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ABS TRACT 

A preliminary analytical  and computational study was performed t o  
invest igate  the potential of a modified gamma thermometer (GT) as both 
a local power level monitor and a sodium flow blockage monitor fo r  a Liquid 
Metal Fast Breeder Reactor. T h i s  study consisted of two fundamental parts:  
a radiation f i e l d  characterization and a thermal-hydraulic analysis.  

The radiation transport  analysis was performed t o  determine the 
volumetric heat source w i t h i n  the GT resul t ing from gamma and neutron 
heat-ing. 
were t reated i n  the analysis ,  as well a s  the d i r e c t  neutron heating 
e f f e c t .  

50th fission-product decay gammas and neutron-induced gammas 

Further, a s e n s i t i v i t y  analysis was performed t o  characterize the 
or igin of the neutron-induced gammas (by matserial ) contributing t o  the 
volumetric heat source. 
o f  thermal-hydraulic calculations t o  model cer ta in  reactor t ransients  
of i n t e r e s t  ( i - e . ,  reactor scram and sodium flow blockage) i n  order t o  
characterize the gamma thermometer response r e l a t ive  t o  local power level 
monitoring and sodium flow blockage indication. 

This source was then u t i l i zed  t o  perform a se r i e s  

The r e su l t s  o f  th i s  preliminary study conf rm the f e a s i b i l i t y  of 
u t i l i z i n g  the GT as an in-core local power leve measurement device. 
However, the proposed signal for  monitoring sod urn f l o w  blockage was 
shown t o  be insignif icant  and therefore uninterpretable. As a local 
power level monitor, however, the r e su l t s  provide encouragement and 
incentive t o  pursue the GT as  a viable nuclear instrument. 





I .  INTRODUCTION 

1 . 0  Background 

The requirement for  determining the local power generation rate  
within a nuclear reactor core i s  typical ly  mandated by various material 
l imitat ions of the reac tor ’s  fuel assemblies ( i  .e .  
c r i t i c a l  heat flow, e t c . ) .  
ment has been met t h r o u g h  t he  use o f  in-core instrumentation such as 
Self-Powered Neutron Detectors (SPNDs) a n d / o r  f iss ion chambers. 
however, there has been an increased in te res t  in the use of an a l te rna te  
instrument, the gamma thermometer (GT), for  the measurement of the local 
power generation r a t e  in L W R S . ~ ~ ~  The GT, original ly  developed f o r  heavy 
water reactors ,  has been proposed a s  a replacement for  the SPNDs currently 
u t i l i zed  in LWRs. 
Fast Breeder Reactors (LMFBRs) mitigates against use af any in-core 
instrumentation, a brief f e a s i b i l i t y  study of the GT in an LMFBR was under- 
taken t o  provide d a t a  for  possible future LMFBR designs. 

cladding burnout, 
For Light Water Reactors (LbJRs) t h i s  require- 

f?ecently, 

Since the current design philosophy of Liquid Metal 

The increased in t e re s t  in the G T  fo r  LWR applications i s  related to 
the spa t ia l  variations of the thermal-neutron and gamma fluxes within a 
fuel assembly. The therrnal-neutron flux exhibits a large amount of 
s t ructure  as  a function of position within the fuel assembly, whereas 
the gamma flux shows very l i t t l e  s t ructure .  The use of  a local power 
level indicator based on less-structured yaniriia flux (produced via neutran 
interaction a n d  the decay o f  f iss ion products) has the potential for  
improving the accuracy o f  the measurement and  thereby reducing the uncer- 
ta in ty  regarding the power leve l .  I t  i s  therefore postulated t h a t  a 
reduction o f  5-7% in the uncertainty may be possible using the gamma 
thermometer in an LWR.  

Clearly, the neutron flux exhibi ts  much less  s t ructure  in an LMFBR 
than  does the thermal flux in an LWR. Hence the use o f  the GT would of fe r  

’less potential  reduction i n  uncertainty in f a s t  reactors.  The proposed 

GT does, however, possess an important advantage over SPNDs and  f iss ion 
chambers f o r  LMFBRs: i t  contains no depletable materials (such a s  those 
used -in the aforementioned sensors),  and therefore has the potential for 
a longer operating l i f e  in an EMFBR core environment w j t h o u t  apprecia,hly 
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sacr i f ic ing re1 i a b i l i t y  o f  signal interprela.tion. Furthermore, through 
increased re l iab i l i - ty  a n d  longer l i f e ,  the GT offers  the possibi l i ty  of 
1 imi t i  ng to  the current 1 eve1 s occupat ional exposure resul t i  ng from 
instrument maintenance or replacement during scheduled fuel reloading. 

Another incentive f o r  investigating the potential o f  a GT-based 
sensor f o r  local power genera-tion monitoring in at] LMFBR i s  the recent 
recognition t h a t ,  fo r  PWRs in par t icu lar ,  the GT has the potential o f  
serving a s  a dual-purpose i n ~ t r u r n 2 n t . ~ , ~  I n  t h i s  context, a modified 
version o f  the GT appears t o  have the capabili ty of measuring both the 
local heat generation rate  ( L I i G R )  a n d  the adequacy o f  the core cooling 
mechanism via the coolant heat t ransfer  coeff ic ient .  Thus, one of the 
possible LMFBR uses o f  the GT considered in t h i s  study was t h a t  o f  a 
sodium flow blockage detector - a s i tuat ion analogous t o  the reduction 
of heat t ransfer  capacity considered f o r  the PWR. 

'The most s ignif icant  disadvantage regarding the use of the GT in an 
LMFBR i s  the accessi b i  1 i t y  o f  the generated signal . 
however i s  not  unique t o  the GT, but  would be inherent in any in-core 
instrumentation. Current LMFBR design philosophy (as  well as the physical 
configuration of current or proposed LMFBRs) preclude the use of instrumen- 

Thi s d i  sadvantagc 

ta t ion which i s  inserted into the core. Moreover, the desire t o  minimize 
the number o f  penetrations in t h e  reactor vessel to  the extent possible 
inh ib i t s  the use o f  the typical PWR option - insertion from below t h e  core 
Although certain means o f  overcoming these 1 imitations can be envisioned 
( i . e . ,  incorporation of the GP leads as p a r t  o f  a cantrol rod drive assemb 
o r  use o f  reiiiote signal transmi ssion techno1 ogy) , a det-ai 1 ed di scussi on of 
the practical  engineering problems inherent in the use o f  Lhe GT in I.,MFBRs 
i s  beyond the scope o f  t h i s  study. The work reported below i s  directed a t  
establishing the f eas ib i l i t y  o f  the GT ( i . e . ,  the presence o f  a signa? a n d  
i t s  i n t e rp re t ab i l i t y )  in a generic LMFBR environment. 

1 . 1  Technical Summary o f  the Proposed Gamma Thermometer 

1 . 1 . 1  ._.. Physical Description .. 

Y 

The GT consists of a hollow, cji l indrical ,  s ta in less  s tee l  rod o f  a 
length equal t o  o r  greater t h a n  the height of the reactor core. A t  
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i n t e r v a l s  a long  t h e  rod, a n n u l i  o f  m a t e r i a l  a r e  removed by machin ing.  
A s e r i e s  o f  d i f f e r e n t i a l  thermocouples ( T C s )  a r e  then l o c a t e d  a t  each 

annulus l o c a t i o n ,  w i t h  t h e  TCs and assoc ia ted  e l e c t r i c a l  leads  p o s i t i o n e d  
i n  t h e  h o l l o w  c e n t e r  o f  t he  rod.  
pack ing  and i n s u l a t i n g  m a t e r i a l  i n  t h e  c e n t r a l  c a v i t y .  
assembled, z i r c a l l o y  c l a d d i n g  i s  swaged on to  t h e  e x t e r i o r  i n  an i n e r t  
atmosphere ( t y p i c a l l y  a rgon) .  
i n s e r t e d  i n t o  a f u e l  assembly, u s u a l l y  i n  a c e n t r a l  r o d  p o s i t i o n .  

