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ABSTRACT

A preliminary analytical and computational study was performed to

investigate the potential of a modified gamma thermometer (GT) as both a

power level monitor and fluid level monitor for a Pressurized Water Reactor

(PWR). This study consisted of two fundamental parts: a radiation field

characterization and a thermal-hydraulics analysis.

The radiation transport analysis was performed to determine the

volumetric heat source within the GT due to gamma heating. Both fission

product decay gammas and neutron induced gammas were included in the

analysis. Further, a sensitivity analysis was performed to characterize

the origin of the neutron induced gammas (by neutron reaction and material)
contributing to the volumetric heat source. Utilizing this source, a

series of thermal hydraulic calculations was performed to model certain

reactor transients of interest (i.e., reactor scram, LOCA, etc.), in order

to characterize the gamma thermometer response relative to power level

monitoring and fluid level indication.

The results of this preliminary study confirm the feasibility of

utilizing the GT as a dual function (power level and fluid level) measure
ment device. The study also indicates that each function can be

accomplished virtually independent of the other. Therefore, the results
provide encouragement and incentive to pursue the GT as a viable nuclear

instrument.





I. INTRODUCTION

1.0. Background

The need for measuring the local power generation in a Light Water

Reactor (LWR) is typically mandated by the material limitations of the

reactor's fuel assemblies (i.e., cladding burnout, critical heat flux,

etc.). Typically, the local power generation rate is inferred from
measurements of the thermal neutron flux via self-powered neutron detectors

(SPND's) or fission chambers. Recently, however, there has been an

increased interest in the use of an alternative instrument, the gamma

thermometer (GT), for the measurement of the local power generation rate.1.2
The gamma thermometer, originally developed for heavy-water reactors, has
been proposed as a replacement for the SPND's currently utilized in LWR's.
As an indication of the utility interest in these devices, Duke Power is

currently involved in an experimental program utilizing gamma thermometers

in one of the Oconee reactors. Further, the Tennessee Valley Authority

(TVA) has initiated a $400,000 program to passively irradiate gamma
thermometers in the Oak Ridge National Laboratories Research Reactor

(ORNL-ORR) in order to assess the calibration versus irradiation char

acteristics.

The increased interest in the gamma thermometer is related to the

spatial variation of the thermal neutron and gamma fluxes within a LWR
fuel assembly. The thermal neutron flux exhibits a large amount of
structure as a function of position within the fuel assembly; whereas, the

gamma flux shows very little structure. This behavior is depicted graphi
cally in Fig. 1, which represents the spatial distribution of the thermal
neutron flux and total gamma flux (both normalized to the centerline flux)
for a one-dimensional XSDRNPM3 cell calculation. Since the existing

SPND's are located in the water gaps, slight changes in the detector

locations (e.g., through vibrations) as well as variations in the gap size,
cladding thickness, etc. cause significant changes in the detector signal.
To allow for uncertainties inherent in geometry, enrichment, etc., the
operating limits of the reactor are typically set somewhat below the
nominal design limits. Due to the slight deviation in the gamma flux
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Fig. 1. Normalized Thermal Neutron and Total Gamma Fluxes Within
a Pressurized Water Reactor (PWR) Fuel Cell.

(less than 1%) across the water gap as well as the low sensitivity to
changes in the cladding thickness, etc., the use of a power level indicator

based on the gamma flux (produced via neutron interactions and the decay

of fission products) has the potential for improving the accuracy of the

measurement (and thereby reducing the uncertainty). If such a reduction

in uncertainty can be translated into a corresponding increase in the

operating limits for the same nominal design limits, the impact on elec

tricity production would be significant. A 1% increase in the operating

limits would result in approximately four billion additional kilowatt-

hours/year from existing nuclear plants. (Plus an additional six billion

kW-hr/yr from plants currently planned or under construction.) Furthermore,

a reduction of 5-7% in the uncertainty may be possible using the gamma

thermometer. Additional advantages of the gamma thermometer are that the

GT has the potential for reducing the length of the annual outage for

reactors (i.e., through increased reliability and a longer life) and

possibly for reducing occupational exposure associated with instrument

replacement.



More recently, the possibility of using a slightly modified version
of the gamma thermometer as a fluid level indicator has been recognized.
A primary concern in the operation of a pressurized water reactor (PWR)
is the level of coolant within the reactor vessel. A drop in the coolant

level (i.e., uncovering the nuclear core) can result in significant damage
to the core, as indicated in the recent Three Mile Island-2 (TMI-2) acci
dent. Due to the extreme environmental conditions present in the core

(temperature, pressure, radiation, etc.), no device for the direct measure
ment of the fluid level is currently available. Past practice has been to

infer the coolant level from temperature and pressure measurements of the

coolant. This procedure, i.e., indirect measurements and subsequent
inferences, can result in ambiguous and possibly incorrect conclusions as
to the level of coolant within the core - as in the TMI-2 incident. Since
the original gamma thermometer was designed for in-core measurements, it
is anticipated that the modified version (i.e., to include fluid level
measurement as a second function) would provide a direct, in-core, unambigu
ous indication of the fluid level and power level within the reactor vessel.

1.1. Technical Summary of the Proposed Gamma Thermometer

1.1.1. Physical Description

The device itself consists of a hollow, cylindrical, stainless steel

rod of length equal to (or greater than) the height of the reactor core.

At intervals along the rod, annuli of material are removed by machining.

A series of differential thermocouples (TCs) are placed at each annul us
location, with the TCs and associated electrical leads being in the center

of the rod. Once assembled, the cladding (stainless steel, zircalloy,

etc.) is swaged onto the exterior in an inert atmosphere (typically
Argon). The resulting device is depicted in Fig. 2. The assembled
thermometer is then inserted into the center of a fuel assembly (a 17 x 17
array of fuel rods in this study) at the central rod location.

1.1.2. Use of the Gamma Thermometer as a Power Level Monitor

During operation of a nuclear reactor, gamma radiation is produced as
a byproduct of the various neutron interaction processes (i.e., fission,
capture, etc.) and via decay of fission products. By placing the GT within



Inside view

Cross section

ORNL DWG-80-19423
Jacket tube

Argon chamber

Cer* m$ I
Axial passage OT,

JdjQuL. OTMidOTcmfi

TO6W4fl!a^^

Fig. 2. Schematic of PWR Gamma Thermometer.

a fuel assembly, some fraction of these gamma rays will interact with the

stainless steel body of the proposed GT, depositing energy and thus pro

ducing heat. The resulting heat will then be transferred from the device

to the coolant in which it is immersed. The presence of this volumetric

heat source produces a temperature distribution within the device itself.

The incorporated thermocouples are used to measure the magnitude of this

temperature distribution at two locations (T„ . and Tr ,,in Fig. 2) with
in the standard device - with the difference of THot and T- •, ,being used to
infer the power level. The relation between the reactor power and the

measured temperature difference is roughly approximated as:

AT = qL2/2k (1)

where

AT = temperature differential between thermocouple junctions, °C

q = heat generation within the thermometer, W/cm3

L = distance between thermocouple junctions in cm

k = thermal conductivity in W/cm °C.



Since q is induced (in part) by the production of gamma rays in fission

and fission-product decay (both of which contribute to the linear power

of the fuel), Eq. (1) indicates that the temperature difference in the

GT can be related to the local heat generation rate.

