive experiments have been carried out at ORNL to measure possible

changes in type K thermocouples (chromel-alumel) during in-pile opera-
' tion, References 3-(34) and 3-(35). In these experiments the effect of

temperature alone and the combined'effect of temperature and neutron

irradiation have been studied. The measurements conducted show that type

K thermocouples experience a slight increase in the Seebeck coefficient
S and thereby the EMF when operated in the temperature range 200-500 *C

without irradiation. The effect is attributed to so-called "short-range

ordering" in the chromel lead. The alumel does not undergo such

changes. The observed increase in the Seebeck coefficient is about one,
percent. The changes disappear if the thermocouple is annealed at

temperatures above 500 *C.

e 3.1-53
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O

The neutron irradiation seems to have the opposite effect of the temper-

ature alone and results in a lower value of the Seebeck coefficient. The

irradiation effect is also of the order of one percent and it can be

Oannealed out at higher temperatures.

Detailed investigations show that while the temperature effects mostly
occur in the chromel lead, it is the alumel lead that experiences

Oirradiation damage. Further, most other irradiation effects that have

been postulated (but never proven) cancel out in difference thermocouples
where damage that adds to the signal in one lead, subtracts from the
signal in the other.*

O

The ORNL tests are expected to confirm these conclusions to within the
accuracy of those determinations of thermocouple sensitivity.

gradiation Effects on Thermal Properties and Geometry (Affecting Both
,

Sr and S )i
.

During in-pile operation the irradiation from thermal and fast neutrons g
causes minor changes in the materials of the RGTA (stainless steel) and j

argon gas). The material changes show up as: |

-- transmutation of argon atoms g;

-- lattice damage of structural metals

The thermal neutrons are responsible for the transmutation and this

change is irreversible. Lattice damage is mainly caused by fast neutrons g
and it can be annealed out at higher temperatures.

O

t

Actually, chromel-alumel thermocouples that have resided in the HBWR for up to 14 years*

still give signals that correspond to within 1/28C of the accurately known r.aturation G
tmperature of the heavy water moderator.

3.1-54 g



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._.

)
Thermal Conductivity of Steel

|

| For the steel used, a maximum reduction in the conductivity of 4 percent

) may occur at the end of six years of operation of RGTs at PWR condi-
tions. The change is mainly caused by irradiation induced pores in the ,
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.

D Thermal Conductivity of Argon

The study shows that a small amount of the argon gas may undergo trans-

mutation into potassium (K41). This will not influence the heatg
transfer in the gas chamber.

The potassium may, however, plate out on the surfaces of the chamber and
thereby influence the emissivity.g

Conservative calculations show that if all the potassium plates out, a
surface layer corresponding to 120 atom layers (.00001 mm) of potassium
builds up, having no significant effect on the gap dimensions. In theg
calculations, a change of the emissivity from 0.3 to 0.4 was attributed
to the deposit. The calculation shows that a less than one percent
decrease in sensitivity would result.

O
Geometrical Changes

Swelling

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

estimated that the dimensional increase will not be more than one percent
8 in any direction. Calculations with the code show that such changes in

the geometry could increase the instrument sensitivity by 1.6 percent.
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0
Creep Down

|
'

Creep down of the jacket tube on the core rod in the chamber se. tion is
! found to be negligible (i.e., less than 0.5 percent reduction of gap size 9

at the end of six years of operation at PWR conditions). Such a change

has negligible influence on the sensitivity of the sensor.

| Conclusions 9

Even if it were assumed that only effects that increase the sensitivity
would occur, the study shows that the instrument could change sensitivity

Oby a maximum of 5 percent after six years at PWR conditions. If the
'

negative effects are included this could be reduced to zero to three

| percent. Such a change in sensitivity would become an uncertainty on the

f sensitivity only if:
9||

|

-- no in-reactor recalibration of sensors was possible (i.e., in situ
calibration cable inoperable).

-- no compensation for sensor drift by slight adjustments of constants in ,
the signal processing was practicable.

-- n'o recovery of irradiation damage by heat treatment was provided for.
|

(The incorporated heater cables can be used to anneal both the thermo-

couple pack and the RGTA itself by applying heat when the RGTAs are g.,

uncooled.)

3.1.3.2 SRP Experience

9
The experience with gamma thermometers at SRP is reported fully in
Section 3.3.1. Gamma thermometers having had an exposure corresponding

to 5.5 years of PWR operation showed a change of 2 percent in local power
indication relative to calorimetric determination of local power. Within #

this 2 percent, changes in both instrument sensitivity (1/K ) and in
y

the ratio of local heat generation to gamma heating (K ) are included.
2

,

9
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3.1.3.3 HBWR, Halden Reactor Experience

The Halden (HBRW) experience with gamma thermometers is reported fully in
O Section 3.3.2. At Halden the gamma thermometer signal 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).

O

3.1.3.4 Direct Testing of RGT at ORNL

Highly ducumented and well-characterized accelerated irradiation experi-
g

ments have been performed at ORNL. These tests give the possibility to
accurately measure the effects of irradiation on the RGT sensitivity

(K ). The sensors used in these tests have been so designed that it is
2

p ssible to evaluate which parameters or properties have undergone
O

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
O

are identified by the prototype programs for which they were developed.
Thus, the Duke (or Oconee) type are designed to be compatible with the
B&W in-core system and include a central, hollow tube that would

permit, in reactor prototypes, a travelling SPND to be inserted forg
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 samt as the EdF prototype RGTs.

;D
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 (0conee) type,
three of the RWE (Mulheim-Karlich) type and three of the BWR type. One

O of the EdF type specimens was made of Zircaloy and employs an evacuated

sensor cavity (i.e., rather than argon filled).

and power tran-All specimens had been electrically calibrated for S4
O sient calibrated for S (except those with removable thermocouple

pack s) . 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 specimens 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).

O
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. e

Ten specimens entered the ORR on the schedules shown in Table 3.1.4 to be
21irradiated for one year to a fast neutron exposure of 6.21 x 10 mvt

(equivalent to three-year service in a PWR). From both library studies O

and D 0 reactor experience it was predicted that the resultant shift in
2

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

O
specimens. The ceramic connectors experienced cracking apparently due to

irradiation and/or handling effects. (Note that these ceramic connectors
are used only for the.0RNL 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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thermocouple leads and the consequent inability to obtain measurements
from the affected thermocouples. Efforts are now underway to recover the
thermocouple signals by removal of the existing ceramic connector and the
installation of new leads.*

Despite the connector problems some post-irradiation data have been
obtained, as shown in Table 3.1-5. The sensitivity, S, is determined
from the time constants using the relationship illustrated in Figure
3.1-7. The data show a change in sensitivity of less than 1 percent.
This change is a consequence of irradiation equivalent to 3 years in a
PWR. The actual fluences are shown in Table 3.1.6. More complete data

analysis and results from other specimens following connector repair work
are expected to confirm these results.

*This work will be carried out at the hot cells of the CECB (at Berkeley, England) which
are well equipped to handle this type of work.
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K , the Ratio of Local Fuel Power to Gama Heating in the Sensor and3.2 2

the Components of the Uncertainty, og
0

1

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 K . Both Halden and SRP had the luxury
2

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 TWFM (Travelling Wire Flux Monitor)

> Traces. Thus, the gama thermometer was not originally intended as an
accurate measure of local power t'ut 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
Month) SRP fuel cycles for plutonium production, the difference between
neutran 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, K ' '#8"
2

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 everage reactor power (not 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/cm -3

sec, only three required compensation for sensitivity changes
of 5-10 percent."

)

Awareness of the SRP experience in 1963 led the HBWR technical staff to

select gamma thermometers as the best instrument to monitor the power of

3.2-1
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C
individual test fuel assemblies. As at SRP, the construction of the HBWR
instrument fuel enabled direct calorimetric recalibration of these
instruments against measured thermal pcwer of the fuel eleme- . as shown
in Figures 3.2.1 and 3.2.2, extracted from Reference 3-(5). ese show 8

pictorially how a device called the " calibration valve" is used at HBWR

to convert normally boiling coolant to sensibly heated (non-boiling)
coolant in order to measure individual fuel element power at an accuracy

Oof +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.
4

For instance, the instrumented 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

egamma thermometer signal factors (K x K ) were being used when they 2
fuel was removed only because they were observed to be the same (within

the limits of detection of change which, because 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 of CEA to other types of LWRs and ,
benchmark the predictions resulting, Scandpower and CEA submicted a joint
proposal to EPRI in September 1979, which is still under review at EPRI,
(Section3.2.1.3). Additional independent work has been prrformed by the
Oak Ridge National Laboratory (Reference 3-54). e:

.

O
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3.2.1 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 K f r " ff-reference" core conditions, (such as

2
" 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 K when core conditions there are "off-

) 2
reference" (i.e., different from the conditions at which the basic value
ar.d uncertainty of K wasestablished).

2

)

-,

. .

1

.

.

3.2-3



O

The readout system construct supporting the steady-state use of fixed RGT
sensors in light water reactors is depicte'd below:

e

DUAL SIGNAL PROCESSING

I< STRAIGir 'HIROUGi LINE > #.

Straight-Th ru Straight-Thru
heat rates in local fuel PowerK ysensors power

Display
e1 = * 5% e2 s 6% o, = o]*5*2 * $

7.2

350 to 450 *

mS."[Nis - s' CO!PUTER-LEVEL PRECISION LINE > g
'' Plant-Precision ** Expansion Limit modelsPrecision K, measurements: modelsheat rates ,n local fuel power introducing DN B, LH G R*e

,

5'n'or'
o, . ;T . ,1 .3

o f : 1.9% - ~

4.4%

o .
-

e2 e4%

h b

e
Bios K from: Blas K I2 '**y

- individual bias - LHGR to y heat models: core condition corrections,
,sfrom precali- 4

bration to an . time domain corrections, ,
accuracy of 11.9% K 's

2
- max. correction

to E = 51' - nomalization to themal power
j attainable 02 = 4%

O

O
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The calculational approach to establishing both the values of the correc-
tions to the single best value, K , the ratio of local fuel to sensor

2
heating, and estimating the accuracy thereof, must use the most accurate
off-line neutronics and shielding theory available. The problem is
initiated in reverse order to its ultimate final use, i.e., to predict

values of K and to extrapolate beyond them rather than to interpolate
2

X between benchmarked points:
2

- 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, K , ver such core-condition " feature space" (i.e.,

2
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 K at reference conditions (e.g., clean core,
2

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 in:tallation will permit direct determination of the accuracy of

K by comparing the sum of LHGks " measured" to the total thermal power
2

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 K to be expected over feature space and, if
2

) this is small, the error in K corrections for off-reference conditions
2

becomes very small. If, for example, K is measured at reference
2
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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 K for off-reference conditions

2 g-

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 K -rodded would be:

2

+ 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 two important facts:

1) The theoretical model was good on an absolute basis (+12 percent).