Magnesium o x i d e  (MgO) i s  u t i l i z e d  as a 
A f t e r  i t  i s  

The r e s u l t i n g  dev i ce  ( F i g .  I) then  would be 

1 .1 .2  Use of  t h e  Gamma Thermometer as a Local  Power Level  
M o n i t o r  (PLM)--- ___-____ 

Dur ing  o p e r a t i o n  o f  a n u c l e a r  r e a c t o r ,  t h e  va r ious  neu t ron  i n t e r -  
a c t i o n  processes (i .e., f i s s i o n ,  cap ture ,  e t c . ) ,  t o g e t h e r  w i t h  f i s s i o n -  

p r o d u c t  decay, produce gamma r a d i a t i o n .  The placement o f  t h e  GT w i t h i n  
a f u e l  assembly would a l l o w  some f r a c t i o n  of these gamma r a y s  t o  i n t e r a c t  
w i t h  the  s t a i n l e s s  s t e e l  body o f  t h e  proposed GT, d e p o s i t i n g  energy and 
the reby  produc ing  heat .  The r e s u l t i n g  heat  i s  then t r a n s f e r r e d  from t h e  
dev i ce  t o  t h e  c o o l a n t  i n  wh ich  i t  i s  immersed. 
v o l u m e t r i c  heat  source, coup1 ed w i t h  t h e  i 11 u s t r a t e d  design, w i  11 produce 
a tempera ture  d i s t r i b u t i o n  w i t h i n  t h e  dev i ce  i t s e l f .  The i n c o r p o r a t e d  
thermocouples a r e  used t o  measure t h e  magnitude o f  t h i s  temperature 

d i s t r i b u t i o n  a t  two l o c a t i o n s  (THot and TCold i n  F ig .  1 )  w i t h i n  t h e  
s tandard  GT, w i t h  t h e  d i f f e r e n c e  between TWot and TCold be ing  r e l a t e d  t o  
t h e  l o c a l i z e d  heat  genera t i on  r a t e  AV:. 

l o c a l i z e d  h e a t  genera t i on  r a t e  and t h e  measured temperature d i f f e r e n c e  

can be r o u g h l y  approx imated as:  

The presence o f  t h i s  

The r e l a t i o n  between t h e  

AT = qL2 /2k  
where 

A T  = temperature d i f f e r e n t i a l  between thermocouple j u n c t i o n s ,  " C ,  

q = hea t  genera t i on  w i t h i n  t h e  thermometer, W/cin3, 
L = d i s t a n c e  between thermocouple j u n c t i o n s ,  i n  cin, 
k = thermal  c o n d u c t i v i t y ,  i n  W/cm OC. 

Since q i s  induced ( i n  p a r t )  by  t h e  p r o d u c t i o n  o f  gamma rays i n  f i s s i o n  
and f i s s i o n - p r o d u c t  decay ( b o t h  o f  which c o n t r i b u t e  t o  t h e  l i n e a r  power 

o f  t h e  f u e l ) ,  E q .  ( 1 )  i n d i c a t e s  t h a t  t h e  temperature d i f f e r e n c e  i n  t h e  
GT can be r e l a t e d  t o  t h e  l o c a l  h e a t  genera t i on  r a t e .  
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T h e m 1  Resistance Zone ORNL DWG-80- 
(Annulus) \ Jacket tube, 

.... i ................ _- ............ ...... 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . - - - - - o - - -  -- .- ......... ::-=E> 

9423R 

Thermocouple KHot 

lhermocouple TCCold \ 

Fig. 1 .  Schematic o f  the Standard Gamma Thermometer. 

1 . 2  Objectives and Scope o f  Investigation 

While the use of the GT as a local power monitoring device i n  an 
LMFBR i s  i n tu i t i ve ly  appealing, i t  must be noted tha t  the basic arguments 
advanced in the above discussion a re  qual i t a t i  ve a n d  n o t  quanti t a t i  ve. 
Further investigation, both analytical  and computational, i s  c lear ly  
required t o  es tabl ish i t s  f e a s i b i l i t y  f o r  t h i s  application. 

This i n i t i a l  investigation, aimed a t  a quantitative characterization 
o f  the GT, included a simp1 i f i e d  one-dimensional analytical  calculation 
relat ing the temperature difference t o  t h e  various properties ( e . g .  thermal 
power, e t c . )  of the system. 
transport  calculations was executed t o  r e l a t e  the volumetric hea t  source 
w i t h i n  the GT t o  the reactor power, and a se r i e s  of thermal hydraulic 
calculations u t i l i z ing  the volumetric heat source was executed t o  
characterize the G'T temperature response. 
l a t i ons  was aimed primarily a t  establishing the degree t o  which the proposed 
1 oca1 power 1 eve1 s i  gnal was i ndepcndent of Lhe thermal -hydraul i c properties 
o f  the coolant. The primary objective of t h i s  i n i t i a l  analysis was t o  

Further, a s e r i e s  o f  two-dimensional 

This l a t t e r  se r ies  o f  calcu- 
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establ ish the relationship between the GT signal a n d  the local power 
generation ra te  - a necessary prerequisite t o  licensing the GT for  routine 
use. A secondary objective of the computational analysis was t o  invest i -  
gate the potential of a modified version of the GT for  detecting changes 
in  the f lu id  charac te r i s t ics ,  which could indicate a flow blockage within 
the nuclear core. The computational e f f o r t  aimed a t  realizing these 
objectives proceeded along two parallel  paths, the f i r s t  dealing with the 
characterization o f  the radiation transport  from the fuel pins t o  the 
detector and  the subsequent heat deposition, and the second concerning the 
thermal -hydraul i c  behavior o f  the GT i t se l  f .  

I t  should be noted, however, t h a t  the level of analysis required t o  
l icense the gamma thermometer i s  beyond the scope o f  t h i s  report. Rather, 
the goal of t h i s  study was to es tabl ish the underlying f e a s i b i l i t y  of 
the GT as an indicator of the L H G R  within the core th rough  detai led calcu- 
la t ional  work and t o  investigate i t s  potential as a flow blockage indicator 
so t h a t  the pursuit of  fur ther  e f f o r t s  for  e i the r  application could be 
ju s t i f i ed .  

11. T H E O R E T I C A L  ANALYSIS OF THE GAMMA THERMOMETER 

The usefulness of the GT as an indicator o f  local power generation i s  
dependent on the a b i l i t y  o f  the device t o  re l iably measure the LHGR for  a 
variety of  thermal-hydraulic conditions. Consequently, the charac te r i s t ic  
response used for  the power level indicator s h o u l d  be a strong function 
of the reactor power and a weak function of other parameters such a s  the 
heat t ransfer  charac te r i s t ics  and hydraulic environment of the GT. 

A one-dimensional steady-state analytical  calculation was performed 
on the proposed gamma thermometer design (see Fig. 1 )  t o  characterize 
the thermocouple signals.  (The detailed description of  the calculation i s  
appended t o  t h i s  report . )  
Eqs .  ( 2 )  and ( 3 ) ,  depict the temperature a t  b o t h  TC locations as func t ions  
o f  power and heat t ransfer  charac te r i s t ics  : 

The resu l t s  of the analysis ,  shown below in 
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where m 2  = 

A p p e n d i x .  
u t i l i zed  t o  in fer  the local heat generation r a t e ,  
from E q .  ( 2 )  y ie lds :  

and the remaining term a re  defined in  F i g .  1 o r  i n  the 
As s ta ted  above, the difference between the two TC readings i s  

Subtracting Eq. ( 3 )  

which, as  desired,  i s  a strong function of the local power (via q )  and a 
weak function o f  the heat t ransfer  properties (v ia  m ) .  The functional 
dependence o f  the GT signal on loca l  power and i t s  re la t ive  insens i t iv i ty  
t o  the heat t ransfer  properties i s  depicted graphically in F ig .  2 .  
indicated, a re la t ive ly  large change i n  the heat t ransfer  coeff ic ient  
(?20% represented by the dotted l i nes  in Fig. 2 )  resu l t s  in  a very small 
change in  t h e  re lat ionship between signal and power generation ra te .  