1.1.3. Use of the Gamma Thermometer as a Fluid Level Indicator

Operation of the gamma thermometer as a fluid level indicator is

based on the fact that the heat transfer coefficient on the exterior

surface of the device depends on the presence of the reactor coolant and

will change dramatically (roughly by a factor of 1,000) when the coolant
is removed. The radial heat transfer characteristics at the "hot" and

"cold" thermocouple locations are radically different under normal reactor

operations (active region of GT immersed in coolant). The radial heat
flow at the "hot" thermocouple is sharply reduced due to the gas gap

(which functions as an insulator). Therefore the heat flow in this region
is principally in the axial direction. By way of contrast, the radial
heat flow at the "cold" thermocouple is relatively unrestricted during

normal operation. This differential heat transfer results in a higher
temperature at the "hot" thermocouple. A loss of coolant on the exterior
of the device, however, results in the radial heat transfer properties

at both TC junctions becoming similar (i.e., solid/gas interfaces). This
will be reflected as a reduced temperature differential between the two

thermocouple locations as well as higher absolute temperatures for both
locations if the volumetric source remains constant. It is hypothesized

that the shape of the temperature distribution (as measured by the
thermocouples) can be used to indicate the degree of heat transfer
similarity, and hence the presence or absence of the coolant at the
level of that particular active region of a "string" of such devices.

1.1.4. Objectives and Scope of Investigation

While the use of the GT in a dual mode is intuitively appealing, it

must be noted that the basic arguments advanced in the above discussion

are qualitative and not quantitative. Further investigation, both
analytical and computational, is clearly required to establish both
applications for the gamma thermometer.



This initial investigation, aimed at quantitatively characterizing

the GT, included a simplified one-dimensional analytical calculation

relating the temperature difference to the various properties (i.e.,

thermal power, etc.) of the system. Further, a series of two-dimensional

transport calculations were executed to relate the volumetric heat

source within the GT to the reactor power, together with a series of thermal

hydraulic analysis runs utilizing the volumetric heat source to characterize

the GT temperature response.

Two objectives were considered in performing the initial analysis.

The first objective was directed at establishing the relationship between

the gamma thermometer signal and the local power generation rate - a

necessary prerequisite to licensing the GT for routine use. The second

objective of the computational analysis was to verify the anticipated

response of the proposed dual-function gamma thermometer to changes in the

fluid characteristics in the nuclear core. The computational effort aimed

at realizing these objectives proceeded along two parallel paths: the

first dealing with the characterization of the radiation transport from

the pin to the detector and the subsequent heat deposition, and the second

concerning the thermal hydraulic behavior of the gamma thermometer itself.

It should be noted, however, that the level of analysis required to

license the gamma thermometer as either a power level or fluid level

indicator is beyond the scope of this report. Rather, the goal of this

study was to establish the underlying feasibility of both applications

through detailed calculational work so that the pursuit of further efforts

for both applications can be justified.



II. THEORETICAL ANALYSIS OF THE DUAL PURPOSE GAMMA THERMOMETER

The use of the gamma thermometer as a dual purpose instrument is de

pendent on the ability of the device to measure the fluid level within the

reactor without compromising its use as a power level monitor. Conse

quently, the characteristic response used for the power level indicator

should be a strong function of the reactor power and a weak function of

the heat transfer characteristics and hydraulic environment of the GT.

Conversely, the signal utilized for the coolant level indicator must be a

weak function of the reactor power and a strong function of the heat

transfer and hydraulic characteristics.

A one-dimensional steady state analytical calculation (detailed
derivation in the Appendix) was performed on the proposed gamma thermometer

design (see Fig. 2) to characterize the thermocouple signals. The results

of the analysis, shown below in Eqs. (2) and (3), depict the temperatures
at both TC locations as functions of power and heat transfer characteristics,

. 2 <^Ri2 L+ -2mL2\
(THot •Volant) . ^ +̂ "^ ' *A <*>

(

2c»LiRi2 _-mL2
e

t t n ™^ q a)'Cold" 'Coolant; = -i ^jr-y + jj% VJ;
1 - e z

where m2 = rx and the remaining terms are defined in Fig. 2 or in the

Appendix. As stated above, the difference between the two TC readings is
utilized to infer the local heat generation rate. Subtracting Eq. (3)

from Eq. (2) yields:

qLlRl" ^ +e-2nM -2e-mL2'
(THot "TCold)

qLx2 kmR2z

TT T A _e-2mL2^ (4)
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which as desired, is a strong function of the local power (via q) and a

weak function of the heat transfer properties (via m). The functional

dependence of the GT signal on local power is depicted graphically in

Fig. 3.

In light of the desire to produce a fluid level response with the

opposite characteristics, a simple expedient is to divide Eq. (2) by

Eq. (3) (thereby eliminating the dependence on q), giving:

T T >! l4~ 0 - e'2mL2) +̂ 4 0+e"2mL2) +h0 "*-2ml2)THot ~ TCoolant) 2 V ' mR2z V ) <\ )
T7T7~-~T "Cold 'Coolant; 2LiRi2 , ,

1 l -ml-? , 12 + -L M _ n"2mL2
iiR?z mz v

(5)

Figure 4 illustrates the relationship shown in Eq. (5), and verifies the

strong dependence of the ratio of the thermocouple signals on the exterior

heat transfer coefficient. Although Eq. (5) possesses the desired

characteristics, the ratio specified requires that additional information

be incorporated into the response. In particular, it requires that two

absolute temperature measurements (or one absolute and one differential

measurement) be available as well as an external measurement of the

coolant temperature.

An alternative response that is also insensitive to the power level

can be constructed by utilizing an additional temperature measurement

at a point between the "hot" and "cold" junctions given as T... . in Fig.

2. Similar to the relationship given in Eqs. (1) and (2), the tempera

ture at this point is given by;

qLiRi2 /, . -2mLL
d t \ *^~ [ J «L (6){'Mid "'Coolant ) A _e~2mL2\ +rrPk



0.0 1.0 2.0

T

3.0

T"

4.0 5.0 6.0

ENERGY DEPOSITION RATE (W/cm3)

T

7.0 8.0

Fig. 3. Theoretical Power Level Response Characteristics of the
Gamma Thermometer.

1 M I

10o 10"1 10"2
HEAT TRANSFER COEFFICIENT (W/cm*-"C)

ORNL DWG-81-5736

10 3 10"

Fia 4 Theoretical Fluid Level Response Characteristics of GT
Using Coolant Temperature as Reference Temperature.



10

so that the proposed fluid level response is given by

mLlR22 /, -2mLft t \ "VRr ft Q-2mL2^(THot 'TMid) = Mi2 V ~e )
(TMid "TCold) 1"^ +e-2mL2) _2e-mL2l

A plot of the fluid level response as indicated by Eq. (7) is shown in

Fig. 5, indicating the strong dependence on the surface heat transfer

coefficient.

Analogous to Eq. (5), this response is nominally independent of

power level. Moreover, it requires no information not available from

thermocouple measurements within the gamma thermometer (i.e., the

instrument is self-contained). A relatively straightforward manner of

obtaining the requisite information is to incorporate two differential

thermocouples per active location; the first measuring Tn . - Tm-jj' the
second measuring L,. , - Tp -, ,. The required power level signal could then

be constructed by summing the two differential thermocouple signals.

Equations (4) and (7) indicate that the gamma thermometer can theo

retically function as a dual purpose monitoring device. The use of

Eq. (4) as a response provides an indication of the local heat generation

rate in the reactor region in the vicinity of the GT. Using Eq. (7)

as a response, the local thermal hydraulic conditions can be monitored.

Hence using "strings" of active locations spaced radially within the

reactor core, both a power map and a coolant level indication can be

obtained via the GT.