O
2) The change in K due to the off-reference condition is small.

2

Given that the best possible accuracy of benchmarking is about the same
for any local power instrument (whether by post-irradiation gamma scan, g
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:

O
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
"off-reference" core condition changes, i.e., operation away e
from the condition at which the ratio, K , between LHGR and

2
the measured parameter can be most accurately established

experimentally.
O

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 Figurc 3.2-3,
*extracted from Reference 3-(1).
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The figure shows, along one axial distribution, that the raw signals of a
gamma detecting device required less correction for various influential
parameters than did the thermal neutron cr fast neutron sensitive
devices. It is evident therefore that the ultimate accuracy of the gama

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 local power) was obtained from computations made
upon the signal from thr. 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 K , the local fuel heat rate to sensor
2

heating ratio, are shown both by theory and past experiment, to be so
result in ansmall that any necessary approximate corrections to K2

insignificant increase in the total uncertainty of K '
2

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 en 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
ascertained 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, K '
2

makes possible the " straight-through-line" of signal processing in which*

single-valuedconstants,{and{,areappliedhard-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

i

thermometry which is unachievable by TIP, SPND, fission chamber or

previously installed in-core systems of any kind.
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O
In evaluating the uncertainties in nodal power which would be associated

withdirectreadinginstrumentsbiasedonlyby{and{,(i.e.,the
" straight-through" line), it is necessary first to select a philosophy
forselectingthesinglevaluetobeusedfor{. 3

,

'

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 e
little gamma heating to the RGT sensor for a fixed power in the fuel rods

(i.e., lowering K for these core nodes). Whena{valueis2
selected for unpoisoned assemblies, the power in the poisoned nodes is

conservatively overestima^ed. #

In no case can an overestir. ate 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 8

"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

8value 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 K
2 *of 115.6 is accurate, are being measured at 180 W/cm or greater.

Thus,ifthephilosophyofsettingtheaverage{valueat115.6
(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 lies 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.

9
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The figure below is qualitative only but illustrates the low importance
of errors in K2 occurring in or near poisoned or controlled

assemblies: Theconservatismresultingfromuseof115.6for{would
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
Oabsorption of direct gamma radiation from surrounding fuel rods (emanat-

ing directly from fission, fission product decay, and n y reactions in
U and U238), a variety of gamma radiations from secondary sources235
(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 orig'inate.

O

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 cV to 10 MeV. (As suggested in Section 3.1.1.1, rough

O
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 proauction. 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
upon the operating parameters mentioned above (e.g., boron, burnable g
poison).

3.2.1.1 The EdF/CEA Theoretical Programs

O
The CEA approach to the problem involves 2D neutronics codes which define

the neutron reactions taking place: fissions, absorptions, diffusion,
slowing down in fuel pins, water and structural materials (including the
sensoritself). ThisSn,j,k(geography,energygroup,andnatureof 4
neutron reaction) information is then transformed through nuclear data
libraries, to Sy, j k information for source gamma rays, which are
tracked from points of origin through their journeys and scatterings to

9
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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.

'

TRIP 0LI is a general, three dimensional Monte Carlo program, which treats
the slouing 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 combination 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 between 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 sections. 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 to(es 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 on 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 talculates spectra and activities averaged in
specified volumes or areas.

,
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The neutron heating in gama 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
is negligible and proportional to nearby fission rates, anyway). 8

TRIPOLI, described above, has been used in neutron, as well as gamma
heating, calculations.

The onset of EdF/CEA involvement in gamma thermometery in 1976 marked the O

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
Othe development of a theory from which to develop reactor software for

correcting K was specificity of signal. Did the sources of heat in2

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 gamas producir;g 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-sensor heat ratio,
K , using high accuracy 3D Monte Carlo methods, TRIP 0LI, and at the2 ,,
same time benchmarking with TRIPOLI less exp + 0 codes (a first step
toward plant usable software). For Bugey 5 ::v etypes, 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 warage signal of 40*C (at 178 e
W/cm) with 26.0 mm sensor length.

)

The third theoretical activity was to assess the impact of such
1

"off-reference" conditions as control rods nearby, high burnup fuel, 9|
burnable poison nearby, etc., upon K . This was the first theoretical2

effort to verify for H 0 reactors a phenomenon which had been observed
2

|
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in D 0 reactors (i.e., the constancy of the relationship of signal to
2

heat production in surrounding fuel). The table below summarizes the

- magnitude of various effects calculated by SERMA.
) .

.

External y Internal Y K2 Change

CASE
~

W/g at 178 from n,y W/cm percent of
W/cm W/g W/g K2

)

Reference (equilibrium
y from fission products,
100 hrs after startup) 1.43 .11 115.6 --

Rods in 1.69 .06 101.7 -12.0

Consumable poison in 1.56 .11 106.6 -7.8*

Grey control rods 1.46 .11 113.4 -1.9

Exposure 20,000 Mwd /t
)

Reference 3-(42) 1.44 .11 114.8 -0.7

In applying the " straight through" system (e.g., use of K2 = 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

ofalllocalpowers," measured"using{(asisdoneforneutron
instruments) would an overestimate in "off reference" (low power) parts

,
of the core lead to underestimates in the high power (limiting) parts of

the core. For example, if 1/4 of the core contained fuel assemblies with

consumablepoisonandanormalizedreferencevaluewereusedfor{,
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 G (i.e., 115.6) by normalization to total thermal

3.2-13
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power. The lower real values of G in the 1/4 core that contains
poisoncauseshisnewnormalized{(113.5)toproducea-1.7 percent
error in high power regions of the core where use of the original e.

{(benchmarkedinreference,nopoisoncases)wouldhaveresultedin
only a 0.1 percent overestimate in the " reference" region representing
3/4 of the core and including the highest power fuel.

O.

ILLUSTRATION OF NORMALIZATION ERROR

Actual Conditions Known to Operator 9,

Mwth: 3500 Nth: 3500

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

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

Actual K2 in poisoned Best estimated global G
; region - 106.6 - 115.6

O
Actual K2 in reference

]
region = 115.5

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

O
Consequences of Normalization to Adjust Operator's Value of Kp
before Calculating W/cm in "High Power" Reference Reaions of Core:

1) I of RGT readings x 115.6 x 188 km - 3566 Nt

*2) asge7th x 115.5 115.5 113.5 noraalized k2
.

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 = 193 95$5 = 1.7 percent96*

O
NB! Error if not " normalized" = 1 - 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.

G

.

3.2-14 O

_ _ _ _ _ - ...___ _ . _ - _ . _



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-

coming 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, a4, without defining the signal)

processing methods 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

I 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
A 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, scarces within the first five rod rows (cells) contri-

)
bute 80.9 percent of the gamma heating of the sensor. The total heating
of the sensor itself, from neutron scattering and n, i 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
8of the gamma rays having energies less than 500 kev, i.e.:

i MeV Range

'
1 8.5 - 7.5 -

2 7.5 - 6.5
3 6.5 - 5.5
4 5.5 - 4.5
5 4.5 - 3.5
6 3.5 - 2.75
7 2.75 - 2.25
8 2.25 - 1.75
9 1.75 - 1.25
10 1.25 - 0.75
11 0.75 - 0.5

O
To da this the energy region between 500 kev was twice again subdivided
in TRIPOLI and referente cases rerun with nearly identical results
(difference = 0.43 percent).

O
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 e,

rods, equilibrium fission product, high boron (low exposure)) as follows:

gamma from fissions 35.4 percent
9

decay gamma from fission products 32.6percenth8percetpompp

3.2-16 ,
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gamma from n capture in U 15.8 percent
238

gamma from n capture in U 5.6 percent
235

gamma from n, capture in cladding 1.85 percent
gamma from n capture in borated H 0 1.85 percent

2
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/9 with an additional .11 W/g arising
from self-shielding of gammas produced by n,Y reactions within the sensor

#

(1.54 W/g total).

This prediction has been confirmed se f ar to a accuracy of ,+6.5 percent
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 K could be produced by inserting control
2

rods directly into the assembly in which 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 the sensor would be to lower
K by 12 percent. If the rod tips are more than 10 cm above a given

2

i sensor there is negligible effect on X . If one used the fixed K OI
2 2

)
'The small contributions of direct heating from fast neutron scattering in the sensor and
from low energy gammas originating from neutron enpture in fission products are prompt and
can be considered lumped into the 6.8 percent, although they were not separately calculated.

3.2-17
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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, O

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 8

poison. This lowered K by 7.8 percent relative to an unpoisoned
2

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

Obundles 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 K which should be

2
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 K are negative and variable as
2

shown in Figure 3.2-8. At 8500 mwd /t, K g es down a maximum of 1.7
2

percent, and is down by 1.2 percent at 20,000 mwd /t. However, the effect

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.

9
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 g
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 9
product gamma, much of which may be considered prompt relative to the 18

second time constant of the instrument.

3.2-18 ,
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| The delay in heat generation in the instrument after restoration of
initial conditions is a function of the time for which non-equilibirum
conditions have persisted. For example, Figure 3.2-5 shows a power event
in which real power is reduced to 54 percent and restored over a period
of 30 minutes.

At the root of the power transient, the gamma thermometer heating is +18
percent higher than it will eventually be. At the instant of reestab-

lishment of full power, the heat rate from the gamma thermometer is 4
percent lower than its equilibirum heating rate (which is reached about
1/2 hour later).

The sensor heat rate excess inrnediately fellowing a local power reduction '

produces a conservative " measure" of local power.

The short-time sensor heat rate deficit following an increase in local
power is a function of:

time over which the increase occurred (ramp rate).--

time during which the fuel around the sensor had been at a lower--

power. If the lower power had been sustained long enough for
fission product gamma equilibrium to exist, then the contribution of
historical fission product y is nil and the error is maximum.
the magnitude of the increase in power.--

The uncertainty associated with direct use of a gamma thermometer signal
during or after a power change is referred to by the applicants as e4.

" Deconvolution" of transient signals consists principally of inserting
into the data processing circuits a false (positive or negative) signal
which f ades away in proportion to the time elapsed since a power change
event. Deconvolution methods are being investigated (for cost / benefit)
along several lines including both analog and digital signal processing.

3.2-19
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The o situation without deconvolution can be depicted qualitatively by
4

the following diagram showing line of constant signal deficit after a
power increase as a function of size of the variance, and time during

'O
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,

-O
with each such deficit map having subsidiary " maps" lowering the " iso-
deficit" curves, to account for any recent high power history preceding
the lower start point power.

O
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

g in the figure.

For most variations in local power occurring in a base-loaded PWR plant,
the dynamic reduction in accuracy of the straight-through signal process-

-O 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 resulting from boron dilution would be equally well tracked.

'O 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.

O In Figure 3.2-6 is depicted a theoretically " clean" case, in which real
power is raised instantaneously from 0 to 100 percent. The sensor
heating instantly reaches 65 percent of its equilibrium value (since this'

computation does not include n, y in the sensor itself which is prompt,
lO 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.