As 

Equation ( 4 )  and F i g .  2 indicate that theoret ical ly  the GT can function 
a s  a local power level monitoring device, The use o f  Eq.  ( 4 )  as  a 
response provides an indication of t h e  local heat  generation r a t e  i n  the 
reactor region i n  the vicini ty  of the G I .  Hence, by using "s t r ings"  of 
ac t ive  locations spaced rad ia l ly  within the reactor core, a power map can 
be obtained with the GT.  

Although the above theoretical  analysis i l l u s t r a t e s  the f e a s i b i l i t y  
o f  ut i l iz ing  the GT a s  a power level measuring device, many o f  the 
simplifying assumptions used in the analysis must bc evaluated a s  t o  their  
e f f e c t  on the r e s u l t s .  
of the GT heat conduction problem, the multi-dimensional analysis was 
t reated via numerical techniques. I n  par t icu lar ,  a radiation t ranspcrt  
analysis was used t o  characterize the volumetric heat generation r a t e  as  
a function o f  reactor power-, and a ttreriiial-hydraulic analysis war; used t o  
r e l a t e  the ex ter ior  heat t ransfer  coeff ic ient  t o  changes in the coolant 
flow. 

Due t o  the coupled nonlinear inhomogeneous nature 
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Fig. 2. Theoretical Power Level Moni tort Response Characteri s t i  cs 
of the Gamma Thermometer. 

111. RADIATION TRANSPORT ANALYSIS 

As noted previously, a primary objective of t h i s  study i s  t o  re la te  
the energy deposition within the GT [q in Eqs. (1-4) ]  t o  the local heat 
generation ra te  occurring within the fuel pins. Such a characterization 
must include the origin o f  the par t ic les  involved (i . e . ,  geometrically 
within the reac tor ) ,  the source o f  the par t ic les  ( i  .e .  , neutron-induced 
reactions or fission-;iroduct decay), and a l s o  the manner in which the 
par t ic les  (which can be viewed as containing information regarding the 
s t a t e  of the reactor)  actually reach the detector.  
such a characterization are  reported in t h i s  section. 

The resu l t s  o f  j u s t  

A prototypic LMFBR fuel assembly consisting of 217 p ins  i n  a hexagonal 
l a t t i c e  was selected as  the basis fo r  t h i s  investigation. 
parameters f o r  t h i s  assembly are  given in Table 1 .  The central pin of 
the hexagonal a r r a y  was replaced with the GT; the remaining pins contained 
plutoniurn-uranium dioxide fuel .  The two-dimensional R-o model shown in 
Fig. 3 was used in the analysis t o  represent the axial midplane of  the 
hexagonal pin array shown in Fig.  4 .  Because a symmetric configuration 

The design 
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Table 1. Design Parameters Used i n  the Radiation 
Transport and Thermal -Hydraul i c  Calculations 

- _ _  ~ 
___I__ 

Rated heat output ( co re ) ,  M W ( t h )  

Average cool ant f 1 ow vel oci t y  , m/s 

Coolant o u t l e t  temperature, " C  535 
Fuel assembly pitch,  mm 120-9 
Overall dimensions of fuel assembly (external f l a t  t o  

Overall dimensions of fuel assembly ( in te rna l  f l a t  t o  

975 
System pressure (nominal ) , Pa 1.0342 x lo5 

7 
Coolant i n l e t  temperature, "C 388 

f l a t ) ,  mm 116.2 

f la t . ) ,  mm 110.1 
Number of fuel rods per assembly 21 6" 

Fuel rod pitch,  inm 7.31 
Active fuel length ( co re ) ,  mm 914.4 

Outside diameter of fuel rod, mm 5.84 
Cladding thickness (SS-316), 111111 0.38 
Fuel pe l l e t  diameter, rnm 4.92  
Diametrical g a p  (between fuel pe l l e t  and c l a d ) ,  mni 0.17 
Fuel rod radial spdcing, mrn (wires wrapped around 

fuel p i n s  i n  helical fashion) 1 . 4 2  
Clearance between fuel rods, mm 1 .47  
Clearance between fuel rods a t  wires, mm 0.04 
Fuel pe l l e t  (plutonium-uranium dioxide) density,  % o f  

theoretical  91.3 
Average fuel discharge b u r n u p ,  MWd/kg 110.2 

'"Assumes t h a t  one fuel rod i s  replaced with the gamma thermometer. 
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QRNL-D’/!G 81-20856 in m 

0.0 6. 
RADIUS (cm) 

F i g .  3. Computational Model o f  the P r o t o t y p i c  LMFBR Fuel Assembly 
Used f o r  the Radiation Transport Analysis. 

ORNL-DNG 81-20857 

/ 

SS-316 
F i g .  4. Actual Hexagonal Model o f  the Prototypic LMFRR Fuel Assembly 

w i t h  Gamma Thermometer i n  t h e  Central Rod Position and Fuel Pins Numbered 
1-24 (one-twelfth Symmetry, Excluding Dashed Lines). 
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was assumed, only one-twelfth of the assembly was actually calculated.  
The materi a1 s and nuiiiber densi t i e s  compri s i  ng  the various regions are 
given in Table 2. In  the numerical transport analysis ,  a 2 x 10 array 
o f  nodes was used within the GT i t s e l f  for  the purpose o f  obtaining the 
spat ia l  dis t r ibut ion of the energy deposition. 

The difference between the transport  processes of neutrons and 
gamma radiation in sodium 7 imi t s  the useful ness of  standard reactor core 
analysis methods ( i  . e . ,  diffusion theory) t o  accurately model the transport 
of gamma rays. However, the methods typically eiiiployed in radiation 
shielding applications (e .g .  par t ic le  transport theory) are appropriate 
calculational tools .  

Nuclear parameters f o r  the various materials were taken from the 51- 
neutron-energy-group, 25-gamma-group coup1 ed cross-section 1 i brary . 
This l ib rary  h a s  been used extensively for LMFBR shielding calculations.  
The AMPX-I16 modular cross-section processing system was ut i l ized t o  
reduce the 51n-25y group l ibrary t o  a 9n-25y group  l ib rary  with one 
thermal g r o u p  ( a n d  hence no upscat ter) .  

In  order t o  calculate the energy deposition ra te  within .the s ta in less  
s teel  core o f  the G T ,  two sources o f  gamma radiation must be considered: 
the gammas resul tiny from neutron-induced reactions ( f i s s ion ,  capture, 
and ine l a s t i c  scat ter ing)  and the gammas produced by the decay o f  the 
various f iss ion products. 
calculated separately. 
o f  gama radiation was the energy deposition rate  for  s ta in less  s teel  
(55-316) given in Table 3. The energy deposition rate  result ing from 
the neutron-induced reactions was computed via an  eigenvalue calculation 
using the coupled neutron-gamma l ibrary a n d  normalired t o  a f iss ion r a t e  
corresponding t o  262.47 W/csn. A1 1 radiation transport cal cul a t i  ons were 
performed using the DOT-IV7 computer code. 
approximation and an S 8  quadrature se t  (48 direct ions)  were employed. 

The contributions f rom these two sources were 
Ti le  response .Function ut i l ized f o r  b o t h  sources 

I n  a l l  cases, a P 3  scat ter ing 

The fission-product decay contribution was calculated using only 
the gamma groups and  assuming a uniform fixed source in each fuel pin. 
The gamma energy spectrum and  source strength for  the fission-product 
contribution were determined using O R I G E N 8  a t  a burnup of approximately 
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Table 2 .  Materials and Number Densities Used 
i n  Radiation Transport Calculations 

I-..__- ~ --.- --- 
Mixture Mater i a 1 Number Density ( atoms/cm3) 

Sodium Coolant Na 

SS- 31 6 

PuO2-UO2 

C 
Mn 
Si 
Cr 
N i  
Mo 
Ft? 

2 3 5 u  

23’Pu 

24 O P U  

23811 

2 4 4 1 ~ ~  

242pU 

0 

2.3055 + 22* 

1.1733 + 20 
1.7179 + 21 
1.6800 + 22 
1.5428 + 22 
1.1253 + 22 
1.2297 + 21 
5.5344 + 22 

1.9039 + 19 
1.3695 + 22 
4.6078 + 21 
1.2415 + 21 

2.2399 I- 19 
1.3071 -t 20 

4.3468 -t 22 

*Read as 2.3055 x 10”. 