Although the above theoretical analysis illustrates the feasibility of

utilizing the GT as a dual purpose measuring device, many of the simpli

fying assumptions which were used in the analysis must be evaluated as to

their effect on the results. Due to the coupled non-linear inhomogeneous

nature of the GT heat conduction problem, the multi-dimensional analysis

was treated via numerical techniques. In particular, radiation transport
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analysis was used to characterize the volumetric heat generation rate as

a function of reactor power, and thermal hydraulic analysis was used to

relate the exterior heat transfer coefficient to changes in the fluid

level.
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Fig. 5. Theoretical Fluid Level Response Characteristics of GT
Using Internal Reference Temperature.
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III. RADIATION TRANSPORT ANALYSIS

As noted previously, a primary objective of this study is to relate

the energy deposition within the GT (i.e., q in Eqs. 1-7) to the local

heat generation rate occuring within the fuel pins. Such a characteri

zation must include the source of the particles involved (i.e., geomet

rically within the reactor), the origin of the particles (i.e., neutron-

induced reactions or fission product decay), and also the manner in which

the particles (which can be viewed as containing information regarding

the state of the reactor) actually reach the detector. The results of

just such a characterization are reported in this section.

A prototypic PWR fuel assembly consisting of 288 pins in a square

lattice (17 * 17) was selected as the basis for this investigation. The

design parameters for this assembly are given in Table 1. The central

pin of the 17 x 17 array was replaced by the gamma thermometer, and all

other pins contained U02 fuel (i.e., control rods were not modeled to

simplify the calculations.) The axial mid-plane of the assembly was

modeled in two-dimensional x-y geometry as indicated in Fig. 6. Due to

the assumed symmetry conditions, only one-fourth of the assembly was

actually calculated. The materials and number densities comprising the

various regions are given in Table 2. In the numerical transport analysis,

a 5 x 5 array of nodes was used within the gamma thermometer itself for

the purpose of obtaining the spatial distribution of the energy deposition.

Due to the difference in the transport processes of neutrons and

gamma radiation in a moderating medium, standard reactor core analysis
methods (i.e., diffusion theory) are inadequate to accurately model the

transport of gamma rays. However, the methods typically employed in
radiation shielding applications (e.g. particle transport theory) are
appropriate calculational tools.

Nuclear parameters for the various materials were taken from the

27 neutron energy group, 18 gamma energy group coupled cross-section

library.4 This library has been extensively utilized for LWR shielding
calculations. The AMPX-II3 modular cross-section processing system was

utilized to reduce the 27n-18y group library (which contains 12 thermal
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Table 1. Design Parameters Used in the Radiation Transport
and Thermal Hydraulic Calculations

Rated heat output (core), Mw(Th)

System pressure (nominal), Pa
Average coolant flow velocity, cm/s

Average coolant temperature, °C

Fuel rod pitch, cm

Overall dimension of fuel assembly (side
of square), cm

Number of fuel rods per assembly

Outside diameter of fuel rod, cm

Diametral gap, cm

Cladding thickness, cm (Zircalloy 2)
Active fuel length, cm

Fuel pellet (U02 sintered) density, %
of theoretical

Fuel pellet diameter, cm

Average fuel discharge burnup, Mwd/tonne U
Average fuel enrichment, wt% 235U
Effective multiplication (beginning of life)

3,760

1.5513 x 107

513.59

300

1.2776

21.9253

288*

0.96266

0.02032

0.05969

363.22

94.0

0.82296

33,700

3.18

1.333

*Assumes no control rods, and one fuel rod replaced with
the gamma thermometer.

neutron groups with upscatter) to a 15n-18y group library with one thermal

group (and hence no upscatter). The NITAWL3 and XSDRNPM3 modules were
utilized to perform the requisite resonance self-shielding and cell

weighting (single pin) calculations respectively.

In order to calculate the energy deposition rate within the stainless

steel core of the gamma thermometer, two sources of gamma radiation must

be considered: the gammas resulting from neutron-induced reactions

(fission, capture, and inelastic scattering) and the gammas produced by

the decay of the various fission products. The response function utilized
for both sources of gamma radiation was the energy deposition rate for

stainless steel given in Table 3. The energy deposition rate due to the
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Table 2. Materials and Number Densities Used
in Radiation Transport Calculation

Mixture Material

Number Density
(atoms/cm3)

Water H 6.692+22

0 3.346+22

B10 1.0+4*

B11 1.0+4*

U02 y235 7.4503+20

u238 2.2684+22

pu239 1.0+4*

pu2^0 1.0+4*

0 4.68573+22

Zircalloy Zr-2 4.2945+22

SS-3162 C 3.1454+20

Si 1.6828+21

P 6.8612+19

S 4.4186+19

Cr 1.5434+22

Mn 1.7193+21

Fe 5.5248+22

Ni 9.6549+21

Mo 1.2303+21

*Included for sensitivity studies.

neutron induced reactions was computed via an eigenvalue calculation using

the coupled neutron-gamma library and normalized to a fission rate corre

sponding to 186 W/cm. The DOT-IV5 computer code was utilized for all
radiation transport calculations. In most cases, a P3 scattering approxi

mation and an S8 quadrature set (48 directions) were employed.

The fission product decay contribution was calculated using only the

gamma groups and assuming a uniform fixed source in each fuel pin. The
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Table 3. Input Source and Response Functions
for the Radiation Transport Calculations

Energy
Top

Boundaries

(MeV)

Energy Deposition
function for SS-316

W/cm3

Decay
Spectrum

(photons/source
photon)

Fission Gamma
Spectrum

(photons/source
Group photons/cmz -s photon)

1 10.0 2.60332-13 3.1664-08 1.51-04

2 8.0 1.98855-13 5.6180-07 7.56-04

3 6.5 1.53348-13 2.1160-04 3.18-03

4 5.0 1.18533-13 1.1987-03 8.19-03

5 4.0 9.21595-14 2.6834-03 2.46-02

6 3.0 7.36853-14 5.1678-03 2.70-02

7 2.5 6.21629-14 1.1508-02 4.69-02

8 2.0 5.27663-14 1.1854-02 5.52-02

9 1.66 4.51833-14 3.0783-02 7.11-02

10 1.33 3.73517-14 4.4051-02 9.59-02

11 1.0 3.04364-14 6.6178-02 8.67-02

12 0.8 2.47022-14 9.7403-02 1.02-01

13 0.6 1.86513-14 8.1859-02 1.25-01

14 0.4 1.43561-14 5.3713-02 7.27-02

15 0.3 1.27314-14 8.5042-02 8.60-02

16 0.2 1.77316-14 1.2598-01 9.09-02

17 0.1 5.60685-14 1.3196-01 5.07-02

18 0.05

0.01

4.84837-13 2.5044-01 4.26-02

gamma energy spectrum and source strength for the fission product con

tribution were determined using ORIGEN6 at a burnup of approximately

33,800 MWD/MTHM. The gamma source spectrum utilized is also given in

Table 3.

A third transport calculation was performed (again utilizing only the

gamma groups) to estimate the contribution due solely to prompt gammas

from the fission reaction. This calculation assumed a uniform fixed



17

source in each fuel pin with the distribution of source gammas per fission

shown in the last column of Table 3.

The actual location of the fuel assembly containing the gamma

thermometer in the core grid pattern may have a direct effect on the

energy deposition rate within the gamma thermometer, due to the non

uniform flux distribution in the radial direction of the reactor core.