JO 3.2-21
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O

A third type of transient is depicted in Figure 3.2-7 in which power is
reduced to 30 percent in 1/2 hour, held for eight hours, and restored in
a 1/2 hour period. In this case fission products are contributing an
extra 21 percent to signal when the lowest power is reached at -23.5 9

hours, and y sensor heating is at 93 percent of equilibrium when full
power is again reached at -15 hours (a 7 percent underestimate of local
power in the absence of dynamic correction or normalization to thermal

Gpower). The signal deficit drops to 3.5 percent in 20 minutes.

The discussion in this section has been included to give a general
picture of the magnitude and direction by which gamma thermometer signals

Glag local fuel power under dynamic circumstances.

For this topical report review, however, the staff is asked to examine
only the questions of inherent uncertainties in the knowledge of the

Gb
ratios K1 (heating in sensor to signal from sensor) and K2 (heating
in fuel to heating in sensor) with the hypothesis that fuel power is not
varying dynamically. The time domain uncertainty, c4, is recognized,
however, and will be treated in later NSSS system-specific topical

gp|
reports in relationship to the particular signal deconvolution methods

|
selected.

1

GW

G'

|

G.
:

9
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3.3 Completed Programs Demonstrating the Accuracy of Gamma Thermometry

An underlying problem in experimentally demonstrating in an LWR the
precision of any new local power measuring device, such as the gamma
thermometer, is that the local powers in light water reactors measured by
the presently installed reference systems are dependent upon highly
corrected and normalized readings from various neutron flux measuring
devices in which the accumulated signal corrections oft n exceed the
signals themselves (Appendix I).

|
!

In the matter of experimental demonstration of instrument accuracy, the
heavy water moderated and cooled reactors are superior to either PWRs or
BWRs for one main reason: The fuel elements are separated and suscepti-
ble to very accurate measurement of both coolant flow and coolant temper-
ature rise, thereby providing an accurate and independent calorimetric
measure of individual fuel element thermal power. At the Savannah River

Plant, for example, the coolant flow through every fuel assembly is
measured by pre-calibrated end fitting orifices to + 1/2 percent. The 40

*C temperature rise of the coolant is measured to within + 1/4 *C by the
average of four thermocouples measuring every channel outlet stream.
Thus, SRP engineers have the capability to directly measure fuel element
power while LWR operators must use complex physics codes combined with
very indirect measurements.

The gamma thermometers are empirically conceived and proven instrumnts.

Until recently (see Section 3.2.1) the question of calculating accurately
how much heat is developed in a stainless steel part as a consequence of
fission in adjoining fuel rcds had not been necessary to address theo-
retically. Both SRP and HBWR engineers, having the " luxury" of
accurately measured individual fuel element powers, could simply set the
sum of four or five gamma thermometer signals equal to measured channel

power at the start of a cycle and wait to see what happened. Actually,
nothing happened. The sum of the four or five gamma thermoemeter signals
has shown the same relationship to local fuel powers at cycle end that it
had at the start (the gamma thermometer calibration process at HBUR is
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C
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 O
thermometer signals come from very dissimilar fuel assemblies.

2) The instrumented channel must be converted from boiling to non-
boiling to measure thermal power during gama ther.nometer &
calibration.

The estimated calibration accuracy at HBWR is 13 percent and at SRP 1
3/4 percent. *

Unlike the D 0 reactors, where the proof of gamma thermometer accuracy
2

can be made directly and empirically, in LWRs any new instrument must be
Ocalibrated 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

4-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.

9

3.3.1 Savannah River Plant, SRP, Experience

During the 1950's and early 60's, all work at SRP was classified, mili-
4tarily, 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, thocgh summary statements such as those g
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 e"

3.3-2
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1

- rugged, simple, economical

- satisfactory operating experience
O

- Yt's achieve optimum fuel burnup and preclude hot spots
-- produce strong signal without power supply
- gamma flux is proportional to local power generation
- gamma flux is at 90 percent of its final value in 100 seconds

D -- for protection, a fast yt can operate safety circuits".I

At SRP, some of the 61 instrument positions in five reactors can be
equipped with rods containing seven equally spaced gamma thermometers and3 a thimble for a travelling wire monitor.

These aluminum instrument rods
are replaced every three to five years in a preventive maintenance
program aimed at minimizing effects of aluminum component damage
(corrosion, vibration).

)
The SRP gamma thermometer design was described in Section 1, Figure 1-2.
Since introduction of this design in about 1962, nearly 3000 gamma
thermometers have been used with a premature failure rate of about 3) percent, Reference 1-(4). The preceding paragraphs explained that at SRP
individual fuel powers are measured to accuracies of 1 3/4 percent,
calorimetrically. The super-position of travelling wire axial thermal

) neutron flux traces, with the real time gamma thermometer signals allow
accurate measurements of LHGR in the fuel assemblies.

Individual SRP gamma thermometers are calibrated as-made by the plunge
test method (Section 3.1.2) and are required, for acceptance, to exhibit
response times (Ts) within a 13 percent band (la) of the median (18
seconds). While RGT manufacturing acceptance criteria have not yet been
set, EdF prototype instruments have exhibited sensitivities within a la
band of 1 4 percent and exhibit 7s of 17 seconds.

SRP technical staff, Reference 1-(4), have advised the applicants that,
although sensor reproducibility (i.e., of T) better than 13 percent
appeared achievable, such a requirement was not considered to be economi-
cally expedient in view of the operational scheme. At installation, all
SRP gamma thermometer signals are biased (within the 1 3 percent band) to

3.3-3
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produce signals which can be converted dirc.cily to local fuel powers.
During the short plutonium production cycles, the signals are closely

i

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.).

O
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. Gama thermometers continue to accurately report local fuel power, ,

independent of fuel burnup status, while travelling wire neutron flux
determinations converted to local power become progressively less

accurate.
9

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

22were exposed to a fast neutron fluence of 1 x 10 nyt (a f ast neutran g

dosage equivalent to five calendar years of PWR exposure). During the

period the driver fuel element powers were " determined" in f our ways:

1) The basic calorimetric determination (WC aT) enabled by channel flow $
p

and temperature instrumentation at SRP; o = (+ 3/4 percent) : P
_ 1

2) The pure calculational determination from neutron physics codes with
no correction from travelling wires: P 9

2

3) Physics calculations of power adjusted to fit thermal neutron flux

3 (this is a typical LWR procedure).wire traces of Cn: P
4

4) Direct readings (sumed) from gamma thermometers using the start of
I

:P4cycle constant, C y = EGT signals
4

3.3-4 4
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All methods were normalized to fuel element power P) at cycle start:

Ratio to P1 Start of Cycle End of Cycle

P /P) 1.00 1.40 " pure" calculation
2

P /P1 1.00 1.25 neutron flux3
" measured"

P /P1 1.00 1.02 gamma thermometer> 4
measured

These were the averaged results for a group of fuel elements, individu-
> ally monitored and calculated. Variances for individual fuel assemblies

were not given but were reported to be small.

During this pericd the highly enriched fuel was.about 35 percent depleted
D (i.e., thermal neutron flux doubled at constant power). This corresponds

to very high LWR fuel exposures with no significant change in the ratio
of fission power to gamma sensor heating, K '

2

D
The results agree with CEA theoretical studies (Section 3.2.1.1) for PWR
(Westinghouse) lattices with codes MERCUR IV and TRIP 0LI. These ,.dicate

similarly that in spite of shifts in fission spectra and build-in of

fission product gamma emitters, the heating rate in a stainless '>. eelg
gamma thermometer sensor per unit of LHGR in nearby fuel, K , remain;

2

essentially constant, (i.e., within 0.7 percent) during fuel lifetima.
This constancy is more pronounced for heat production by gamma absorpa kn

y than for beta current production from miniature ion chambers such as
those used for power distribution measurement in Hatch Nuclear Unit I,
because gamma ion chambers pick out photons above certain threshold

values in energy, while gamma thermometers respond to the entire spectcum.

5
The stability and reliability of gamma thermometers at SRP was discussed
in Section 1.2 of the Introduction. Figures 3.3-1 and 3.3-2 show results
reported by Nelson, Reference 3-(4) for early SRP gamma thermometers.

P Note that in Figure 3.3-1 the prompt heating transient measured after a
power step agrees very well with that computed for t'. LWR lattice by CEA

(Section3.2.1.1).

p 3.3-5
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Figure 3.3-2 shows the level at which thermal radiation losses begin to
make the gamma thermometer response non-linear as sensor temperature
rises (i.e., - 480 *C). Linearity is a desirable, but not necessary,
characteristic and RGT designers decided that an average signal AT of
40*C (sensor temperature - 365 *C) was sufficient. (The SRP sink temper-
ature was about 80 *C and they were reading a signal of 400 *C.)

J
Electrical calibration results of RGTs exhibit almost perfect linearity

9|1over the working range with correlation coefficient greater than 0.999. |

|

|

Note also from the SRP data points that the scatter in data is actually
'

around two "best-fit" lines (one for each sensor) and that the difference
between these lines is a measure of the variation in indicated '

sensitivity of the two sensors including thermocouple calibration
difference. There are several factors that are important when examining
these data: g

-- This is the early type instrument of Figure 1-1. Because no

difference thermocouple is employed, scatter can be introduced by the
measurement and subtraction of sink temperature. g

-- The requirement for inter-sensor sensitivity agreement has been + 3
,

percent on T (time constant) since the newer design of Figure 1-2 was
developed at SRP. As was pointed out earlier, T measures real g
sensitivity, S . With direct current calibration (as opposed toj
response time) RGT sensors display a standard deviation between mean
(best fit) sensitivities (S ) of 4 percent and the standard

$

dev'ation of calibration data points for a given sensor is 0.9 3
percent. SRP has not (openly) published data like that of Figure
3.3-2 for newer gamma thermometers.

The choice of axes in Figure 3.3-2 carries with it an inherent 4--

problem. Neutron flux (a very difficult quiatity to measure
accurately) is plotted on the abcissa. How much of the point scatter;

is due to inaccuracies in the X value of data points? (The Otto
Hahn data in Section 3.3.3 suggest that neutron flux measurements O

with LSPNDs scatter more widely than gamma thermometer measurements

when total reactor power is varied.)

3.3-6 g
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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 isoiation of yts makes this type of calibration impossible.

3.3.2 H3WR, Halden Reactor, Experience
}

The history of application of ganma thermometers at Hal den 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

P.eference 1-(2).

Table 3.3-1 is a record of instruments installed at Halden and shows that
)

thrcugh 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 f ailure 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 50DERN. All 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 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 gama thermometer f ailure 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.*

O

Some 220 self-powered neutron detectors have been used at Halden. They

have exhibited a premature failure frequency of 13.5 percent.