110.200 MWd/kg. 
given i n  Table 3. 

The normalized gamma source spectrum u t i l i zed  i s  a lso 

A t h i r d  t ransport  calculat ion was performed (again ut i1  i z i n g  only 
the gamma groups) t o  estimate the contribution due solely t o  prompt 
ganunas from the f i ss ion  reaction. 
fixed source i n  each fuel p i n ,  with the nornialized d is t r ibu t ion  o f  

source gammas per f i s s i o n  shown i n  the l a s t  column o f  Table 3. 

T h i s  calculation assumed a uniform 

As a r e su l t  of the non-uniform f lux d is t r ibu t ion  i n  the radial  
direct ion of the reactor  core,  the actual location o f  the fuel asseriibly 
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Table 3. I n p u t  Source a n d  REtsDonse Functions f o r  t h e  

__ 
Ra b i a 1: ion Trans port ka 1 c u l  a t  i on s 

Energy Beposi t ion  Decay 
To P Function for  SS-316 Snec t rum 

.... Energy Boundaries \d/ CM 
Group (MeV) p h o t G ? /  crnz - S 

( p t10 i o n s  / s 0 u r c e 
p h Q t on ) 

F i  ss i on Gama 
Spectrum 

photon) 
( photons/source 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
1 3  
14 
15  
16 
17 
1 8  
19 
20 
21 
22 
23 
24 

D 

1 3 . 0  
10.1970 
7.9983 
6.2737 
4.9210 
3" 8599 
3.0277 
2 3748 
1.8628 
1 A611 
1.1461 
0.89896 
0.70513 
0.55309 
0 43383 
0.34029 
0.26692 
0.20937 
0.16422 
0.12881 
0.10l04 
0.079252 
0.062164 
0.048760 
0.03 

3.6498 - 13  
2.6968 - 13  
1.9937 - 1 3  
1.5210 - 13  
1.1794 - 13  
9.2545 - 14 
7.4020 - 14 
6.0437 - 14 
4.9966 - 14 
4.1527 - 14 
3.4407 - 14 
2,8241 - 14 
2.3037 - 14  
1.8819 - 14 
1.5639 - 14 
1.3588 - 14 
1.2873 - 14  
1.3843 - 14  
1.7221 - 14 
2.4195 - 14 
3.6714 - 14 
5.8095 - 14 
9.3590 - 14 
1.5138 - 13  

1.7100 - 16 
2.6007 - 08 
5.3812 - 07 
1.9810 - 04 
1.0780 - 03 
2,3419 - 03 
1.0250 - 02 
1.4787 - 02 
2,8168 - 02 
5.0087 - 02 
6.1957 - 02 
1.1385 'P 01 
7.4116 - 02 
8.4076 - 02 
4.3326 - 02 
7.4641 - 02 
5.9827 - 02 
4.5466 - 02 
4.4408 - 02 
5.5077 - 02 
5.6432 - 02 
5.5477 - 02 
4.0994 - 02 
4.5487 - 02 

0 .0  
1.1131 - 05 
1.2874 - 03 
4.5724 - 03 
1.1051 - 02 
1.9155 - 02 
3.1698 - 02 
3.9787 - 02 
5.1099 - 02 
8.0031 - 02 
8.6622 - 02 
1.0010 - 01 
1.1902 - 01 
1.0357 - 01 
8.6573 - 02 
6.9508 - 02 
5.3163 - 02 
4.7227 -. 02 
3.2214 - 02 
2.2129 - 02 
1.4283 - 02 
1.0150 - 02 
7.7159 - 03 
4.4562 - 03 
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containing the gamma thermometer in the core grid pattern may have a 
d i r ec t  e f f ec t  on the energy deposition ra te  within the GT. 
t h i s  e f f ec t  ( i . e . ,  the uncertainty in the location of the instrumented 
fuel assemblies), the preliminary investigation included two cases tha t  
ut i l fzed boundary conditions for  the radiation transport  calculations 
representing extreme conditions. The f i r s t  calculation was performed 
using the two fixed sources ( f i ss ion  source and fission-product decay 
source) and fu l ly  reflected boundary conditions ( i  . e . ,  i n f i n i t e  l a t t i c e  
o f  fuel assemblies) on a l l  s ides .  The second se t  of calculations was 
performed fo r  the same two fixed sources b u t  u t i l i z ing  a vacuum boundary 
condition ( a n  isolated element) on the outermost radial boundary. 
resu l t s  o f  t h i s  analysis (given in Table 4 )  show tha t  approximately 82% 

o f  the f iss ion gammas and 84% of the fission-product gammas or jginate  
within the instrumented fuel element. These resu l t s  indicate t h a t  the 
response of the GT will be re la t ive ly  insensi t ive t o  the actual location 
of the instrumented fuel assembly within the reactor core since the 
primary contributions a re  from within the assenibly i t s e l f .  
of t h i s  report ,  unless otherwise s t a t ed ,  will consider only the fu l ly  
reflected case fo r  c l a r i t y .  
case are n o t  modified s igni f icant ly  i f  the boundary conditions on the 
exter ior  of the fuel assembly are changed t o  consider l e s s  t h a n  fu l ly  
re f lec t ive  conditions. 

To assess 

The 

The remainder 

The resu l t s  reported for  the  fu l ly  reflected 

Table 4. Fraction of Total Response Due t o  Gammas 
Originating Within the Fuel Assembly 

Containing the Gamma Thermometer 

Source Fraction o f  Signal 

Fission 0 a 8235 
Decay 0.8443 
__llll_-~.--_.II ~ 

L-- 

One overall objective of the forward t r a n s p o r t  analysis was t o  
determine the spat ia l  dis t r ibut ion of the energy deposition within the 
GI". The resu l t s  o f  t h a t  analysis ,  however, indicated a f l a t  spat ia l  
dis t r ibut ion within the GT, with the maximum spat ia l  deviation from the 
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center1 ine value being approximately 1% f o r  %he fission-product decay 
case. All other cases indicate a spa t ia l  deviation from the centerline 
value of l e s s  than 0.5%. 

Table 5 presents a source breakdown of .the t o t a l  energy deposited 
i n  the GT d u r i n g  normal operation of an LMFRR. 
other (non-fission) neutron-induced reactions t o  the to ta l  heat deposition 
r a t e  i s  exemplified by t h i s  r e su l t .  The fractional breakdown of the t o t a l  
source by gamma production process ( i  . e .  , fission-product decay, f i s s ion ,  
e t c . )  i s  also depicted i n  Table 5.  
breakdown of approximately 16.0% from fission-product decay, 25.4% from 
f iss ion gammas, 49.3% from other neutron-induced reactions ( e . y .  capture, 
i n e l a s t i c ) ,  and 9.3% from d i r ec t  neutron heating. 
zation of the to t a l  neutron-induced response (excl udiny fission-product 
decay) yields  a percentage breakdown of 30.2% resu'l ting from f iss ion 
gammas, 58.7% from other neutron-induced giinmias, and 1 1  . l %  from neutron 
heating. ' 

The importance of the 

These r e su l t s  indicate a t o t a l  response 

A fur ther  characteri-  

Table 5 .  Breakdown (by Source) of the Total Volunietric 
Energy Deposition Rate within the Gamma Thermometer 

Source o f  
Par t i c l e  

Volumetric Energy Fraction o f  
Deposition Rate (W/crn3) Total Response 

Fission-product decay y 11.75 
Fission y 18.61 
Neutron- induced y (non- f iss i  o n )  36.15 
Neutron heating 6.78 

Total 73.29 

0.1603 
0.2540 
0.4932 
0.0925 
1.0000 

... .......... 

As a secondary objective,  the spatial  dis t r ibut ion o f  %he source 
gammas contributing t o  the e f f e c t  of i n t e re s t  was alsa  characterized. 
t h i s  end, a s e t  of adjoint gamma transport  calculations was executed. 
The logical 9n-25y group coupled adjoint case was n o t  executed because 
the D O T - I V  code does not yet  include provision for  such a generalized 
adjoint  calculation ( i . e . ,  fixed source i n  a c r i t i c a l  r eac to r ) .  