To assess this effect (i.e., the uncertainty in the location of the instru

mented fuel assemblies), the preliminary investigation included two cases

which utilized boundary conditions for the radiation transport calculations

representing extreme conditions. A case study was performed on the
two fixed source calculations (fission source and fission product decay

source) utilizing fully reflected boundary conditions (i.e., infinite
lattice of fuel assemblies) on all sides. A second case study was per

formed for the same two fixed source calculations utilizing vacuum

boundary conditions (an isolated element) on all sides. The results of
this analysis (see Table 4) show approximately 94% of the fission gammas
(and 96% of the fission product gammas) originate within the instrumented
fuel element. This result indicates that the response of the gamma thermo

meter will be relatively insensitive to the actual location of the instru
mented fuel assembly within the reactor core. Therefore, the remainder of
this report (unless otherwise stated) will consider the fully reflected

case only.

Table 4. Fraction of Total Response Due to Gammas Originating
within the Fuel Element Containing the Gamma Thermometer

Source Percentage of Signal

Fission 0.9382

Decay 0.9597
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One overall objective of the forward transport analysis was to

determine the spatial distribution of the energy deposition within the

gamma thermometer. The results of that analysis are shown in Figs. 7-10.
Figures 7 and 8 represent the fixed source calculations using the fission
source gamma distribution and decay source gamma distribution respectively.
Figure 9 represents the coupled 15n-18y group eigenvalue calculation for
the energy depositon due to all neutron induced reaction. The results of
all three figures indicate a relatively flat spatial distribution within
the gamma thermometer with the maximum spatial deviation from the center-

line value being approximately 6%. A second significant result of the

calculation can be discerned by comparing Figs. 7 and 9. This result

exemplifies the importance of the other (non-fission) neutron induced
reactions to the total heat deposition rate.

Approximately 49% of the total neutron induced response is due to the
fission reaction alone. An interesting sidelight to this result was the

different spatial distributions of the response due to fission gammas and
the response due to all other neutron-produced gammas. The spatial dis
tribution shift is believed to be a function of both the energy distri

bution of the source gammas coupled with the energy dependence of the
response function. A detailed characterization of this effect, however,
was not pursued. The total source in Fig. 10 is the sum of Fig. 8 and 9,
and represents the total gamma energy deposited in the gamma thermometer
during normal operation of a PWR. [It should be noted that this analysis
does not account for the direct neutron heating of the gamma thermometer.]

The fractional breakdown of the total source in Fig. 10 by gamma

production process (i.e., fission-product decay, fission, other) is
depicted in Figs. 11-13. These results indicate a total response breakdown
of approximately 22.0% fission product decay gammas, 37.3% fission gammas,
and 40.7% other neutron-induced gammas (i.e., capture, inelastic).

As a secondary objective, the spatial distribution of the source

gammas contributing to the effect of interest was also characterized. To
this end, a set of adjoint gamma transport calculations was executed.
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The logical 15n-18y group coupled adjoint case, was not executed because

the D0T-IV code does not yet include provisions for such a generalized

adjoint calculation (i.e., fixed source in a critical reactor.) The source

for the adjoint cases was the response function (see Table 3) used in the

forward transport analysis (i.e., the energy deposition function for

stainless steel). The response functions for the adjoint transport

analysis were the fission gamma source spectrum and fission product decay

gamma source spectrum also presented in Table 3.

Analysis of the initial adjoint calculations (Sg-48 directions)
indicated that the phenomenon known as "ray effects" was present in the

calculations. Due to the localized source within the low scattering

medium, the discrete ordinates approximation biased the particle flow in

certain directions (i.e., the 48 discrete angles). To mitigate these

"ray effects," an adjoint transport calculation was executed utilizing

664 directions and no scattering. A first collision source was then

formed for use in a second adjoint transport calculation utilizing the

original Sg quadrature. This procedure effectively eliminated the problem



23

of the "ray effects," and the results of this latter calculation were

employed to determine the fractional contribution to the energy deposition
rate due to source gammas originating in each fuel pin.

The radial characterization of the gamma source is presented in

Tables 5 and 6. Only the prompt fission gamma and fission product decay

gamma data were calculated. In both tables, each box represents a fuel
pin. In comparing Tables 5 and 6, the results showed that the fractional
contribution due to decay gammas is higher in the rows immediately adja

cent to the gamma thermometer and lower in the fuel pin rows farther away

when compared to the contributions due to prompt fission gammas. This
result is seen more clearly in Table 7 which shows approximately 68% of the

fission induced gammas originating in the first three rows of elements

whereas approximately 75% of the fission product decay gammas originate in
the first three rows for the fully reflected case. Likewise, the results

show a 72%-78% split for the void case. These results indicate that the
gamma thermometer is, as desired, strongly dependent on the localized

power generation rate.

To further characterize the forward gamma source, and to investigate

the contributions of the various gamma-producing neutron interactions, a

sensitivity study was performed. Using the coupled 15n-18y group eigen
value fluxes and the adjoint 18y group fluxes, the contributon flux (m*)
by material region was calculated using the VIP7 computer code. The sensi
tivity analysis was performed using SWANLAKE8 to fold the contributon
flux with a partial cross section sensitivity library (i.e., the 15n-18y
group library broken up by reaction). The results of the sensitivity
analysis by mixture and significant neutron reaction are presented in
Table 8 with the results by element and neutron reaction for the materials

presented in Tables 9-11.

The primary gamma producing neutron reactions were found to be the
(n,y), (n,f), and (n,n'y) reactions. The results in Table 8 show that the
(n,y) and (n,f) reactions predominate with approximately the same percent
age split (bottom row total) shown in Figs. 12 and 13 of the volumetric
energy deposition rate data. The discrepancy between the two results is
contained within the miscellaneous column of Table 8. This column repre

sents the percentage of the response originating from certain high energy



Table; 5. Fractional Contribution by Fuel
in the GT Due to Fission fo

Pin to the

r Reflected

Total Volumetric Energy Deposition
(Void) Boundary Conditions

Rate

Row

9 0.00044

(0.00025)
0.00080

(0.00047)
0.00118

(0.00068)
0.00078

(0.00041)
0.00062

(0.00033)
0.00056

(0.00027)
0.00056 0.00056

(0.00027) (0.00022)
0.00050

(0.00017)

8 0.00053
(0.00039)

0.00102
(0.00080)

0.00128

(0.00096)
0.00090

(0.00060)
0.00071

(0.00047)
0.00066

(0.00043)
0.00063 0.00056

(0.00039) (0.00029)

7 0.00074

(0.00063)
0.00158

(0.00141)
0.00152

(0.00129)
0.00115

(0.00088)
0.00094

(0.00074)
0.00091

(0.00072)
0.00071

(0.00050)

6 0.00114
(0.00104)

0.00266
(0.00252)

0.00199

(0.00182)
0.00159

(0.00137)
0.00150

(0.00132)
0.00108

(0.00091)

5 0.00198

(0.00187)
0.00447

(0.00434)
0.00300

(0.00284)
0.00272

(0.00253)
0.00197

(0.00179)

4 0.00414

(0.00406)
0.00746

(0.00735)
0.00540

(0.00526)
0.00416

(0.00399)

3 0.01166

(0.01157)
0.01460

(0.01452)
0.01034

(0.01024)

2 0.04950
(0.04944)

0.03709
(0.03701)

1
Gamma

Thermometer

Column



Table 6. Fractional Contribution by Fuel Pin to the Total Volumetric Energy Deposition Rate
in the GT Due to Fission Product Decay for Reflected (Void) Boundary Conditions

Row
0.00032

(0.00018)

0.00040

(0.00031)

0.00059

(0.00052)

0.00096

(0.00089)

0.00173
(0.00167)

0.00382
(0.00377)

0.01172

(0.01168)

0.05972
(0.05960)

0

(0

0.

(0.

0.

(0.

0.

(0.

0.

(0.

,00059

,00035)

00077

00061)

00125

00114)

00223
00214)

00404

00396)

0.

(0.

0.

(0.

0.

(0.