O
HBWR engineers have published a number of papers describing use 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 g
SRP or LWR applications. Asphaug, Reference 1-(2), showed the various

HBWR fuel configurations under consideration 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, g
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 g
thermometer and SPND power measurements at Halden. Various tests hav.e
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 cT q
gama thermometers for use in LWRs.)

G'
|

The importance of individually failed RCT sensors is related to the number and location*

of sensors in an assently. The Edf program has included an analysis of the errors
introduced in axial power shape determinations by the failure of one or more sensors as
a function of the nunter originally installed. This work is reported briefly in section 9
3.4.2, but is primarily related to the uncertainty of oy (the extrapolation
uncertainty) which will be reported subsequently. '

|
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Figure 3.2-5 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.:

AT
) real T

S * "real q (heat rate) Cp (specific heat)
'

Svanholm did not, however, deal with differences in thermocouple sensi-
tivity, which affect S , but not S . He reported T determinations

$ r
for the various detector designs ranging from 46 to 104 seconds.

Regarding in-core gamma thermometer experience, Svanholm reported:

)

"Approximately eighty gama 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."

) 3.3-9
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In June 1974, Fordestromen, 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 o g,

the uncertainty.in K , the ratio of signal to heat rate (this a1 has1 g
been reduced to low levels for RGT sensors):

"The gamma thermometer (CT) 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

argon gas or vacuum. The electronics are very simple and rugged,
giving a low resistance voltage signal about 3-5 mV. The time
constant is approximately 20 sec., found experimentally. During a
period of approximately eleven years, about 230 GT's in 95

different fuel assemblies have been used in-core. Of these, only 5 O
percent have failed, mainly because of fuel handling cperations,
like fuel rod exchange, and not due to any in-core irradiaton
damage effect. Average in-core time is about 10,000 mwd / tug 2 and
a maximum of 36,G00 mwd /tu0 *"2

"In order to test if the sensitivity of the GT is changing with O
irrediation time (for instance, due to thermocouple deterioration),
the signals have been compared relative to the signals of
self-powered Vanadium neutron detector, which is known to 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
Oof 13 percent."

9

9

The Haloen engineers of ten mix two ratios when they refer to sensitivity. In RGT*

parlance the indicated sensitivity, S , is the ratio of the output signal to the heat Si

generation rate in the sensor, (1/Ky), while K2 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 GT is giving a good description of the
axial flux (power) profile, average signals over the last
month of irradiation for a nunber of fuel assemblies have been
compared to the gamma scan curves of the fuel rods obtained

I from post-irradiation examination (PIE). Eighteen IFAs have
been examined, and the GTs had an average deviation from the
gamma scan curve equal to 13 percent, and a maximum of 212
percent. This re ult becomes rr. ore impressive when one
realizes that the GTs are used without any out-of-pile
calibration, that is: one assunes all the cts to be

I identical."

The assumption of identical sensitivity is one that the applicants do not
choose to make. RGT s can be accurately calibrated out of pile either

) with electrical heating or plunga 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 fiBWR, 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

/ 15eir approximate percentage con +ribution to the total
GT-signal.

)

)

* For PWR 17x17 lattice the n,y component is computed to be 6.8 percent.
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PR OCESS GAMMA GT.SIG N AL
R ADI ATION (Y.) (%)

S
Fission 28.8 - 26

Prompt Captured in LA235 and Pu (n 9) 13.1 12-

Gammes Captueed in LA238 (rst) 16.7 15-

11 $Captured in structure end fission products les 11 12.7 -

Delayed Gammes Gamme radiation from fnsion products 28.7 - 26

Neutron Absorption 10- ~

100.0 100.0

"Of 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 yer,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 by2

comparing GT- and FO-signals in fuel assemblies with dif ferent
burnup during shutdown ramps and shutdown periods." O

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 ti.erefore continue to increase some time after
the calibration work is finished. In this way, the GTs will

Oshow somewhat too high power. Theoretically, the error can be
as big as 26 percent,' see table, but for actual cases in the
H8RW, 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
PIE-results mentioned, and can also easily be checked in-core g
by performing a recalibration a few weeks af ter start-tp."

I.e., af ter en instant power rise, see Figure 3 2-6 for this value computed for a PWR by g*

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 Hahn 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 employs 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 "0 ECD Halden Reactor Project Quarterly

Progress Report, July to September, 1976 and is reproduced in its
entirety, with clarifying footnotes ir,troduced by the applicants.

**********

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

i 3.3-13



for core reloading and general overhaul. During its subsequent
commissioning runs, a series of measurements with the gamma O
thermometers were successfully performed. A brief introductory

review of the experiments and results is given in the following.

Installation and Experiments G

The four Halden type gartma 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 other 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. Verticallocation ofin core instrument:

Results and Evaluation
In order to evaluate the gamma thermometers, their signals were

8compared to those simultaneously obtained from self- o 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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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 through P-5 show similar non-linearity as does the
calculated heat rate in the gamma thermometer. This observation

leads to two conclusions (3):
9

--the heat rate in the stainless steel heater of the ganma ther-

mometer is proportional to reactor neutron flux and power, and

9
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g . 8-2).1 sion ramp up -
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Fig. Ps. Thermai reactor power vs. gamma thermometer
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--the heat transfer mechanism in the gamma thermometer is

primarily conductive up to the temperatures experienced (340*C 9

average, 425'C at heater), while convection and radiation are of
negligible importance.

O'
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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 flux distribution, the resulting heat rate profile 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
caution, as even small changes in the thermocouple calibration 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 tests 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
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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)

**********
)

)

)

)

!
i

I

't

;

;

i

;
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COMMENTS OF THE APPLICANT

(1) 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.

(2) Since, as explained in Section 3.1.1, the time constant method of
calibration yields the real sensitivity, S , not the indicated

r g.
sensitivity, S , some of the curvature of P-6 might be attribut-

g

able to thermocouple signal non-linearity (this is not revealed by T
calibrations, but is revealed by direct electric calibration).

(3) 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. Tris step would have eliminated the upward curvature and
shown even more clearly the linear relationship between W/g and
nuclear power.

O
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, g
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). e

_

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 9

temperature are less accurate measures of power than the gamma

thermometer.
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P-5 data shows a o cf ~3 percent, P-4 of -8 percent, and P-3 of
-16 percent. Thus, the error contribution of the gamma thermomater
can be " determined" from P-5 as:

hx2 + (1/2 percent)2 3 percent x = oGT - 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. = h(8)2 - (2.95)2 "CT = 7.4 percent

and for P-5:

o SPND = kl0
2- 2.95 oSPND = 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
predicted by the methods of 3.2.1). Of major interest is the

readability of signal to levels below 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 sensor heat generation.

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

Both K1 and K2 could conceivably change. The value of K at
2

any time and its associated uncertainty e2 are determined by
benchmarking to the best available reference conditions and extrapo-

lation by physics models. The value of K1 and its associated
uncertainty, et, is 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, og and o2 are referred
to as the " sensitivity" and " coupling" uncertainties.

.

*
Given the size of the og 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 K is limited
2 6to 1.7 percent over the range represented by these tests. If

calibrated RGT sensors had been used (el = 0.9 percent when new)
the value of combined uncertainty in GT measurement of power would

have been:

(.91) + (1.7) 1.93 percent
c2

- =

9
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 g
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 BWR3. g

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 the TIP g.

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.

O

The Hatch work was presented to NRC staff on September 23, 1977,

Reference 3-(49). The work supports the applicants' position that garmia
flux is a better measure of local fuel power distribution, with smaller
ultimate uncertainty in local power distribution determination, than any 8-

system based upon measurements of neutron flux.

3.3-22 g
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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 calibratible 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.

.

c) It is considered unfortunate that in such an extensive and onique
effort (one of the very few that is not totally dependent 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.

:

% ,
,

f
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3.3.5 AEG/KWU Gamma Thermometer Evaluation at KWL (Lincen)

Description of Gamma Thermometer _
9

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

9encapsu'6ated block is measured by two thermocouples connected to consti-
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

5metal block). To be used as a neutron thermometer, a piece of U is
embedded in the nickel block.

9
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 interf ace between the nickel

block and the heat path, while the cold junction is the heat path / bottom g
plug interface.

Testing of Detectors

9
The development program included irradiation in the test reactors at
Seibersdorf and Kahl. During these tests the linearity and sensitivity
of the detectors were established. For the gamma thermometers, a sensi-

9tivity of 2.5 mV/10 R/h was found. 4

A power plant program was undertaken by installing 28 detectors in the
Lingen BWR plant. In that case, however, the detectors were used as
neutron tnermometers. 9
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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, no 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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3.4 GTIG-Related Programs Now Underway to Reduce RGT Uncertainties

3.4.1 The EdF Prototype Program

The EdF programs for RGT development, initiated in 1974, have been
designed for careful documentation in every phase. For example, the

,

bench tests carried out in 1974-76 by ScP/IFA at Kjeller, Norway, werc
) documented by five reports covering: the manufacturing process for the

specimens, the design of the test apparatus, the calibration results for
the wet type, the calibration results for the dry type, the analysis of
the results and recommendations. Not only the test reports were shipped
to EdF, however; the test specimens themselves were transferred and the
calibrations replicated and reported by EdF's Chatou Laboratories.

EdF's own program of pre-reactor calibration of RGTs is marked by repli-
cation, verification, and documentation.

The Electricite de France program is the earliest and so far largest of
the efforts to convert from systems based on neutron detectors to systems

,

based on fixed RGT gama thermometers. The selected supplier, Intertech-

nique (Paris) has manuf actured 12 full-length RADCAL assemblies 15 meters
long, each containing nine sensors. Two of the first were employed in
extensive mechanical compatibility testing (Cannes No. I and No. 2)
(reported in Section 3.6) and enabled the development of both the low
temperature (Intertechnique) electrical calibration loop and the high
temperature electrical calibration loop at EdF's Renardieres Laboratories
(Figures 3.4.2,3.4.3).

Every one of the RGT assemblies (each containing nine sensors) is cali-
brated by the manufacturer, Intertechnique, at low coolant temperature
and is accompanied by a detailed report documenting dimensions, proper-'

ties, and calibration results on each chamber. The calibrations are
repeated at Renardieres and are first performed at low temperature to
verify the results from Intertechnique. Then every sensor is calibrated

at temperatures and pressures corresponding to PWR operation (150 bar and

300*C).