To 

The 
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source f o r  t h e  a d j o i n t  cases was t h e  response f u n c t i o n  (see Table 3 )  used 
i n  t h e  fo rward  t r a n s p o r t  a n a l y s i s  ( i  .e., t h e  energy d e p o s i t i o n  f u n c t i o n  
f o r  s t a i n l e s s  s t e e l  ) .  The response f u n c t i o n s  f o r  t h e  a d j o i n t  t r a n s p o r t  
a n a l y s i s  were t h e  f i s s i o n  gamma source spectrum and f i s s i o n - p r o d u c t  decay 
gamma source spectrum, a l s o  presented  i n  Table 3. 

The r a d i a l  c h a r a c t e r i z a t i o n  o f  t h e  gama source i s  p resented  i n  

I n  Table 6 the  f u e l  p i n  numbers correspond t o  
Tab le  6. 
d a t a  were c a l c u l a t e d .  
those presented  i n  F ig .  4, and p a r t i a l  f u e l  p i n  c o n t r i b u t i o n s  were a d j u s t e d  

Only t h e  prompt f i s s i o n  gamma and f i s s i o n - p r o d u c t  decay gamma 

t o  r e p r e s e n t  a whole f u e l  p i n  even though t h e  a n a l y s i s  modeled o n l y  h a l f  
f u e l  p i n s  a long  t h e  symmetry boundar ies.  
cases i n  Tab le  G i n d i c a t e  t h a t  t h e  f r a c t i o n a l  c o n t r i b u t i o n  by decay 

gammas i s  s l i g h t l y  h i g h e r  i n  t h e  rows immedja te ly  a d j a c e n t  t o  t h e  GT and 
l o w e r  i n  t h e  f u e l  p i n  rows f a r t h e r  away than a r e  c o n t r i b u t i o n s  by prompt 
f i s s i o n  gammas. T h i s  r e s u l t  i s  seen more c l e a r l y  i n  Table 7, which shows 
approx ima te l y  50% o f  t h e  response a t t r i b u t a b l e  t o  f i s s i o n - i n d u c e d  gammas 
o r i g i n a t e s  i n  t h e  f i r s t  t h r e e  rows o f  elements, whereas approx imate ly  54% 
o f  t h e  response a t t r i b u t a b l e  t o  f i s s i o n - p r o d u c t  decay gammas o r i g i n a t e s  
i n  t h e  f i r s t  t h r e e  rows i n  t h e  f u l l y  r e f l e c t e d  case. L ikewise ,  t h e  
results show a 57%-62% s p l i t  f o r  t h e  v o i d  case. These r e s u l t s  i n d i c a t e  
t h a t  t h e  GT i s ,  as des i red ,  s t r o n g l y  dependent on t h e  l o c a l i z e d  power 
genera t i on  r a t e .  

Coniparison o f  t h e  two r e f l e c t i v e  

To f u r t h e r  c h a r a c t e r i z e  t h e  fo rward  gamma source, and t o  i n v e s t i g a t e  

Using t h e  coupled 9n-25y group e igenva lue  f l u x e s  and t h e  a d j o i n t  
t h e  c o n t r i b u t i o n  o f  t h e  v a r i o u s  m a t e r i a l s ,  a s e n s i t i v i t y  s tudy  was per -  
formed. 
2 5 ~  group f l u x e s ,  t h e  c o n t r i b u t o n  f l u x  ($$*) by m a t e r i a l  r e g i o n  was c a l -  
c u l a t e d  us ing  t h e  VIPg computer code. The s e n s i t i v i t y  a n a l y s i s  was per -  
formed u s i n g  SWANLAKEIO t o  f o l d  t h e  c o n t r i b u t o n  f l u x  w i t h  a p a r t i a l  c ross -  
s e c t i o n  s e n s i t i v i t y  l i b r a r y  ( i . e . ,  t h e  9n-25y g roup  l i b r a r y ,  broken up by 
e lement ) .  
i n  Tab le  8, w i t h  t h e  r e s u l t s  by element f o r  t h e  m i x t u r e s  presented  i n  
Tables 9 and l a .  

The r e s u l t s  of t h e  s e n s i t i v i t y  a n a l y s i s  by m i x t u r e  a r e  p resented  

The c h a r a c t e r i z a t i o n  o f  t h e  neut ron- induced response by  m a t e r i a l  

(Tab le  8)  y i e l d s  93.7% o r i g i n a t i n g  i n  t h e  f u e l - c l a d  m ix tu re ,  1.4% o r i g i n a t i n g  
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Tab le  6 .  F r a c t i o n a l  C o n t r i b u t i o n  by Fuel P i n  t o  t h e  T o t a l  
Volumetric Energy Geposition Rate i n  t h e  GT f o r  

Re f lec ted  and Void Boundary Conditions 

Fuel P i n  F i s s i o n  Decay F i s s i o n  Decay 
No. ( r e f1ec te .d )  ( r e f l e c t e d )  ( v o i d )  ( v o i d )  

1 
2 
3 
4 
5 
G 
7 
8 
9 

10 
11 
1 2  
13  
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 

0.031 97 
0.01 242 
0.00688 
0.00456 
0.00324 
0.00244 
0.001 90 
0.001 53 
0.01 549 
0.00824 
0.00552 
0.00346 
0.00259 
0.00206 
0,001 52 
0.00473 
0.00378 
0.00280 
0.00220 
0.00183 
0.00294 
0.00230 
0.00188 
0.00193 

0.03698 
0.01 302 
0 00686 
0.00436 
0 I 00298 
0.00216 
0.00163 
0.00128 
0.01 666 
0.00833 
0 -  00530 
0.0031 7 
0.00229 
0.00178 
0.00129 
0.00456 
0.00350 
0.00250 
0.00191 
0.001 55 
0.00265 
0.00200 
0.001 60 
0.007 64 

0 03782 
0.0141 0 
0.00738 
0.00456 
0.00294 
0.00197 
0.001 33 
0.00093 
0.01783 
0.00903 
0.00564 
0.00323 
0.00217 
0.001 52 
0.00098 
0.00488 
0,00360 
0.00241 
0.001 6 7 
0.001 20 
0.00257 
0,001 78 
0.00128 
0.001 33 

0.04311 
0.01 474 
0.00744 
0.00447 
0.00281 
0.00182 
0.00119 
0.00081 
0.01 905 
0.0091 9 
0.00553 
0.00305 
0.00199 
0.00137 
0.00086 
0.00480 
0.60344 
0 D 00223 
0,00150 
0.001 06 
0 - 00241 
0.00162 
0.00135 
0.001 18 
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Table 7 .  Fractional Contribution by Fue P i n  Row t o  t 
Total Vol umetric Energy Deposi t ion Rate 

I_ - 
Number o f  Fission Decay Fission Decay 
Fuel Pins (ref 1 ) ( ref1 ) (void) (void) Row 

0 
6 

12 
18 
24 
30 
36 
42 
48 

0.1918 
0.1675 
0.1402 
0.1220 
0.1063 
0.0970 
0.0901 
0.0835 

0.2219 
0.1781 
0.1411 
0.1171 
0.0979 
0.0863 
0.0781 
0.0708 

0.2269 
0.1916 
0.1526 
0.1243 
0.0996 
0.0822 
0,0676 
0.0551 

0.2587 
0.2027 
0.1549 
0.1220 
0.0947 
0.0760 
0.0610 
0.0512 

Table 8. Fractional C o n t r i b u t i o n  by Mixture t o  the 
Wol umetric Energy Deposition Rate 

Mixture Material Fractional Contribution 

Fuel + Clad 
Cool a n t  
Fuel Assembly Casing 
Gamma Thermometer 

( P u O ~ U O ~ )  + (SS-316) 
Na 

SS-316 
SS-316 

0.9365 
0.0140 
0.0224 
0.0283 
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Table 9 .  Frac t iona l  Cont r ibu t ion  by Material  o f  the  
Total Vol umetric Energy Deposit ion Rate 

Due t o  Fuel -I- Clad 

Ma .t e r i a 1 Frac t iona l  Cont r ibu t ion  

2 3 5 ~  

2 3 8 u  

2 3 9pu  

2"Pu 
2Lt l p u  

2 4 2 P u  

Fe 
Cr 
Ni 
Si 
Mn 
Mo 

0.0028 
0.1544. 
0.6730 
0.0500 
0.0110 
0.0003 
0.0234 
0.0090 
0.0073 
0.0003 
0.0017 
0.0033 