00732
00726)

01558
01551)

04334
04328)

Gamma

Thermometer

Column

0

(0

0

(0

0

(0

0

(0

0

(0

.00086

.00041)

.00097

.00074)

.00120

.00105)

.00163

.00153)

.00260

.00250)

.00501

.00493)

.01002

.00995)

0

(0

0

(0

0.00056
(0.00030)

0.00065

(0.00045)

0.00086

(0.00068)

0.00125
(0.00111)

0.00229

(0.00217)

0.00358
(0.00348)

0.00042
(0.00022)

0.00050
(0.00035)

0.00069

(0.00057)

0.00117
(0.00106)

0.00157

(0.00146)

0.00038

(0.00019)

0.00046
(0.00032)

0.00067

(0.00054)

0.00081
(0.00069)

0.00038
(0.00018)

0.00043
(0.00027)

0.00050

(0.00037)

0.00037

(0.00015)

0.00038

(0.00020)

0.00033
(0.00012)

en
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Table 7. Fractional Contribution by Fuel Pin Row to the Total
Volumetric Energy Deposition Rate

Row
Number of
Fuel Pins

Fission
(Refl)

Decay
(Refl)

Fission
(Void)

Decay
(Void)

1

2

0

8 0.3462 0.4121 0.3686 0.4291

3 16 0.2047 0.2115 0.2168 0.2196

4 24 0.1360 0.1282 0.1418 0.1319

5 32 0.0972 0.0847 0.0984 0.0850

6 40 0.0707 0.0575 0.0682 0.0554

7 48 0.0545 0.0417 0.0478 0.0368

8 56 0.0461 0.0334 0.0340 0.0250

9 64 0.0446 0.0809 0.0244 0.0172

neutrons. Above a certain energy, which is material dependent, the cross-

section evaluations do not distinguish which neutron reaction produces the

gamma ray.9 Therefore a separate cross section was formulated to account

for these gammas.

An alternate characterization of the neutron-induced response yields

2% originating in the water, 83% originating in the fuel, and 15% origi

nating within the thermometer itself. The 2% of the response originating

in the water is due entirely to the (n,y) reaction in Hydrogen as seen in

Table 9. It should be noted that the (n.n'y) reaction had no contribution

in the water. In Table 10, the results for the U02 fuel pins are presented.

Considering the last column in Table 10, the results show 67% of the U02

contribution originating from U235, and 33% from U238. An interesting

result seen in the U238 row is that most of the (Misc) signal for the U02

mixture (and also for the total - Table 8) originates from the high energy

neutron interaction with U238. The Zr-2 mixture was found to have no

gamma production cross section and therefore had no contribution to the

response. The stainless steel (SS-316L) results (by element) presented in

Table 11 show the (n,y) reaction as the dominant neutron reaction for

production of contributory gammas within the thermometer itself.
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Table 8. Fractional Contribution by Mixture and Reaction
of the Neutron Induced Gammas to the

Volumetric Energy Deposition Rate

Reaction (n,y) (n.f) (n.n'y.) (Misc) Total

Material

H20

U02-Zr2

SS-316L

1.91284-02

3.17582-01

1.34426-01

0.0

4.40844-01

0.0

3.44843-22

2.28209-05

2.38859-03

0.0

6.89472-02

1.66635-02

1.91284-02

8.27396-01

1.53478-01

Total 4.71136-01 4.40844-01

—

2.41141-03 8.56107-02 1.0000

Table 9. Fractional Contribution by Material and by Reaction
to the Total Volumetric Energy Deposition Rate Due to Water

Reaction (n,y)

Material

H

0

1.91194-02

9.09198-06

Total 1.91284-02
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Table 10. Fractional Contribution by Material and by Reaction
of the Total Volumetric Energy Deposition Rate Due to U02

Reaction (n,y) (n.f) (n,n'y) (Mi sc) Total

Material

0

u235

u238

6.61536-06

1.12509-01

2.05066-01

0.0

4.40839-01

4.45528-06

0.0

2.28209-05

0.0

0.0

3.34864-03

6.55986-02

6.61536-06

5.56719-01

2.70669-01

Total 3.17582-01 4.40844-01 2.28209-05 6.89472-02 8.27396-01

Table 11. Fractional Contribution by Material and by Reaction
of the Total Volumetric Energy Deposition Rate

Due to Stainless Steel (SS-316L)

Reaction (n,y) (n,n'y) (Misc) Total

Material

Cr 2.67908-02 0.0 3.82903-03 3.06198-02

Mn 1.15247-02 0.0 2.94098-04 1.18188-02

Fe 6.47059-02 2.27099-03 9.87389-03 7.68508-02

Ni 2.48352-02 0.0 1.93359-03 2.67688-02

Mo 6.41044-03 0.0 7.25604-04 7.13604-03

Trace

Elements

C,Si,S,P 1.58832-04 1.17595-04 7.3794-06 2.8381-04

Total 1.34426-01 2.38859-03 1.66635-02 1.53478-01
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Another aspect of Tables 9-11 is shown in Tables 12-14 which

presents the sensitivity coefficients for the various materials and

reactions responsible for the gamma heating source. Therefore, a change

in the response (i.e., the energy deposited in the GT) can be estimated

for changes in the various mixtures utilized in the reactor core as shown

AR = E <<t>* an,o)n> ANi (8)
materials
reactions

where AN. is a change in a material number density (in units of

atoms/b-cm) and the bracket is used to indicate a volume integration over

the assembly. The term in the bracket (i.e., <$* o ,<|»n>) thus repre
sents the gamma-production sensitivity coefficients and has units of

(W/cm)/(atom/b-cm). It must be emphasized that the sensitivity coeffi

cients as defined are applicable only in relation to gamma production pro

cesses, and hence do not include the sensitivity to the gamma transport

processes or changes in the physical location of the gamma producing inter

actions. Table 12 presents the sensitivity coefficients for water. A

negligible amount of Boron was included in the calculation to ascertain

the effect of Boron (as a control poison) on the response. At a maximum

concentration of 1178 ppm, the change in the response was on the order of

1.43-06 W/cm, hence the use of boron as a control poison will have a

negligible effect on the response (with respect to gamma production). How
ever, there will be an indirect effect on the response due to suppression

and or redistribution of the neutron flux (and hence the magnitude and,

possibly the location of the gamma sources). The exact nature of this
effect, however, is beyond the scope of this study. Table 13 presents the

sensitivity coefficients for gamma production in the fuel (U02). Again,

Pu239 and Pu2t+0 were included in negligible quantities to obtain the

sensitivity coefficients. Utilizing the total sensitivity coefficient for
each material (last column, Table 13) and the results of an ORIGEN burnup

analysis at 1000 days irradiation (33,800 MWD/MTHM), the results in Table
15 indicate that the overall response due to fuel does not change
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Table 12. Sensitivity Coefficient by Material
and Reaction for Water [W/cm)/(atom/b-cm)]

Reaction
Material (n.Y) (n,n'y) Total

H

0

Bio

2.9520-01

2.8079-04

3.5634-02

2.9520-01

2.8079-04

3.5637-02

Table 13. Sensitivity Coefficient by Material
and reaction for fuel (U02)

W/cm
atom/b-cm

(n,y) (n,f) (n.rTy) (Misc) Total

0 1.7201-04 - - - 1.7201-04

u235 1.7749+02 6.9545+02 3.6001-02 5.2827+00 8.7826+02

u238 1.0617+01 2.3064-04 - 3.3962+00 1.4013+01

pu235 1.1010+03 1.7138+03 1.3615-02 6.9964+00 2.8218+03

pu240 2.8655+03 3.1991+00 5.3868-02 6.5579+00 2.8753+03

Table 14. Sensitivity Coefficient by Material
and Reaction for Stainless Steel (SS-316L)

W/cm
atom/b-cm

Reaction (n.y) (n.n'y) (Misc) Total

Material

Fe 1.2103 0.0425 0.1847 1.4375

Ni 2.6581 0.0 0.2069 2.8650

Mn 6.9266 0.0 0.1768 7.1034

Cr 1.7937 0.0 0.2564 2.0501

Mo 5.6942 0.0 0.6095 6.3037

Trace Elements
(C,Si,P,S) 0.5565 0.0787 0.1298 0.7650
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Table 15. Energy Deposition in the GT Due to Gamma
Production in the Fuel as a Function of Burnup

Material
Energy Deposition

(W/cm)
Energy Deposition

(W/cm)

Begi nning of Life End of Life

u235 0.5353 0.1377

u238 0.2797 0.2726

pu239 0.0 0.2936

Pu240 0.0 0.1251

Total 0.8550 0.8290

appreciably as a function of the isotopic changes inherent in burnup.