3.4-1
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O

Figure 3.4-4 illustrates data obtained at the Renardieres loop giving the
sensor calibration for one sensor as a function of temperature. Data

points are not visible because they are essentially perfect fits on the
ecalibration lines. M. Guillery of EdF's R&D division reported in

Reference 3-(13) linear correlation coefficients for the five sensors in
Canne No. 2:

OChamber . Correlation Coefficient, r

1 0.99999
2 0.99998
3 0.99998 e
4 0.99997
5 0.99997

The agreement between Intertechnique calibrations at low temperature and 9-
Renardieres electrical calibrations at low temperature has been on the
same order (o - 2 percent) as the agreement between TEC and Intertech-

nique calibrations of specimens for the'0RNL tests (see Table 3.4-3).
9;

Results and statistics of the low temperature calibrations of cannes 3
through 12 are tabulated in Table 3.1-3, in which the total la variation
in sensitivity is 3.67 percent and the average scatter of calibration
data around individual sensor mean lines is 0.5 percent (la). 8-

Cannes No. 3 and 4 were installed in Bugey 5 on June 12, 1979, and the 18
sensors have been generating usable data since about September when the
reactor reached power. The exact design of the EdF RGT assemblies and 8

sensors is given by Figures 3.4-5 and 3.4-6. The nine sensors are 26.5
'

mm long and employ a nominal gas gap of 0.5 mm (fabrication reduces
a,erage gas gap to 0.4 mm). They employ ten difference thermocouples,

*nine of which are 1/2 mm in OD and surround a central 1 mm thermocouple

with its two junctions at the top and the bottom of the active core,
(measuring core AT).

9
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Four more prototypes, cannes No. 5 through 8, were inserted into

Tricastin 2 reactor in the summer of 1980. Four additional ..GTAs, cannes

Nos. 9 through 12, were installed in Tricastin 3 in October, where the
effects of " grey" control rods will be measurable for comparison with CEA'

predictions. EdF alone is irradiating 90 sensors now.

Figure 3.4-7 shows the two RGTA locations in Bugey 5 and the corre-6

sponding symmetric TIP locations. These locations have been chosen to:

-- have symetrical positions to those used by movable fission chambers

(TIP).

insert into fuel assemblies with in-core fixed thermocouples--

measuring exit coolant temperature.

Figure 3.4-8 shows the locations of four RGTAs in Tricastin 2 and the
symmetric TIPS. The effects on K to be measured are:

2

influence of control rods.--

influerce of reflector.--

influence of enrichment.--

-- influence of burnable poisons.

Figure 3.4-9 shows locations for the four RGTAs in the Tricastin 3 core.
of grey controlThe objectives here are to measure the effects on K2

rods.

Results from the two RGTAs in Bugey 5 confirm the prediction of K Of
2

CEA (115.6 W/cm of fuel per W/g of sensor heating) to an accuracy of
+6.5 percent (lo). Signals will be take, directly to the readout equip-
ment without intervening amplifiers and accuracy of the confir.-aation ofi

K is expected to be somewhat improved.
2

Figure 3.4-10 shows " paired" signals from RGT sensors at the lower
elevation (no. 1) in positions J10 and D5 in the Bugey 5 core as reactort

3.4-3
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O

power varies over an 80 hour time period. They illustrate the tracking
capability of the sensors during routine power variations and are simply
excerpts showing raw data of the type being recorded at Bugey 5. Note ,
that the scale is directly in W/g of sensor heating. (Thus, the average
LHGRs at these positions, using a K f 115.6, are 162 W/cm at J10 and

2
141 W/cm at D5.)

9
At tFe Oak Ridge meeting of GTIG, Reference 3-(14), EdF displayed traces
made during xenon oscillations at 75 percent power. EdF pointed out that
many more RGTs would be required to track simultaneous azimuthel and

vertical oscillations but presented Figure 3.4-11 to show how the gross g'
vertical oscillations computed from ex-core chambers and infrequent TIP
traces compared to actual local power variations tracked by the RGTs. In
this figure it is shown that the peak power in a 12 hour cycle is over-
estimated using normal piant data compared to real time local data from el
the RGT.

Figure 3.4-12 shows that at time t - 0 the axial power trace recon-
structed from nine RGT signals in position D5 agrees almost exactly with el
the TIP trace. At a later time, however, the axial distribution shows a
shift which would not be detected by TIP readings taken once a month,

f
r

I'Figure 3.4-13 compares computed and observed RGT signals for the first S!
four minutes after a reactor shutdown at Bugey 5 where fission product
gamma keeps the signal up to 9 percent of its full power value while
actual thermal power falls below 0.5 percent. The CEA model would have

| predicted a signal of 11 percent after four minutes in this case. #f
1
|

The Bugey 5 tests have also shown an almost non-existent signal noise
with RGT signals being readable and proportional to power at levels as

| low as 1 percent of nominal reactor power (16 uV signal). Reference *
3-(42) gives a summary of Bugey 5 results to date. Reference 3-(43)
compares RGT performance with that of other in-core systems (TIP, SPND,

! etc.).
i #|

,

l
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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)

obtained from the TIP system, EdF found a very good correlation (this
compa/ison is an evaluation of K ) *

2

The linearity of K was found to be excellent with a a 1 1.6 percent
2

and the origin intercept was within +2a. This considered all flux maps

obtained so far by EdF, with no corrections made for transient or burn-up

effects. These results are illustrated in Figures 3.4-14 through 3.4-22.

These data are for an RGT string loaded in Assembly G-9 of Tricastin 3
and are for all flux maps obtained from 0 to 7,000 mwd /t burnup.

The ability of the RGT to accurately follow the core power during xenon
transients is shown in Figures 3.4-23 through 3.4-25. These figures
compare the RGT measurements to TIP measurements at three times during a

xenon transient. Figures 3.4-26 and 3.4-27 show how the continuous RGT

signals can be used to generate video graphic 3-D plots for tracking of
xenon, or other, transients.

.
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3.5 Programs Establishing Mechanical System Compatability, Handling
Technique, Integrity of Pressure Boundary, Consequences and Modes of

9 Failure

The RGTA looks from the outside exactly lik~e the presently installed

instrument. For Westinghouse PWRs, the jacket tube of the RGTA is the

O 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.

O
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

O 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
O they are led from beneath the reactor to the seal flange array (Figure

3.5-4). .The use of the solid 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

O 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.

D
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3.5.1 EdF Mechanical and Torture Testing of RGT's

Thermal Cycling
9

The first prototype RGTA made 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

Osensors, 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.

O

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 techniaves were found adequate. Forty insertions and

removals showed no damage to either the RGTA or the guide tube mockups..
Figure 3.5-6 gives the mechanical details of the EdF RGTA.

O

The forces required to insert and withdraw the RGTA were measured and

found acceptable and consistent with TIP tube experience.

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

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

O
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 thermoccuples of canne No. I were still functioning.

O

3.5-2 ,
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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). s

! 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 0-5
_nd J-10 (the same positions used for Cannes No. 3 and No. 4 in Bugey
5). In position 0-5 the top was at 3918 mm measured and 3916.5 mm

calculated. Positional uncertainties on the measurement are +15 mm.

Experience
)

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 RWE 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

y 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

J employ the same seal flanges, Bendix connectors and cabling as have been
used for the SPND assemblies they displace.

3.5-3
)



O
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 back-up pressure tests, is also being considered to O

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), O

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 is to end the core rods somewhere below the

ereactor 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
Swater 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 c g
core rod crack does not result in primary coolant out-leakage
because the thermocouples are held so tightly within the drawn down
corerod,(seeFigure3.4-6). The KKMK mechanical testing specs
(seismic) for RGTAs call for a complete destructive fracture of the e
RGTA cross-section of the pressure side of the seal flange and no

3.5-4
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leakage is allowed (such a fracture of an SPhD 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 argue 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 is
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 r2 before a
2 percent signal error occurs. The modes of f ailure or signal degrada-
tion for fission chambt:rs and gamma ion chambers are several and degrada-i

tions are difficult to detect.,

-

.

(

i
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There are two known types of f ailure for RGTs:

1) Cable defects which are those common to all low temperature thermo-
g.

couples: lead interruption (detectable by loop resistance
measurement); lead grounding (detectable by lead-to-sheath resis-
tance); and moisture in insulation (detectable by lead-to-sheath
resistance). gg .

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

gp

IFA, Reference 3-(25), showed that the presence of water in the

annular space completely eliminated (made zero) the RGT signal.

There are no known non-detectable (i.e., " soft") failure modes for RGTs. e
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 E>

necessity for insulation resistance measurement to detect failure.

e

e

i

O

|

l
-

e
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21 September 1977

D Mr. R.D. Smith
Scandpower, ?nc.
4853 Cordell Avenue
Suite B-2, Iriangle Towers
Bethesda, Maryland 20014

O Subject: Self-Powered Neutron versus Gamm.' Thermometer
Signal to Power Conversion
File No.: GS-532.00

Dear Bob:

D' In response to your question concerning the probable compatibility and feasibility
of utilizing gamma thermometers where we currently use self-powered neutron
detectors (SPND), I offer you the following information.

The signal to power conversion process which we now perform on our process or
Operator Aid Computers is quite involved utilizing 7 major programs that ccntainD
13 subroutines within them". Their functions are as follows:

1) Program 1 provides for:

(i) Instrument Leakage Calibration
D (ii) Depletion Correlation

(iii) Replacement of Inoperable Instruments
(iv) Background Correlations
(v) Experimental Normalizations

2) Program 2 provides processing whereby the raw signal is converted tog
power by:

(i) Burnup Correlation
(ii) Enrichment Correlation

(iii) Xenon Correlation
9 (iv) Boron Correlation

(v) Rhodium Depletion Correlation
(vi) Moderator Temperature Correlation

(vii) Geometry and Spectrum Correlation fcr Rodded,
Non-Rodded and LBP Assemblies

8 3) Program 3 processing includes:

(i) Calculation of quadrant tilt using all symmetric
segment powers

(ii) Surface fit functions for deviations in quadrant tilt and
symmetric ring valuesg

I-l
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''
Mr. R.D. Smith -2- 21 September 1977

f

4) Program 4 constructs a representation of the power in all fuel
assemblies from the detector readings. 3:

'

5) Program 5 performs the following:

(i) Calculates Assembly Powers
(ii) Calculates fluclear Core Power ,

(iii) ' Converts Heat Balance Power to Megawatts
(iv) Calculates Heat Balance to fluclear Power

flormalization Factor
(v) flormalization of Segment and Assembly Powers

(vi) Performs an Axial Least Squares Fic of Each Assembly
(vii) Sums Polynomial Coefficients for Each Level 3
(viii) Integration
fix) Calculates Quadrant Relative Powers

6) Program 6 calculates:
9,

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

(iii) Assembly Power History
(iv) Time Integration

8
7) . Program 7 calculates the depletion of the incore or SPfl0 emitter

material.

All 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- O

tion term is shown in Attachment I, and involves large amounts of man and computer
time to execute.

It is my opinion that whatever sof tware and conversion factor work would have to
be performed for signal to power conversion of gamma themometer signals, that ,
work could not be greater in magnitude than that performed for SPfl0 signals, and
in all probability would be less, based upon what I 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 themometer system, both hardware g

and software.

I-2 g.
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Mr. R.D. Smith -3- 21 September 1977

I hope that this collective effort shall come to pass with you and our fellow
European utilities, and look forward to an effort which shall be beneficial to

) all involved.