Table 10. Frac t iona l  Contr ibut ion by Mater ia l  o f  the Total  
Volumetric Energy Deposit ion Rate Due t o  Fuel Assembly 

Casing arid Gamma Thermometer- 

Mater i a 1 Frac t iona l  Cont r ibu t ion  Frac t iona l  Cont r ibu t ion  
( f u e l  assembly c a s i n g )  (gamma thermometer) 

Fe 
C r 
Ni 
Si 
M n  
Mo 

0.0111 
0 I 0046 
0.0038 
0.0001 
0.0010 
0.0018 

0.0147 
0.0061 
0.0041 
0.0001 
0.0013 
0.0021 
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i n  t h e  sodium coo lan t ,  2.2% o r i g i n a t i n g  i n  t h e  f u e l  element c l a d d i n g  
(SS-316), and 2.8% o r i g i n a t i n g  i n  t h e  GT i t s e l f .  
i n d i c a t e s  t h a t  t h e  ma jo r  c o n t r i b u t o r s  i n  t h e  f u e l - c l a d  m i x t u r e  (Tab le  9)  
a r e  2L39Pu-67%, 238U-15%3 and 240Pu-5%,  whereas i n  t h e  f u e l  assembly 
c l a d d i n g  (Tab le  10)  and w i t h i n  t h e  GT i t s e l f  (Tab le  l o ) ,  Fe was t h e  major  
c o n t r i b u t o r  t o  t h e  response. 

F u r t h e r  c h a r a c t e r i z a t i o n  

The p r i m a r y  r e s u l t s  o f  t h e  t r a n s p o r t  a n a l y s i s  i n d i c a t e  t h a t  t h e  
m a j o r i t y  (app rox ima te l y  84%) o f  t h e  energy d e p o s i t i o n  r a t e  i s  due t o  
neut ron- induced r e a c t i o n s  and 16% i s  due t o  f i s s i o n - p r o d u c t  decay. 

second i n d i c a t i o n  i s  t h a t  app rox ima te l y  83% o f  t h e  gamma source o r i g i n a t e s  
w i t h i n  t h e  i ns t rumen ted  f u e l  assembly and t h e r e f o r e  t h e  GT response w i l l  
be  somewhat dependent on t h e  ins t rumented assembly 's  l o c a t i o n  i n  t h e  
core .  The f i n a l  r e s u l t s  i n d i c a t e  t h a t  app rox ima te l y  1.4% o f  t h e  neut ron-  
induced gamma source o r i g i n a t e s  i n  t h e  sodium coo lan t ,  93.6% i n  t h e  f u e l -  
c l a d  m i x t u r e ,  2.8% w i t h i n  t h e  thermometer i t s e l f ,  and 2.2% from t h e  f u e l  

assembly c l a d d i n g .  

A 

IV. THERMAL-HYDRAULIC ANALYSIS 

4.0 I n t r o d u c t i o n  

I n  a d d i t i o n  t o  t h e  c h a r a c t e r i z a t i o n  o f  t h e  r a d i a t i o n  f i e l d  i n  t h e  
v i c i n i t y  of t h e  GT, i t s  response t o  changes i n  the  t h e r m a l - h y d r a u l i c  
env i ronment  i s  a l s o  o f  i n t e r e s t .  T h i s  i s  p a r t i c u l a r l y  t r u e  concern ing  
t h e  proposed l o c a l  power l e v e l  m o n i t o r  mode o f  o p e r a t i o n .  A l though t h e  
one-dimensional c a l c u l a t i o n s  d iscussed i n  Chapter I1 e s t a b l i s h e d  t h e  
t h e o r e t i c a l  f e a s i b i l i t y  o f  such a power l e v e l  mon i to r ,  v e r i f i c a t i o n  o f  t h e  
" robus tness"  o f  t h e  s i g n a l  t o  d e t a i l e d  geomet r ic  mode l ing  as w e l l  as t o  

t h e  a c t u a l  t ime-dependent f l u i d  p r o p e r t y  changes must be e s t a b l i s h e d .  To 
i n v e s t i g a t e  t h e  e f f e c t s  o f  c o o l a n t - r e l a t e d  parameters on t h e  GT s i g n a l  , 
a p r o t o t y p i c  c a l c u l a t i o n a l  model o f  t h e  GT ( d e p i c t e d  i n  F i g .  5)  was 
c rea ted .  The t r a n s i e n t  hea t  conduct ion  code HEATING-5l1 was used t o  ca l cu -  

l a t e  t h e  s p a t i a l  and t ime  dependence of t h e  GT s i g n a l .  The c o o l a n t  

parameters u t i 1  i z e d  were t y p i c a l  o f  t h e  thermal  -hydrau l  i c  environment 
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w i t h i n  an LMFBR fuel assembly (see Table 1 ) .  
incorporated the volumetric heat source obtained via the radiation 
transport  calculations.  
u t i l i zed  f o r  each material ,  w i t h  the data be ing  extracted from the Nuclear 
Systems Materials Handbook. l2 

Further, the analysis 

Temperature-dependent material properties were 

The analyses considered the behavior of the GT signal d u r i n g  normal 
reactor operating conditions a s  well as  d u r i n g  and  subsequent t o  various 
reactor t ransients .  The transients analyzed were: (1)  a reactor scram 
modeled a s  an instantaneous termination of the gamma source a t t r ibu tab le  
t o  neutron-induced reactions,  and ( 2 )  an instantaneous sodium coolant flow 
blockage modeled as an instantaneous change i n  the external heat t r ans fe r  
coeff ic ient  from approximately 81,500 W/rn2"C (which represents normal 
reactor core conditions) t o  approximately 34,600 W/m2'C (which i s  assumed 
t o  represent stagnant sodi um) . 

4.1 Sensi t ivi ty  o f  Power Level Monitor t o  the 
Thermal -Hydraul i c  Conditions 

In analyzing the appl icabi l i ty  o f  the GT as  a localized power level 
monitor, two charac te r i s t ic  parameters of the generic GT a re  of i n t e r e s t :  
the cal ibrat ion of the device with respect to  the local heat generation 
r a t e  ( L H G R ) ,  and the time constant o f  the instrument i t s e l f .  
mental relationship between the LHGR and the temperature d i f f e ren t i a l  
between the "hot" and "cold" thermocouple junctions is  postulated as  
[see E q .  (4)] :  

The funda- 

L H G R  + b , (THot - TCold)  a 

where a i s  the proportionali ty constant re la t ing the local heat generation 
r a t e  t o  the temperature d i f f e ren t i a l  and b i s  an adjustment fac tor ,  
required since the r a t i o  o f  fission-product L H G R  t o  to ta l  LHGR i s  not 
identical  t o  the r a t i o  of fission-product GT signal t o  t o t a l  GT s i g n a l .  
I t  should be noted tha t  a will depend on the fuel assembly geometry a s  
well a s  on the GT materials and geometry. Thus, the l i n e a r  power inferred 
from the GT signal can be expressed as :  
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Based on t h e  r a d i a t i o n  t r a n s p o r t  a n a l y s i s  presented i n  t h e  p rev ious  
s e c t i o n ,  and on a s e r i e s  o f  s t a t i c  thermal -hydraul  i c  c a l c u l a t i o n s  u s i n g  

t h e  HEATING5 computer code, t h e  va lue o f  ~1 was c a l c u l a t e d  t o  be 1.3574 
WJcm - " C ,  and 6 was es t ima ted  as  -49.1286 W/cm, Th is  r e l a t i o n s h i p  i s  
d e p i c t e d  i n  F ig .  5, which rep resen ts  t h e  r e l a t i o n s h i p  between t h e  l o c a l  

heat  genera t i on  r a t e  and the  GT response f o r  a r e a c t o r  core a f t e r  550 
e q u i v a l e n t  f u l l - p o w e r  days o f  o p e r a t i o n .  