However, the isotopics of the fuel change dramatically as a function of

burnup, and it is anticipated that the primary effect on the response will
be via changes in the gamma transport processes (an effect not considered
in this study). Table 14 presents the sensitivity coefficients for gamma

production due to stainless steel (i.e., the gamma thermometer itself).
Since, it is desired that the signal from the gamma thermometer, itself

be as small as possible, the results in the last column of Table 14
indicate that a material with a high Fe concentration and low concen

trations of Ni, Cr, etc., will result in the least amount of spurious

gamma production.

The primary results of the transport analysis indicate that the

majority (approximately 78%) of the energy deposition rate is due to
neutrons induced reactions, and 22% due to fission product decay. A

second result indicated is that approximately 95% of the gamma source

originates within the instrumented fuel element and therefore the response
will not be a strong function of the element's location in the core. The

final results indicate that of the neutron induced gamma source,

approximately 2% originates in the water, 83% in the fuel, and 15% within
the thermometer itself. A side light to this result is that the contri

bution from the fuel remains essentially constant as a function of burnup.
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IV. THERMAL HYDRAULIC ANALYSIS

In addition to the characterization of the radiation field in the

vicinity of the gamma thermometer (GT), the response of the GT to changes

in the thermal-hydraulic environment is also of interest. This is

particularly true concerning the proposed dual-function mode of operation.

Although the one-dimensional analytic calculations (discussed in Chapter

II) established the theoretical feasibility of such a dual function,

verification of the "robustness" of the signal to detailed geometric

modeling as well as to the actual time-dependent fluid property changes

must be established. To investigate the effects of coolant-related

parameters on the gamma thermometer signal, a prototypic calculational

model of the gamma thermometer, depicted in Fig. 14, was created. The

thermal hydraulics code HEATING-510 was used to calculate the spatial and

time dependence of the gamma thermometer signal. The coolant parameters

utilized were typical of the thermal hydraulic environment of a PWR fuel

assembly (Table 1). Further, the analysis incorporated the volumetric

heat source obtained via the radiation transport calculations. Temperature

dependent material properties were utilized for each material; the data

being extracted from the Nuclear Systems Materials Handbook.11

The analyses considered the behavior of the GT signal for both

normal reactor operating conditions, as well as the behavior during and

subsequent to various reactor transients. The transients analyzed were:
(1) a reactor scram (modeled as an instantaneous termination of the gamma
source attributable to neutron-induced reactions), (2) an instantaneous

loss of coolant accident (LOCA) (modeled as an instantaneous change in the

external heat transfer coefficient from approximately 25,000 W/m2°C - which

represents normal reactor core conditions — to 124 W/m2°C - which repre
sents saturated steam at 15.5 MPA and 315°C), (3) a combination of a

reactor scram and LOCA, (4) a 10 s ramp LOCA, and (5) a 40 s ramp LOCA.

In analyzing the applicability of the gamma thermometer as a power

level monitor, two characteristic parameters of the generic GT are of

interest: the calibration of the device with respect to the Local Heat

Generation Rate (LHGR), and the time constant of the instrument itself.
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Fig. 14. Calculational Model of the Gamma Thermometer Used for
Thermal Hydraulics Analysis.

The fundamental relationship between LHGR and the temperature differential

between the hot and cold thermocouple junctions is postulated as [see

Eq. (7)]:

<THot " TCold) = a ' LHGR + b (9)

where a is the proportionality constant relating the local heat generation

rate to the temperature differential and b is, at this point, an arbitrary

constant. It should be noted that a will depend on the fuel assembly

geometry as well as on the gamma thermometer materials and geometry.

Thus, the linear power inferred from the gamma thermometer signal can be

expressed as

LHGR* = a (THot " TCol<j) + (10)
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Based on the radiation transport analysis presented in the previous

section, and a series of static thermal-hydraulic calculations using the

HEATING-5 computer code, the value of a was calculated to be 14.96

W/cm • °C, and 3 was estimated as -55.19 W/cm. This relationship is

depicted in Fig. 15 which presents the relationship between the local heat

generation rate and the gamma thermometer response for a reactor core

after 1000 full power days. It should be noted that the curve does not

have a zero intercept (i.e., zero power does not imply zero AT). The

primary reason behind this characteristic is the buildup and subsequent

decay of fission products, which account for approximately 3% of the

total thermal power generated. These gammas which contribute 3% of the

total thermal power, however, contribute 22% of the gamma thermometer

signal (see discussion in Chapter III). This result indicates that b in

Eq. (9) and 3 in Eq. (10) are both functions of the reactor burnup (i.e.,

the amount of fission products present). However, since the fission pro

duct concentrations and consequently the fission product gamma source reach

an asymptotic value after only a few full power days of operation,12 3 will

essentially be a constant value except for a short time following initial

reactor start-up (or restart). It should be noted, that for a cold clean

20.0

TH0T-TC0LD (CELSIUS)

Fig. 15. Calibration Curves for the Power Level Indicator (33,800
MWD/MTHM Burnup).
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core (i.e., no fission products), the initial value of $ would be zero,

and the resulting calibration curve would parallel the curve in Fig. 15.

This result is due to the fact that a was found to be insensitive to burn-

up and therefore remains constant as the fission product concentration

approaches its asymptotic value.

The second characteristic of the gamma thermometer that affects its

applicability as a power level monitor, is the time constant of the instru
ment itself. In Eq. (10), a relationship between the gamma thermometer

signal (T„ .-T- -, .) and the inferred LHGR* is given. Utilizing the values
3 Hot Cold

for a and 3, and the differential temperature reading from a transient

HEATING-5 calculation modeling an instantaneous reactor scram, a comparison

of the actual and inferred LHGR (LHGR*) is shown in Fig. 16. The results

presented in Fig. 16 indicate that the gamma thermometer attained the new
power level reading approximately 40 s after the transient commenced.
Assuming an exponential relationship, between AT and time, the thermo
couple response time constant was estimated to be 0.0508 °C/s.

The results of the one-dimensional analytic calculations indicated

that the power level indicator reading of the gamma thermometer (THot-TCold)
would be a strong function of the reactor power, but a relatively weak
function of the thermal-hydraulic environment of the GT (principally, the
external heat transfer coefficient). The preliminary indication is con

firmed by these more detailed calculations. Figure 17 depicts the time-
dependent power level indication (i.e., GT signal) as a result of an
instantaneous reactor scram. The results indicate a factor of four change

in the GT signal and therefore confirm the strong dependence of the GT
signal on the power level as indicated by the one-dimensional analysis.
The time dependence of the power level indication for an instantaneous LOCA
(depicted in Fig. 18), after an initial transient effect, returns to the
initial value. The initial transient behavior seen in Fig. 18 can be
attributed to the different time constants for the two TC junctions within
the gamma thermometer. This result is further exemplified in the power
level indicator response to a 10 s ramp LOCA and 40 s ramp LOCA as shown in
Figs. 19 and 20 respectively. The responses to the two ramp LOCA's display
the same characteristic shape as does the response to the instantaneous
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TIME (SEC)
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Fig. 16. Comparison of the Actual (LHGR) Versus Inferred Reactor
(LHGR*) Thermal Power Subsequent to a Reactor Scram.