Yours very truly,

H.T. Snead, Manager
Nuclear Fuel Serivces

ff]y s
BY: Patrick M. Stafford

) Assistant Engineer
Core Performance-

PMS/pMc

Attachments
) CC: J.D. Kortheuer

H.T. Snead

.

) -

)

)

.
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ATTACHMEliT I
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F.IGURE 1-1

FIRST SRP GAMMA THERMOMETER (CA. 1953)
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FIGURE 1-2 O

TODAY's SRP GAMMA THERMOMETER (CA. 1962 TO PRESEtiT)
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FIGURE 1-3>

STANDARD HALDEN TYPE

> GAMMA THERMOMETER
_
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FIGURE 1 14

y-RADCAL GAMMA THERMOMETER ASSEMBLY (RGTA) FOR

PRESSURIZED WATER REACTORS
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CROSS SECTION

'

Further inside view: (A ditference thermocouple )

(o< CrA l.30, ensulation,

i 1 t t .
Th Al Tc stainless steel

jacket

Details of Bicse designs are given in Section 3.4. Titcy diffet
very little in outside appearance and subststitte diteetly for in-
core pressure Blimbles .ut Westingliouse plants and for SPND a.ssemblies e
in B&W plautts. Tlte Duke TRGT emptuys a certtral ca. libra. tion . tube.
Tine RWE Y RGT uscs a cesttlutt Incater cable Biat permits in situ
recalibraLion a t taill. Some i RGTs use double dif ference titermo-
couples to double signal tellitout lengthening time of response. (x
is 17 seconds for Btc Ec'F T RGTs compared to 150 seconds for Ritodium
self-poteered ncutton detectou) . SWR Y RGTs teilt be mucit f a.s ter e
and teilt be augmented by . signal deconvolution electronies to give
apparent T's of 0.25 seconds. The monolititic stainless steel con-
sttuetion keeps Btcrmocouples dry, imptoves pressttte beundary inte-
grity in all PWRs, and permits workshop calib'uttion .to a: ' l. Gi by

2diteet electrical Incating (1 R) . Inttoduction of a nicItrome Itcatet
*cable into the cable pach permits full-range in-situ recalibration.

.
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FIGURE 1-5 I

)

ENLARGED PHOTOGRAPH OF EDFY RADCAL BEFORE DRAWING ON

OF JACFET TUBE.
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The evne tube is draten or rotatu ueaged tightly onto the cabEc
pack befote sensor cavi. Lies anc grotu:d on otttside of core tod.) In t una te me tai- te-me tal con tac t i3 ach iceed. Tortanc tes ts bit
Edl / Intet tec! nique have failed to Coosen thenmocouples or injutin
thermal cen tac t. This specimen contabis 9 }nn dif ference thcArto-
courtes a1% aged anuund one inn dif fenenec thenmoccup[c tehose hot |
Junction is at coulant cuttet and lehese cold junction is at

{courant int e t. In the nex t p vcess 3 tcp the jacket teiCC be '

) d% uen tiahtly onto the cene tod teith Argon gas in the sensercae<tte5.

)
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FIGURE 1-6: TEMPERATURE DISTRIBUTION AND HEAT FLOW

IN PWRyRADCAL
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Tite unit is relatively insensitive to location s of liot and cold
junctions because of flat temperature gradients in junction *regions. A specific tteo dimensional code RADCAL/ THERMAL ltas been
developed by Scandpoteet to prediet steady stdc signals and
Ltansient response to stcp citange or plunge test. Both etcettic
and gamma Incating modes are accurately modelecd. Tests and theory
4how insensitivity of .tesponse to coolant velocity over a telde
range. Responses to potecr exitibit a co.stelation coef ficient > 0.9999 g
to .the best f Lt sttaigitt Einc. A sensltivity change of about - M%

0 0occttts tchen coolant temperature increases from 20 C to 300 C. Titis
is accettately modatted in RACCAL/ THERMAL code.
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J FIGURE 1-7: PRINCIPLE OF DIRECT ELECTRIC CAllBRATION OF ,

'

I AN RGTA
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FIGURE 3.0 - 1
't

UNCERTAINTY 03 9
4
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-

i

RGT. q RGT mill 1 volts x. .
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sensor corrections 1
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i The range of gamma thermometer sensitivities is proven to be
within 12.5% as they leave the shop calibration. Nc effect of g
irradiation has been detected during long irradiations at SRP
and ilBWR. High precision tests to verify this are now in progress
at ORNL.
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FIGUE 3.0 - 2

) QMTRIBtJTIONS TO ljNCERTAINTY IN

PATIO OF [fCAL U1GR TO " MEASURED" PARAMETER,

K2

)

UNCERTAINTY 2

) How well does K define local power of fuel adjoining
2

a detector?:

~~

K corrected for: Small
) 2

(< 6%) Corrections as found LHGR c2RADCAL HEAT x =

by experimental and

. theoretical work. ,

) '

)

To date, both experiment and theoretical calculations indicate
h that total corrections smaller than i 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.

)
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FIGURE 3.1-1: "BWR" y-PADCAL UsEs PURE RADI AL HEAT Flow c.
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The Radial-type RADCALs are sirrpler and avoid
the gas gap.
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FIGE 3.1 - 2
) Acu. ano Rein. sRIT IN RADC/4.[[HOV%L
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FIGURE 3.1-3
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FIG'JPE 3.1 - 4

CALCULATED STEADY STATE TEMPERATURE DISTRIBUTION
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FIGURE 3.1 - 5 ''

PREDICTED RESPONSE OF CANNE 4 THROUGH 3 BY RADCALMliERMAL
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The figure choos the predicted response cf Canne 3 and 4
to a step in electrical heating from 0 to 1.4 W/g. Cooling
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FIGURE 3.1 - 6

3

M ITHMIC PLOT OF P0wrs STEP RESPONSE CURVE
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) The logaritinic plot of the response curve shous that the
system is a higher order system, at icast of second order.
The highest time constant (dominant eigen value) is found
from the slope of the curve. The intercept provides infor-
mation about the louc:;t time constant if the system is
treated as a second order system.
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FIGUE 3.1 - 7 o,

REL.ATIONSHIP BETWEEN REAL SENSITIVITY, SR,

AND DOMIfMT I!f4E CONSTAffT OF JurcTIOn, .T
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The curve shous the relationship between the real sensiti-
vity and the time constants of an RGT. The
curve has been constructed by calculating sensitivity and
time constant when basic parameters have been varied around y
a reference value. Kno: Jing the time constants of
the two junctions of the RGT sensor (e.g. , frm plunge
test), the curve can be used to find real sensitivity.
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' FIGURE 3.1 - 8

PREDICTEDPLUMETESTRESPONSE-ATYPICALORNLSPECIMEN

Step from 0 C (ice water)
d to 100 C (hoiling water)
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The obcerved cignal is the algebraic difference of the tuo
individual response curves. If the tuo bath tceperatures

$ are well controlled, the experiment also yields t/c cati-
% bration (i.e., ar:plitude of the response).

',NBl Actuat ORNL teste vere done from a stirred 20*C bath
to a stirred 1000C bath. See acetion 3.4.1.r =
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FIGUE 3.1 - 9

EFFECT OF CHAMBER LENGTil VARIATIONS ON AT AT 300'C O.
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The figure shous how the output signat AT changes if the
chamber length is varied by 2 m around 26 m. It is O
vorth noticing the linear relationship between bT and
chamber length. At this particular length the gas conduc-
tion is important to the degree that response is no longer
proportional to L*.
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FIGJE 3.1 - 10

EFFECT OF AXIAL DISLOCATION CN HOT)
JUNCTIONINAI

4

i

440'

) vhe//77/u/ /N 47 * o 37 *f:-o- - - -

_ . , _ _ _ . --_

l
420 |

|

) 1
4/o

g

I
,

-- , -- ,Cero JJNG743M
( c j **- / d6 ? '"

7gg,,, .,

k // D// ,/ ,s
* '' * * * * '

y ,,, -- -----

! /Fb7 A/NdtW
I

M3
,

|

) I

*
. I : ; *

f.$ ho /.S /C %. 00 $f 10 /$ 20 /$

| - min D/=7n.vd (nn)=

'

)

The figure chous the axial temperatura distribution in the
) RGT censor. It is seen from the figure that,as the

curve is rather flat in the region of the hot junction,
minor displacement of the Junction in arial direction does
not influence the signal very much. Tolerances of 0.25 m
are held in practice.
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FIGURE 3.1-11

*
EFFECT OF CHAMBER GAS FILLING ON AI

WITH 300 C SINK
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The figure shows how various types of gas filling influence the sensor

sigr;gl AT. Conductivity is independent of pressure, over a wide range _3
(10 to 10 ata). A consequence of this is with 2 ata of argon and 10

ata of hydrogen the_gonduction is dominated by argon. With pure hydrogen, 9
however, even at 10 ata, the sensitivity would be only 20 C/ watt /gm.

9

.

O



_

FIGUE 3.1 - 12

EXPERIMENTAL SET SP FOR HOT-LAB PLUNGE TESTS AT ORNL
_
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The figure shous the experimental set-up specified for the plunge
testing in hot lab of R G T specimens at ORNL. In the test the

boiling water bath (200*y transferred from ice bath (0*C) to a
specimens vill be quickl

C).
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FIGURE 3.1 - 13

CALIBRATION OF Y RGT PROTOTYPE AT IFA (AIR-Flu.ING) e

O'
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Figures 3.1-13 through 3.1-17 shou results from electrical \

calibration of an early prototype of the R G T. The critical |
experiments done by ScP/IFA established methods of n.anufacture, 9!
tested failure mechanisms, and exposed specimens to severe \
thermal cycling ('550* C). The direct clactrical calibration itechniques vere piloted. '

I

O
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FIGJE 3.1 - lll

CALIBRATION OF yRGT PROTOTYPE AT IFA (VACUlti Flu.im) '

.
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t
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PS(W/G2.)
>

0- , , , , , , ,

0 1 2 3 4 5 6 7

An evacuated chamber doubles the signal over the air fiiled
chamber but in PWR environment, an evacuated chamber quickly
fills with hydrogen which penetrates the stainless steel
jacket tube until equilibrium uith partial pressure in the

v

coolant is reached.
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FIGUPE 3.1 - 15 *
.

CAUBRATION OFy RGT PROT 01YPE AT IFA (EFFECT OF C00UWT IB4PERATURE)

e;
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N COOLANT TEMPER. APPROX.10*C

I q "- 0 COOLANT TEMPER. APPRDX. 80*C

:

0
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PStk/GR.) 9 ~
e- y, , , , , , ,

0 1 2 3 4 5 6 7

O

Over the 40*C range of coolant temperatures which occur
in a PhR, the change ir. sensitivity is alightly larger
than betueen 10* and 80* but it is very closely predict- O
able.