curves ( F i g .  6 )  i n  c o n j u n c t i o n  w i t h  t h e  l o c a l  power l e v e l  m o n i t o r  response 
curves ( f i g .  7 ) ,  a system capable o f  t r a c k i n g  changes i n  t h e  l o c a l  power 
l e v e l  (due t o  c o n t r o l  r o d  movement, burnup, e t c . )  i s  r e a l i z e d .  I t  should 
be no ted  t h a t  t h e  curves ( F i g s .  6 and 7 )  do n o t  have a zero i n t e r c e p t  ( i  .e . ,  
ze ro  power does n o t  i m p l y  zero AT) .  

c h a r a c t e r i s t i c  i s  t h e  b u i l d u p  and subsequent decay 0.f F i s s i o n  products ,  
which accounts f o r  app rox ima te l y  3% o f  t h e  t o t a l  thermal power generated. 
The gammas c o n t r i b u t e d  by r e a c t i o n s  r e p r e s e n t i n g  3% o f  t h e  t o t a l  thermal 
power, however, c o n t r i b u t e  16% o f  t h e  GT s i g n a l  (see d i s c u s s i o n  i n  Chapter 
111). 
f u n c t i o n s  o f  t he  r e a c t o r  burnup ( i . e . ,  the amourit o f  f i s s i o n  p roduc ts  

p r e s e n t ) .  
q u e n t l y  t h e  f i s s i o n - p r o d u c t  gamnia source reach an asymptot ic  va lue  a f t e r  
o n l y  a few days o f  f u l l - p o w e r  operat ion,13 6 w i l l  e s s e n t i a l l y  be a c o n s t a n t  
va lue  except  f o r  a s h o r t  t i m e  f o l l o w i n g  i n i t i a l  r e a c t o r  s t a r t - u p  ( o r  
r e s t a r t ) .  I t  should be noted t h a t  f o r  a c o l d  c l e a n  core ( i . e . ,  no f i s s i o n  
p r o d u c t s ) ,  t h e  i n i t i a l  va lue o f  6 would be zero and t h e  r e s u l t i n g  C a l i -  
b r a t i o n  cu rve  would p robab ly  p a r a l l e l  t h e  curve i n  F ig .  6 .  V e r i f i c a t i o n  

o f  t h i s  c h a r a c t e r i s t i c  would r e q u i r e  knowledge o f  t h e  behav io r  o f  cx as a 
f u n c t i o n  o f  burnup, which i s  beyond t h e  scope o f  t h i s  i n v e s t i g a t i o n .  

By employing t h e  c a l i b r a t i o n  

The p r i n c i p a l  reason behind t h i s  

T h i s  r e s u l t  i n d i c a t e s  t h a t  b i n  E q .  ( 5 )  and 6 i n  E q .  ( 5 )  a r e  b o t h  

However, s i n c e  t h e  f i  ssion-predict c o n c e n t r a t i o n s  and conse- 

The second c h a r a c t e r i s t i c  o f  t h e  GT t h a t  a f f e c t s  i t s  a p p l i c a b i l i t y  as 
a l o c a l  power l e v e l  m o n i t o r  i s  t h e  t i i i ie  cons tan t  o f  t h e  i n s t r u m e n t  i t s e l f .  
I n  Eq. (6), a r e l a t i o n s h i p  between t h e  G T  s i g n a l  (THot - T C o l d )  and the 
i n f e r r e d  LHGR'k i s  g i ven .  
d i f f e r e n t i a l  temperature r e a d i n g  f rom a t r a n s i e n t  HEATING-5 c a l c u l a t i o n  

U t i l i z i n g  the  va lues f o r  a and P, and t h e  
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THOT-TCOLD (CELSIUS 1 
f i g .  6. Cal ibra t ion  Curve f o r  the Power Level Monitor (110.2 MWd/kg 

B u r n u p ) .  

C3 N 

0 

40 60 a0 100 120 0 20 1 

Percent Average Prompt Neutron Power ( % )  

F i g .  7 .  Power Level Monitor Response t o  Changes i n  the  Average 
Prompt Neutron Power. 
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modeling an instantaneous reactor scram, a comparison o f  the actual LWGR 
and inferred LHGR* was made a n d  i s  shown i n  F i g .  8. 
in F i g .  8 indicate t h a t  the GT attained the new power level reading approxi- 
mately 60 s a f t e r  the t ransient  commenced. 
constant was estimated to  be 0.1056 O C / s ,  assuming an  exponential re la t ion-  
ship between A T  and tirile, 

The r e su l t s  presented 

T h e  thermocouple response time 

The r e su l t s  of the one-dimensional calculations indicated tha t  the 
local power level indicator reading o f  the GT (THot - TCold)  would be a 
strong function of  the reactor power b u t  a re la t ively weak function o f  the 
thermal -hydraul i c  environment o f  the GT (principal Sy, the external heat 
t ransfer  coe f f i c i en t ) .  The prel iminary indication i s  confirmed by these 
more detailed calculations.  
power level indication ( i . e . ,  GT s igna l )  as a r e su l t  of an instantaneous 
reactor scram. 
signal and therefore confirm the strong dependence of the GT signal on the 
local power l eve l ,  a s  indicated by the one-dimensional analysis.  The time 
dependence of the local power levcl indication for  an instantaneous sodium 
flow blockage (depicted in Fig. 10) i s  seen t o  remain v i r tua l ly  constant, 
which further exemplifies the in sens i t i v i ty  o f  the local power level 
indicator t o  the thermal-hydraul i c  environment. As a f ina l  confirmation 
of the one-dimensional analytical  r e su l t s ,  a combination instantaneous 
reactor scram and sodium flow blockage was modeled in HEATING-5. 
r e su l t s  f o r  the local power level monitor, however, traced the r e su l t s  fo r  
the instantaneous reactor scram ( F i g .  9 )  exactly a n d  therefore i s  not 
indicated separately. This r e su l t  indicates t h a t  the measured signal 
change i s  due primarily t o  the power level change and therefore i s  
insensi t ive to  the thermal-hydraul i c  environment within the fuel assembly 
containing the GT. 

Figure 9 depicts the time-dependent local 

The r e su l t s  indicate a factor  of 5.5 change i n  the GT 

The 

The r e su l t s  presented i n  t h i s  section appear t o  suggest tha t  t h e  time- 
dependent local power level indicator was shown to  be a strong function of 
the reactor power f o r  the case o f  the reactor scram (Fig.  9 ) ,  yet  insensit ive 
t o  the thermal-hydraulic environment as seen i n  the time response t o  a 
sodium flow blockage ( F i g .  1 0 ) -  
power level monitor i s  feasible  wi Li.1 an adequately strong signal for  
i nierpretation. 

Therefore the use of the GT as a local  
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TIME(s) 
F i g .  8. Comparison of t h e  Ac tua l  (LHGR) Versus I n f e r r e d  (LHGR*) 

Reactor Power Subsequent t o  an Instantaneous Reactor Scram. 

TIME AFTER TRANSIENT ( s )  
F i g .  9. Power Level Moni to r  Response Subsequent t o  an Instantaneous 

Reactor Scram. 



TIME AFTER TRANSIENT ( s )  
F i g .  10.  Power Level Monitor Response Subsequent t o  an Instantaneous 

Sodium Coolant Flow Blockage. 