0.0 20.0 30.0 40.0

TIME RFTER TRRNSIENT (SEC)

so.o

Fig. 17. Power Level Indicator Response Subsequent to an Instan
taneous Reactor Scram.
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20.0 30.0 40.0

TIME AFTER TRRNSIENT (SEC)

50.0 60.0

Fig. 18. Power Level Indicator Response Subsequent to an Instan
taneous Loss of Coolant Accident (LOCA).

0.0

Fig. 19.
Ramp LOCA.

20.0 30.0 40.0

TIME RFTER TRRNSIENT (SEC)

50.0 60.0

Power Level Indicator Response Subsequent to a 10 s
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40.0 50.0 60.0 70.0 80.0 90.0

TIME RFTER TRRNSIENT (SEC)

100.0 110.0 120.0

Fig. 20. Power Level Indicator Response Subsequent to 40 s Ramp
LOCA.

LOCA except for a displacement by the amount of time it takes the ramp
change to occur (responding to both the initiation of the ramp as well as
its termination). As a final confirmation on the one-dimensional analytical
results, a combination instantaneous reactor scram and LOCA was modeled in
HEATING-5 with the powerlevel indicator reading shown in Fig. 21. In com

paring Figs. 17 and 21, the results show no discernable difference (i.e.,
factor of four drop in both signals). This result indicates that the
measured signal change is due primarily to the power level change and
therefore is insensitive to the thermal-hydraulic environment outside the

gamma thermometer.

The results of the one-dimensional analytical calculations also

indicated that the fluid level indicator reading of the gamma thermometer

(TH t"TMid^^TMid"TCold) would be astrong function of the thermal-hydraulic
environment but independent of the reactor power. This result is confirmed
in Figs., 22, 23 and 24 which represent the time dependent fluid level indi
cation (i.e., GT signal) due to an instantaneous LOCA, a 10 s ramp LOCA,
and a 40 s ramp LOCA respectively. In each case, the results show a
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20.0 30.0 40.0

TIME RFTER TRRNSIENT (SEC)

60.0

Fig. 21. Power Level Indicator Response Subsequent to a Combination
Reactor Scram and LOCA.

decrease in the fluid level indication by a factor of two following the

transient. As indicated by Figs. 23 and 24, the time dependent fluid level

indication, analagous to the power level indication (see Figs. 19 and 20),

is delayed due to the finite response time of the GT. The insensitivity

of the fluid level indication to the reactor power is depicted in Fig. 25,

which shows the gamma thermometer signal during and subsequent to an

instantaneous reactor scram. The apparent noise in the signal is due to

roundoff difficulties in the calculation -caused by the location choice

for TM- .. This can be rectified by a more judicious choice of TMid;
typically somewhat closer to the hot junction (see Fig. 14).

As in the case of the power level indication, the final confirmation

of the one-dimensional analytical results for the fluid level indication

is shown in Fig. 26 which represents the time dependent fluid level

indication for a combined instantaneous reactor scram and LOCA. Analagous

to the power level indication, the results indicate no discernable differ

ence when comparing to the results of the fluid level indication for a

LOCA alone [Fig. 22] (i.e., the same factor of two decrease in signal).



Fig. 22.
taneous LOCA.

0.0

10.0

40

20.0 30.0 40.0

TIME RFTER TRRNSIENT (SEC)

50.0

Water Level Indicator Response Subsequent to an Instan-

10.0 20.0 30.0 40.0

TIME RFTER TRRNSIENT (SEC)

50.0 60.0

Fig. 23. Water Level Indicator Response Subsequent to a 10 s Ramp
LOCA.
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0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 110.0 120.0

TIME AFTER TRRNSIENT (SEC)

Fig. 24. Water Level Indicator Response Subsequent to a 40 s Ramp
LOCA.

0.0 20.0 30.0

TIME AFTER TRRNSIENT

40.0

(SEC)

50.0

Fig. 25. Water Level Indicator Response Subsequent to an Instan
taneous Reactor Scram.
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This result indicates that the measured signal change is due almost

entirely to the thermal-hydraulic environment external to the GT and is
not influenced significantly by the power level.

In viewing the results presented in this section, the time dependent
power level indication was shown to be a strong function of the reactor
power for the case of a reactor scram (Fig. 17) yet insensitive to the
thermal-hydraulic environment as seen in the time response to a LOCA
(Fig. 18). In contrast, the fluid level indication was a strong function
of the thermal-hydraulic environment as evinced in the time response to a
LOCA (Fig. 22), but insensitive to the reactor power as seen in the time
response to a reactor scram (Fig. 25).

The full potential of the gamma thermometer as a dual measuring device
was confirmed in the results of the combination instantaneous reactor scram

and LOCA. The power level indication (Fig. 21) and the fluid level
indication (Fig. 26) both registered a drop in signal strength. However,
the decreases associated with each measurement are virtually independent
of each other as discussed above and correspond to those attributable to
those calculated for single events. Therefore, the use of the GT as a
dual measuring device is feasible since neither use will compromise the
effectiveness with respect to the other function.

0.0 10.0 20.0 30.0 40.0

TIME RFTER TRANSIENT (SEC)

Fig. 26. Water Level Indicator Response Subsequent to a Combination
Reactor Scram and LOCA.

50.0 60.0
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V. CONCLUSIONS AND RECOMMENDATIONS

The initial contention that the gamma thermometer can be used as a

dual function (power level and coolant level) measurement device has been

upheld by the more detailed calculations described in this report. More

over, the results presented here indicate that each function can be

isolated to a large extent from the other. The signal utilized to indi

cate the power level is proportional to the LHGR, and is insensitive to

the thermal-hydraulic environment. Conversely, the signal employed as

a fluid level indicator is responsive to changes in the thermal-hydraulic

environment, but not particularly sensitive to changes in reactor power.

Thus, it should be possible to infer the state of the reactor even if

both power level and the thermal-hydraulic environment change simultane

ously (e.g. scram and LOCA).

The detailed characterization of the radiation field has established

(for the specific fuel assembly and GT model considered) the geometrical
location of the gamma sources relative to their importance to the GT

signal as well as the materials and nuclear reactions contributing to the
response. Specifically, the particles responsible for the GT signal are
produced primarily in the instrumented assembly itself (^95%). Moreover,
approximately 72% of the signal is produced by particles originating
within the first three rows of fuel pins [68% of the neutron-induced

gammas and 75% of the fission product gammas]. Hence the GT signal is
very representative of the Local Heat Generation Rate (LHGR).

Of those gammas which contribute to the GT signal, 22% of the gammas

are traceable to the decay of fission products within the fuel pins (at
33,800 MWD/MTHM burnup). Of the remaining 78% of the signal, 37% results
from the prompt fission gammas and 41% is traceable to other neutron-
induced reactions such as (n,y) and (n,n'y). The total GT signal was

also characterized by the region in which the gammas were produced: 83%
originating in the fuel pins, 2% in the coolant, and 15% in the body of
the gamma thermometer itself.