S
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FIGURE 3.1-16

CALIBRATION OF Y RGT PROTOTYPE AT IFA (EFFECT OF VERY [2 COOLANT
>

VELOCITY)

d
; OTi(NV)

5 -

C0OLANT TEMPER. APPRDX = 80'C

IPPROX. VELOCITY = 0.50 M/S
+

q-
APPROX. VELOCITY = 0.21 H/S

*

**
* RPPROX. VELOCITY = 0.19 M/S

3-

9.

2-
,

1-
,

PS(W/GR.)C~
i e i i i i i

:
-

0 1 2 3 4 5 6 7i

i
'

Calibration does not begin to depend upon coolant velocityuntil velocity is louer than 0.2 m/sec.
both pouer and velocity are varied belou O.5 m/sec.In the curve above,The
velocity of coolant in the PWR case is 1.3 m/sec.

i
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FIGUE 3.1 - 17 e-

CALIBRATION OF YRGT PROTOTYPEATIFA
,

VAcuui FILLED SENSOR RECALIBRATED AFTER S THERfML CYCLINGS UP TO 450*C
e

..

.

" 071(HV)
5-

e

4- ,.

' e
3-

2-

before cycling
after cycling. . . .

1-

e
PS(W/GR,I

,_
=* n s n n n ,

8 -1 2 3 4 5 6 7

4'

Severe thermal cycling did not affect calibration e
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FIGURE 3.1 - 18
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FIGUPE3.1-19
e

"Ysignal =C
40.6 Best fit S 38.47=

*

4
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0
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*20 .

.

0 k 2 3 4 5 6 7

power in sensor, watts /gm e

*CANNE N0. 4, SENSOR NO. 1
-

1

1
'

(
1

Figures 3.1-19 through 3.1-27 shou the low temperature g|

electrical calibration of the sensors in Canne No. 4
Scatter of data around best fit line is too small to sce.
Variations in scncor-to-censor scnsitivity (slopc) have been
greatly improved for later cannes. See table 3.2-3. Overall
sensitivity variation for 10 RGTAs (90 sensors) is 3.67%.
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FIGUE 3.1 - 20
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FIGUE 3.1 - 21 *
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FIGJE 3.1 - 22
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FIGURE 3.1-23
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) FIGUE 3.1 - 24
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FIGUE 3.1 - 25 *-
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FIGUE 3.1 - 26
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FIGJE 3.1 - 27
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FIGURE 3.1-28: HIGH TEMPERATURE CALIBRATI0t1 0F

CANT 4ES f40. 4-8
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FIGURE 3.1-29: EFFECT OF TEMPERATURE ON THE ,
ELECTRICAL CALIBRATION
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high. tempetutture due to itiglier thetmat conducitivitij of .tlie
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FIGU E 3.1 - 30
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FIGJPE 3.1 - 31
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FIGURE 3.2-1: USE OF CALIBRATION VALVE AT HALDEN TO
)

MEASURE FUEL POWER DURING GAMMA THERMOMETER
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FIGURE 3.2-2: DETAILS OF CALIBRATION VALVE
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? FIGJRE 3.2 - 3

RATIO OF SIctw_s TO POWER
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The ratio of n:o signal to ultimate parameter, local fuel
power, is a measure of the ultimate " measurement" precision
obtainable from the processed signal. In this case the
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the power taken fran the neutron TIP signals after process-
ing. The agreement of gamma flux vith real local pouer is
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FIGUPE 3.2 - 4
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) FIGURE 3.2 - 5
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In this case the tou pouer excess signal is a maximum of
10% and the high pouer deficit is 7%, dropping to 3.5%

) 20 minutos after pcuer is restored.
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FIGUE 3.3 - 1

r 3
f - CHANGE IN GAMMA FLU.X AFTER

A POWER CHANGE
(Based on a 20% Step Increase in Power )
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The observed response to a 20% step change in pouer at
SRP corresponds closely to the response calculated by
CEA using APPOLLO-TRIPOLI-NERCUR IV on Westinghouse
17x17 lattica. There is a 10% error after 100 seconds
(on the change). This is a 2% signal deficit if the

' step vere from 80 to 100% pover. SRP data vera nomal-
i::ed to obscure actual fluxes and heat rates in 1981
(Ref. 3-(2))

)
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FIGURE 3.3 - 2
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PERFORMANCE OF SRP GAMMA THERMOMETER
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*These results are remarkably good uhen it is considered that:
- No requirements on reproducibility of T existed at that time (1961)
- Difference themoccupies vere not in use
- Signal was extremely high (producing non-l,'nearity )
- No knowledge exists of scatter of the : values of data points

(Neutron flux measurement is in itcelf incract) O
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3 FIGURE 3.3-3

. FAILURE FREQUENCY OF INSTRWENTS IN fBIR

.

3
INSTRUMENTS ACCORDING TO

INSTAUOENT DEFECTIVE INSTRUMENTS ACCORD.
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Titis gives a record of failure frequencies in Die l|BWR fuel . test program testicli
lias included 226 gamma Biermometchs of standard type plu.s 106 flux Dichmometers
of 0. titer types. For standard gar;ma Dietmoneters . tite ptematnte failure rate Itas

O been about die same as for low .temperatnte Dichmoccupies (~5%) . Tite longest
used gamma B1camomelets teete used for seven years witliou.t citange in calibta, tion.
Discounting failurcs due to uttter peneta?. ion of exposed .titenmoccuple slicatits,
premature failure frequcncy for RGTs is p*tojected to<2l%. 14% of SPN0s a.t
Halden Itave failed ptcma,turely, compared to 30-50% in LWRs.

O



FIGUE 3.3 - 4 O

SPECIFICITY OF SIGNAL AT RER

e
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kndle oeee
gee . y - Thermometer

~ ' Specific signal depends en fuel geometry. Percentage figure
measured for IFA 4. and ca!culated for the other arrangements,

,
.

%.

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

*(as in IFA-4). Many recent experiments (IFA 's) at Halden
have used only a single fuel pin because of tiie space
required by travelling profilcmeters, etc. In this case
the signal specificity probicm increases from " difficult"
to " extremely difficult". The 31 Rod Marviken type bundle
(95% specificity)more nearly typifics PWR cpptication. ,
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FIGJRE 3.3 - 5
>

EFFECTS OF NEARBY CONTROL RODS IN S BR
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y Thermometer signal I Efi 6, *C

_

Calibration of y thermemeters with assembly power, IFA 4

Citibration valid til: outlet turbine shows void in channel. 5
affected by control rods.

)

) 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 shape by an
symmetrically placed contrnL rod, the slope changes by
about 20%. Such effects are much reduced in PWR a by:

) -specificity of signal (local distribution of source T)
- increased numbers of sensors (7-9 vs 3) in a fuel assembly
- absence of steam bubbles (no void)
In IFA-4 65% of sources ofheat producing radiation are
within the measured fuel assembly. In a 17x17 PWR assembly,

) 91%

)
.
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FIGU E 3.3 - 6
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HEWR fuct pieces are separated uith about 4 cm of zircatoy |

between tuo fuct sectors. The fuel in IFA-4 vas deliber-
'

ately placed off center a little. The post irradiated
*,\

fast flux traces normally used are shcun to be non-repre-
sentative of fuel poucr distribution in IFA-3 and IFA 4.

9|
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FIGURE 3.3-7: GAMMA THERMOMETER ASSEMBLY, TYPE A
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This is the type most used at Kalden Reactor.
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FIGURE 3.3-8: GAMMA THERMOMETER ASSEMBLY, TYPE B

REFERENCE THERMOCOUPLE LOC ATION
'

6 54 1
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NOTES:

- ARGON ARC WELD @ BOTTOM PLUG.
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- POLISHED SURFACE TO BE PROTECTED @ H E ATE R

WITH IN ER T GAS DURING WE LDING -

@ FRONT FE RRULE

@ BACK FE R R ULE

@ NUT
U '0 20

@ THERMOCOUPLE 2 AB I 10. .,,, ,,

mm

Tliis tipe iazs evaluated to produce liigit signal and .incorpora,tes a..second tliermocouple for referencej
temperature.
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FIGURE 3.3-9: GAMMA THERMOMETER ASSEMBLY, TYPE D
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NOT E C: INTERIOR TO BE FILLED WITH

2ARGON GAS PRESSLEE 1.5 kg /c m
I I NOTE D: TO BE PlHCHED AND SEAL WELDED

) 1 I AFTER GAS FILLING
i i
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- |
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||

) 0 2 4 6 8 to

mm

Gold lias Itigli density and good conduction. T! tis . type tend.s .to give
Itigli signal teltli teasonable i but is of complex consttuction.

y
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FIGURE 3.3-10: GAMMA THERMOMETER ASSEMBLY, TYPE E
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FIGURE 3.3-11: ALL TIP SYSTEMS REQUIRE NORMALIZATION

) '

)

CALCULATE THE CALCUL. ATE THE
GAMMA TIP 4 16-ROD WElGHTED. > FOUR BUNDLE

DISTRIBUTION AVERAGE POWER AVER AGE POWER
)

' f

CALCULATE THE
INDIVIDUAL

) BUNDLE POWER

1 P

} , NORMALIZE TO
HEAL BALANCE

1 r-

)

BUNDLE POWER
DISTRIBUTION

)
.

) Titis floto diag. tam of bundle potecr calculation teitit gamma TIP
system tais extracted f. tom Ref.1-(6)a. No.tmalization is requited
for att stavelling p1obes teliose scutsitivitu is not ppccisety ionknota1. It is also .tequired for SPNV systenis. Tite lagit prec.cs
RGT system Leill give . total pcteer generated tellitin 1.5% leitItotLC
normalization.

J

)

_ _ _



. _ .

O

FIGURE 3.3-12: TIP DEVICES COMPARED AT HATCH I BY GE/EPRI *
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FIGURE 3.3-13:

AEG GAMMA THERMOMETER
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FIGURE 3.14-1: CALIBRATION COMPARISON
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diteet electric, or Joule . test, calibrationts reveal, as
ptedicted by RADCAL/ THERMAL, identity of tiie beo calibrations.
Wititin .tlie 1.9% a band for joute tests and 3% a band on Iteatcr
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can eliminate speculaticn on drift af sensitivity leitit cxposure
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FIGURE 3 A-2: EDF HIGH PRESSURE TEST LOOP
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FIGURE 3.14-3: TEST SECTION IN HIGH PRESSURE TEST LOOP
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FIGUE 3A-4: COOLANT TEf1PERATURE EFFECT ON SENSITIVITY
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FIGURE 3.4-5: EDFY RADCAL ASSEMBLY
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) FIGURE 3.4-6: PHOTO OF " EXPLODED" PARTS OF EDFYRADCAL
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FIGURE 3.fi-7: RGTAS IN BUGEY 5
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) FIGURE 3.11-8: RGTAs Iti TRICASTIt1 2
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FIGURE 3.4-9: PLANNED POSITIONS OF RGTAS IN TRICASTIri 3
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FIGURE 3.li-10: POWER TRACES OF GT SENSORS AT EQUAL CORE
)

ELEVATIONS

)

hg ynmA (IDWar ddtc4'od
70*4 r DCTLCTD A i

s o . . . . .. ... . -

) !
l |
h '

s.45 - ,7%,s
--

tO f''*$~N
N%*.