Based on the results of the transport analyses, the GT power level

signal calibration will depend on burnup. Since the gammas from fission
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products account for only 3% of the thermal power (reactor at full power)

but 22% of the gamma thermometer signal at a burnup of 33,800 MWD/MTHM the

calibration curve for the device will have a non-zero intercept in general.

However, since the fission product gamma source reaches equilibrium rapidly

(^ a few full power days) such an effect represents only an initial tran

sient for the start-up of the reactor (and possibly, a transient on re

start).

The thermal-hydraulic analyses described in this report have shown,

in a preliminary sense, that the GT signal information can be utilized to

measure both LHGR and the presence or absence of the reactor coolant at the

GT active location. Although a very simplified model of the thermal

hydraulic environment during a loss of coolant accident was employed, the

results indicate that the fluid level application of the GT is viable.

Moreover, the thermal-hydraulic analyses have indicated that the two func

tions, power-level and fluid-level indications, can be separated and

distinguished. A reactor scram [decrease from 100% to 3% in thermal power]

resulted in a reduction of the power level signal by a factor of 3.7. For

this case however, no permanent change in the fluid level reading was

apparent. On the other hand, the simulated LOCA [at power] resulted in the

fluid level indication changing by a factor of 2.0 with no discernable

change in the power level.

Although the results obtained in this study provide both encouragement

and incentive to pursue the GT as a viable nuclear instrument, this study

must be regarded as only a first step towards complete characterization

of the device. In particular, the adequacy of the many approximations

and assumptions that were necessary to perform this study must be validated.

More specifically, the areas requiring further study or more detailed

analysis are:

1. The effect of the two-dimensional discrete ordinates approxima

tions. A three-dimensional Monte Carlo analysis is necessary

to verify the overall LHGR to energy deposition rate relation

ship obtained in this study.

2. The effect of control rods within the instrumented assembly on

the LHGR/GT relationship.
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The time dependence of the GT signal as a function of burnup.

Since the isotopics of the fuel change non-1inearly with time,

it is reasonable (in light of the sensitivity calculations pre

sented in Chapter IV) that the GT calibration will also vary non-

1inearly as a function of fuel isotopics.
The influence of perturbations of the neutron field on the
response of the GT. In this study, the sensitivities to the
gamma production sources were determined for fixed locations.
However, changes in the neutron field (e.g. due to changes in
the boron concentration) will affect both the magnitude and the

location of the gamma sources.

The effect of the very simplified model employed to model a LOCA
for a PWR. Clearly, a more detailed description of the variation
of the surface heat transfer coefficient, one which accounts for

two-phase flow, film formation and thickness variations, etc.,

must be developed.
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APPENDIX

Detailed Development of the Equations Used in the One-Dimensional
Thermal Hydraulic Analysis of the Gamma Thermometer
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z Coolant

L-JHot- LMid-

© ©

x=0

Let = T - T
Cool an

tand| constant

Define m2 =
hP

kA

Where q = volumetric heat generation rate, W/cm3
k = thermal conductivity, W/cm °C

h = convective heat transfer coefficient, W/cm2 °C

P = perimeter exposed to convection, cm

A = cross sectional area, cm2

Tu . = hot thermocouple junction tenperature, °C
Hot

T„ , . = Cold thermocouple junction temperature, C
Cold

T
Coolant

coolant temperature.

TM. .= Interface temperature, °C
Mid

L

R

length, cm

radius, cm

General equation for region 1

dx7 k

Integrating yields:

de = _ax
dx k

0

LCold' 1



Integrating again yields:

^+ Cix +C2

General equation for region(2)

dlF + k " kA 9 " °

or

d2Q m2fl _ za-3—7- - mz6 = -r3-
dxz k

Solve homogeneous equation

d2e
Ydx

m29 = 0

eH =C3e-mx +Ckem

Solve for particular solution

d2e m2ft _ a
dx^ - me - k

52

Assume 9 = constant = ty

Therefore e" = 0

and -m2ip = - f-

Therefore 0p =^

Combine homogeneous and particular solutions

e = e + e = c3e-mx + c,em +-4-
H p 3 mzk



Take derivative

-j— = -C3me + C^me

Boundary conditions

©
d6j
dx

= 0 at x = -Li

© $L =o at x=L2

Interface conditions:

(3) 6i = 62 at x = 0

d62deL =_kAz ^z at x=0.4) -kA
1 dx

Apply boundary conditions

d9-|
dx

=0 =-f(-Li) +C!
x = -L,
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Therefore

d=-^i and 6i=^-

d0?
dx

=0=-Cstfe-^+C^e"11-2
x = L2

Which yields

C3e" mL2 = C4emL2

Therefore

C\ = C3e~2nlLz and r T -mx _,_ -2mL2 rnxl , _q_62 =C3|_e< +e 2e J+^
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Apply interface conditions that

'1 - o2 at x = 0

Which yields

at^+c. 4/* +e-2y]+&

Therefore

c2 . c,[i +e"H ♦ &

and the condition that

.ifo, d6_i_ = _•/« de^
"Al dx r2 dx

Which yields (at x = 0)

d9i _ A_2. d02_ _ ttR^ de^. _ R£ d02
dx Ai dx " ^Rj2 dx " R? dx

.SkL= R^rJ
iT" R?U3 Lr

+ me
-2mL

Which further yields

:fc=-# cJi _e-2mL2]
k Ri2 dL J

Therefore

C. =

qLiRi2
km R22

(1 -e-2mL2)

"]
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And consequently

r - km R22(l + e ""-'•) _g_
L2 " .. -2mL2x m*k

knTR^l +e-2mL2) +
(1 - e-2mL2)

Final Solutions:

Region (T)

Region ©

akRi2-qx2 gLix . km R22 (1 +e'2mL2) +_q
11 " 2k " k (1 e-2mL2) irTk

qLiRi2
km R2

2 (e-mx + e-2mL2 emx} < q
12 = (1 . e-2mL2) HPk

Therefore

At -Lls 0i = 6Hot» and

Therefore

qLiRi2 p._gLl2, kmR22 (1 +e-2ml2) , 0 (1)
8Hot 2k (1 _e-2mL2) +iFk u;

At L2, 02 = 0Cold

Therefore

2qLiRi2 _,_km"^ e-mL2 , q ()
Told (1 _e-2mL2) m^k {d}
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Subtract Eq. (2) from Eq. (1)

(eHot " eCold} = (THot " TCoolant) " (TCold " TCoolant) " (THot " TCold}

Therefore

(T,Hot TCold)
qU2, km

1R12 r
~rT2 Ld +

(1 - e

Dividing the above equations yields

•2mL2,
e --Q

-2mL;

-mL2
2e

(THot~TCoolant; =_2 £
(TCold~TCoolant'

> T (1 - e"2mL2) +i^2 (1 +e-2ml2) +W(1 -'•1

m2 e_mL2+1(i -e_2mL2)

Evaluate either Eq. (1) or Eq. (2) at x = 0

and define eMid=e x=Q

'Mid

qLiRi2 _om,
km~RT2 (1 +e 2mLz) , q

9ml _ rr>2

(1 - e
•2mL2x mzk

Subtracting Eq. (5) from Eq. (1) yields

/T _ t ) =Ski2
uHot 'MidJ 2k

And subtracting Eq. (2) from Eq. (5) yields

(TMid " TCold)
= qURi2 L(1 +

km R-2

e-2mL2) - 2e-mL2_

(1 - e"2mL2)

(3)

-2mL2N

(5)

(6)

(7)

(4)



So that

|THot"TMid)
^Mid^Cold^
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ITiLtR?2
"2^(1 •2mL2)

[(1 +e"2"11-2) -2e"mL2]
(8)
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