~

4 p') / \
R, / \ E'I

j
g

A 4/'4 43 \. ' ),' ( / %
'

e Y r,\ ,8 s ,a./'s ,,e

; v. j y d.p.*es*
N r *

)
s.2s
a
C

:

i 3. _ _ - __ ... . .

r^b.
,J.. g> /%'

- ?t f:.es ;

'
.

> r ,e
,?,,*,,5,,y,'?,'?.h','P,'?/?A2A'f?/43%'fh,d[Qdgf 5f??f?.}?A???,5? ', G,C?,J?,7?,7,* '? ',,','?,,2,

,,,, ,
, ,

time.

(bours)

) asscaly o es __ aswaly .i io

.

) Excenpts from patted RGTs at equal elevations _b1 positions
DS and 110 of Buget) 5. For this 100 liotut period sliotai tite
citatactctlstics of potec.t oscittalions a.te identical.

)



__ . . _ _ _ __ ._ _ _. _ . -- _ . _ . -- _ . _ ..

O
t

9
2

FIGURE 3.4-11: GT " TRACKED" POWER VS CALCULATED POWER
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FIGURE 3,I4-12:
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FIGURE 3,li-13:

GT SIGNAL AFTER SHUTDOWN
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3 Figure 3.4-14: Comparison of Garmia Heating and In-core Nuclear Power
For canne G9, detector 1, at Tricastin 3.
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Figure 3.4-15: Comparison of Gama Heating and In-core Nuclear Power
For canne G9, detector 2, at Tricastin 3.
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Figure 3.4-16: Comparison of Gama lieating and In-core Nuclear Powere
.

d For canne G9. detector 3. at Tricastin 3. >
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' Figure 3.4-17: Comparison of Gama Heating and In-core Nuclear Power
For canne G9, detector 4, at Tricastin 3. .
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' Figure 3.4-18: Con.parison of Gama Heating and In-core Nuclear Power
,

For canne G9, detector 5, at Tricastin 3. -
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j, Figure 3.4-19: Comparison of Gama Heating and In-core Nuclear Power
| For canne G9 detector 6. at Tricastin 3.
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Figure 3.4-20: Comparison of Gama Heating and In-core Nuclear Power.

i for canne G9, detector 7, at Tricastin 3.
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.<3 Figure 3.4-21: Comparison of Gama Heating and In-core Nuclear Power-
For canne G9. detector 8, at Tricastin 3.-~
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Figure 3.4-22: Comparison of Gama Heating and In-core Nuclear Power
.

- For canne G9, detector 9. at Tricastin 3. . ,>
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FIGURE 3.5-1: CROSS SECTION OF B8W SPND UNIT
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FIGURE 3.5-2: DETECTOR ORIENTATION IN A B&W PWR
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FIGURE 3.5-3: B&W SEAL FLANGE ASSEMBLY
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FIGURE 3.5-4: W E S T I f1 G H O U S E ( F R A M A T O S*d.) /RRAf1GEMEf1T OF

TIP SYSTEM '
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FIGURE 3.5-5: FRAMATOME MECHANICAL TEST FACILITY
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) FIGURE 3. 5-7: DISPOSAL OF IRRADIATED TIP
TV3ES OR RGTA

)

.

.t)2 (

*N q_, _t y/,' N
-

% T *],tr r
.--

3 *
F

.

.

1 *

)
_

1
-.-

) __. _ r,
~~. . :_y ' 'e' -

n.. .- eg---
- } .

'S
i *

The fina.l test of Canne No. I tats disposal. The 2/3 meter coiling
involved did not damage the thermocouples! Desttuctive exam shoteed

) sensor gaps to be tecte pteserved and no relative motion of jacke,t
. tube and core rod had occurred.

)

3

._

_ _ _ _
_



o

FIGURE 3.5-8: CALCULATED HOT AND COLD POSITIONS OF *
RGTs, BUGEY-3
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) FIGURE 3.5-9 DETAILS OF DUKE RGTA CONTAINING CALIBRATION

TUBE.
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FIGURE 3.5-11: KKnK SEAL FLANGE
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FIGURE. 3. 5-12 : MECHANICAL ALTERNATIVE TO

WELDED SEAL FLANGE FOR KKMK
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FIGURE 3.5-13: PRESSURE 3ARRIER CONSIDERATIONS
o

O i) attras seso:

Crack anywhere in Jacket tube means a leak along
spaces between detector cables. The goldbra:e is

the sole reruining seal,

n
. (Diagram of " equivalent"V ''

containment only.)
s

s
^

n ~

W3

O

2) RCTA alternative 1(with full length core rod):

Jacket tube is tightly swaged to central core rod.
.No water passage existst

v

Ibuble mechanical (deforrution)N fittings or se1Js provide redundant
prirury seals and twice again insure
against leakage from secondary
passage

1

b] Tertiary passage highly restrictive and j
scaled at end by Conax or gold brcze. j

1

|
1

3) RGTA alternative 2 (with partial core rod): '

) b

!, in-core portion protected as above by
swagtng of Jacket to central core rod.

' l,

il
I

,8. - . .. vessel bottcn crack in jacket tube. . . . . .

, ex. core exposes sa.m) ; end of core rod leak path as described
in case I above.

)

>

. _ _ _ _ _ _ _ ___ _____.__
,___________________.a
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TABLE 3.1-1:

EXPERIMENTAL RESULTS FOR EDF CANNE N0. 6

SENSOR LEVEL INDICATED STANDARD DEVIATION
FROM BOTTOM SENSITIVITY, OF THE RGT DATA
0F' CORE OC/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 0.11%

6 41.45 0.11%

7 (OPEN CKT) --

8 39.85 0.21%

(TOP) 9 39.31 0.11%

OAVG = 40.65 C/W/G

;

STD. DEVIATION OF THE RGT

MEANS = 2.64%

t

Sotsor-to-satsor variation in sensitivitij occurs for beo main
) Acasotts :

1) Varia. tion in' signal us temperatute of tite tijpe K dif fcrence
titchmacouples (est. 1%, 2a)

2) Variation in annular gap widtit atising from drawing ptoccss,
> cat. 2a = 3% on sotsLtivLttj



TABLE 3.1-2:

* SUMMARY OF .HIGH TEMPERATURE CALIBRATION OF FRENCH

PROTOTYPES AND SPECIMENS

(P R 0 V I S I 0 N A L)

.

Si (indicated sensitivity) C/h'/g

sensor sensor sensor sensor sensor sensor sensor sensor sensor Avg /ct,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 24.08/4.9
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 8 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

Tlic reported sensitivitics mat] Eater be clianged as a result of EdF's attempts .to
*

measure electrical resistance a.t calibution temperatures (3DO C). Tlie dataO

above liave been evaluated using liandbook data for electrical resistance.

- O 9 9 8 8 * * * * * *
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TABLE 3.1-4

SCHEDULE OF INSTALLATION OF ACCELERATED IRRADIATION e

SPECIMENS IN ORR

e

.

O

Date of Capsule No. Specimens Type Made by
Installation (ORNL No.) Contained

31 July 80 2 1, 2 EdF INrss
O

31 July 80 4 3, 10 EdF IhTss/IhTzr

21 Aug 80 1 4, 9 DUKE TEC

23 Sept 80 3 5, 14 RWE TEC

23 Sept 80 5 6, 7 BhR IND
G

.

O

Five specimens are tal,thheld from irradia. tion and serve
as standands to determine reproducibilittj of CRNL plunge
. tests tJiat are used to calibrate RGT specimens. O

9

9

i

O

. _ _ _ _

J



>

TABLE 3,1-5

ORNL TESTS: POST-IRRADIATION P.ESULTS)

SPECIMEN

PRE-[RRADIATION INT-2 (DTC-2)
)

9 Plunges

Tj (seconds) 1.767

3.4%oj
)

9.79T
2

1.3%0
2

14.0pre ( C per W/gm)) S

.

P0sT-IRRADIATION
) 7 Plunges

2.000Tj
7.0%oj

)
9.500T

2
3.0%0

2

) S 15.0
post

)

)

)
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TABLE 3.1-6

FAST NEUTRON EXPOSURE FOR THE ORNL SPECIMENS
O

, Capsule Specimen Estimated Fluence x10-2I

1 Scp-4 (TEC-5) 6.3(2)
Sep-9 (TEC-6) 6.3 g.

2 Sep-l (INT-1) 6.2
Scp-2 (INT-2) 6.2

3 Scp-14 (TEC-4) 5.2
Scp-5(TEC-1) 5.2 g '.

4 Scp-10 (INT-5) 6.2
Scp-3(INT-3) 6.2

5 Sep-7 (INK-1) 5.2
,

Sep-6 (INK-2) 5.2 g

9-

(1) Neutrons /cm2 (nyt) at energies greater than 0.1 MeV.
(2) All values are 20%.

O

O

O

.

O

O'
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TABLE 3.2-1: SOURCES OF GAMMA HEATING IN SENSOR
t

' * Fuel Rod Row * Number of Number of Fraction Average %
from which Fuel Rods Water Cells of gamma contribution
the gamma in the in the row heating in from a single
rays issue 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 .11

7 56 0 3.8 .068

8 64 0 2.8 .044
)

91.5% inside the assembly
8.5all others -

100% of gmnma

)
heating

(exclusive neutron heating)
+6.8%

)

* See Figure 3.2-4 for rou definition

)

)
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[ O

TABLE 3.2-2: DISTRIBUTION OF SOURCE GAMMA CONTRIBUTING
e

TO SENSOR HEATING

O

RATIO
NEAREST FUEL ROD MERCURE IV

TRIPOLI MERCURE IV TRIPOLI
O

Gama directly from fission 40.75% 40.70', 0.9988

Gama fission products 37.91% 37.749 0.9955
235Neutron captures in U 5.69% 5.68% 0.9982.

,
238Neutron captures in U 15.65% 15.88% 1.0147 '

DISTANT FUEL ROD (Row 8) O

Gama directly from fission 40.31% 40.09% 0.9945

Gama from fission products 38.84% 38.91% 1.0018

Neutron captures in U~35 5.62% 5.59% 0.9947
7

38Neutron captures in U 15.23% 15.41% 1.0118

9

9

The less complet Lbte-of-sigitt code bfuteur IV gives results ve.ty close
to those of .the fall blown 30 Staate-Ca.tto code Tripoli.

,

91
i

G I

*
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