4 . 2  Use of the Gamma Thermometer as a Possible 
Sodi um F1 ow B1 ockage Monitor (SFBM) 

The investigation of the gamma thermonieter as a possible sodium flow 
blockage monitor (SFBM) i s  based primarily an the posit ive r e su l t s  inbi-  
cated i n  the previous PWR studies3, '+ which analyzed the operation of the 
GT a s  an adequate core cooling monitor ( A C C M ) .  
t h i s  mode i s  principally due  t o  the f ac t  t h a t  the heat transfer coeff ic ient  
on the exter ior  surface of the device depends on the s t a t e  of the coolant 
medium within the fuel assembly. The radial heat t ransfer  character is t ics  
a t  the hot and co ld  lhermocouple locations a re  radically different  under 
normal reactor operations ( i . e . ,  w i t h  the act ive region of the GT inmet-sed 
i n  coolant) .  
reduced by the  gas gap (which functions a s  an i n su la to r ) .  
heat flow in t h i s  region i s  principally in the  axial direct ion.  
contrast ,  the radial heat f l o w  a t  the cold thermocouple i s  r e l a t ive ly  
unrestricted during normal operation. This  d i f f e ren t i a l  heat t ransfer  

Operation of  the GT i n  

The radial heat f l o w  a t  the hot thermocouple i s  sharply 
Therefore, the 

By way o f  
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resu l t s  i n  a re la t ive ly  higher temperature a t  the h o t  thermocouple. 
Therefore, a decrease i n  the heat removal capacity of the coolant medium 
( i . e . ,  a decrease in the ex ter ior  heat t ransfer  coeff ic ient  via flow 
blockage) will be reflected as a reduction o f  the temperature d i f fe ren t ia l  
between the two thermocouple locations as well a s  higher absolute tempera- 
tures for b o t h  locations i f  the volumetric source remains constant. I t  i s  
hypothesized tha t  the temperature d i f fe ren t ia l  (as  measured by the thernio- 
couple) can be used t o  indicate the presence or absence of  the coolant 
flow in t h a t  par t icular  fuel assembly. 

4 . 2 . l  Design Modifications t o  Include Sodium Flow B l o c 3 e  Detection --- l-l_____ 

The use of the GT as  a possible sodium flow blockage monitor i s  
dependent on the a b i l i t y  o f  the device t o  indicate changes in the sodium 
flow ra te  ( v i a  the exter ior  heat t ransfer  coef f ic ien t )  w i t h o u t  compromising 
i t s  use as  a local power level monitor. Consequently, the signal ut i l ized 
for  the flow blockage monitor must be a weak function of the reactor power 
a n d  a strong function of the heat t ransfer  and  thermal-hydraulic 
charac te r i s t ics  o f  the fuel assembly -- exactly the opposite of the signal 
requirements f o r  the power level mode o f  operation. 

I n  l igh t  of the desire  t o  produce a flow blockage monitor response 
w i t h  the above charac te r i s t ics ,  a simple expedient i s  t o  divide Eq.  ( 2 )  
by E y .  (3 )  (see Chapter 1 1 ) ,  thereby eliminating the dependence on q ,  
gi v i  rig: 

Figure 11 i l l u s t r a t e s  the relationship show i n  Eq. ( 7 )  and ver i f ies  the 
strong dependence o f  the r a t i o  o f  the thermocouple signals on the exter ior  
heat t ransfer  coeff ic ient .  Although E q .  ( 7 )  possesses the desired char- 
a c t e r i s t i c s ,  the r a t i o  specified requires tha t  a d d i t i o n a l  i n f o r m a t i o n  be 
incorporated into the response. I n  par t icu lar ,  i t  requires t h a t  two absolute 



28 

I 

HEAT TRANSFER COEFFICIENT (W/rn2-"C) 

F i g .  11. T h e o r e t i c a l  F l u i d  Level  C h a r a c t e r i s t i c s  o f  t h e  Standard 
Gamma Thermometer Using t h e  Coolant  Temperature as t h e  Reference Temperature 

temperature measurements ( o r  one a b s o l u t e  and  one d i  f f e r c n t i a l  measurement) 
as w e l l  as an e x t e r n a l  measurement o f  t h e  c o o l a n t  temperature be a v a i l a b l e .  

To remedy t h i s  s i t u a t i o n  o f  r e l y i n g  on i n f o r m a t i o n  f rom e x t e r n a l  

measurements, a s l i g h t l y  mod i f i ed  v e r s i o n  o f  t h e  GT can be u t i l i z e d .  
m o d i f i c a t i o n  c o n s i s t s  o f  i n c o r p o r a t i n g  a t h i r d  thermocouple j u n c t i o n  
between t h e  h o t  and c o l d  j u n c t i o n s  o f  t h e  s tandard des ign (see F ig .  1 ) .  
T h i s  w i l l  r e s u l t  i n  a dev i ce  ( F i g ,  12) which c o n t a i n s  a " d u a l - d i f P e r e n t i a 1 ' '  
thermocouple ( F i g .  13)  capable o f  measuring b o t h  t h e  l o c a l  power l e v e l  
response and a p o t e n t i a l  f l o w  blockage response. 

The 

Theoretically, an a l t e r n a t e  response t h a t  i s  i n s e n s i t i v e  t o  t h e  power 

l e v e l  can be c o n s t r u c t e d  by u t i 1  izs 'ng t h e  a d d i t i o n a l  temperature measure- 
ment a t  t h e  p o i n t  between t h e  h o t  and cold j u n c t i o n s  ( g i v e n  as Tlnid i n  
F igs .  12 and 1 3 ) .  R e f l e c t i n g  a r e l a t i o n s h i p  s i m i l a r  t o  t h a t  g i ven  i n  Eqs, 
( 1 )  and ( 2 ) 9  t h e  temperature at- t h i s  p o i n t  i s  g i ven  by:  

f ...(I .... 

m2 k 
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ORWL DWG OD 19423R 

F i g .  12. Schematic o f  the M o d i f i e d  Gamma Thermometer. 

ORNL-DWG 81-5370 R 

Signal 

Q 
A I u ni e I 

F i g .  13. Schematic o f  the Nodi f i  ed Gamma Thermometer Thermocouple 
Design . 
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so t h a t  the proposed flow blockage response i s  given by: 

-ka. mL R~ 
(THot - TMid) 2R: ( 1  - e -2mL2)  

) - 2eLmL2] - (TMid TCold) = [ ( l  + e -2mL2 

2 ml R, 
--.ALL 

(THot - TMid) 2R: ( 1  - e -2mL2)  

) - 2eLmL2] - (TMid TCold) = [ ( l  + e -2mL2 
( 9 )  

A plot  of the flow blockage response as indicated by Eq. ( 9 )  i s  shown in 
Fig. 14 ,  indicating a strong dependence on the surface heat t ransfer  
coeff ic ient ,  Incorporation of the actual heat t r ans fe r  coeff ic ients  
u t i l i zed  in the HEATING-5 calculation f o r  an instantaneous sodium flow 
blockage ( i  . e . ,  approximately 81,500 W/m2"C and 34,600 W/m2"C)  i n to  E q .  ( 9 )  
yielded a change i n  the flow blockage moni to r  response frain approximately 
14.0 t o  9 .6 ,  
analysis of the sodium flow blockage s igna l .  

This r e su l t  provides incentive f o r  fur ther  computational 

1 0 '  10: 10-1 l o - >  1 0 - 3  10.'. 

3ECT TRANS'ER COEFFICIENT (W/cm2-'C) 

F i g .  14. Theoretical Fluid Level Characterist ics of the M o d i f i e d  
Gamma Thermometer Using  an Internal Temperature as t h e  Reference Tempera- 
tu re .  
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Analogous 
pendent of the 
available from 

t o  the response of E q .  ( 7 )  
power level .  Moreover, i t  requires no information riot 
thermocouple measurements within the GT ( i  . e .  

t h i s  response i s  nominally inde- 

the instrument 
i s  self-contained).  

‘Mid requis i te  information i s  t o  measure THot - 
di f fe ren t ia l  TC and  TMid - TCold (GV2 in F i g .  13) with another d i f fe ren t ia l  
TC in se r i e s  with the f i r s t  TC, as shown in Fig. 13. The r a t i o  of the two 
signals would yield the sodium flow blockage s ignal ,  and the sum o f  the two 
signals would yield the local power level signal.  Alternatively,  a pair of 
d i f fe ren t ia l  thermocouples ( 4  leads versus 3) can be constructed and used. 

A re la t ive ly  straightforward manner of obtaining the 
( A V ,  in Fig. 13 )  with one 

Analogous t o  the local power level monitor analysis ,  the local thermal- 
hydr,aulic conditions should be measurable us ing  E q .  ( 9 )  as a response. 
above theoretical  analysis ,  however, merely i l l u s t r a t e s  the potential 
f e a s i b i l i t y  of using the GT as a sodium flow blockage monitor.  
numerical analysis i s  required to evaluate the assumptions ut i l ized t o  
c harscter ize the response. 

The 

Further 

4.2.2 Results as  a Flow Blockage Monitor ____ 

The resu l t s  of the one-dimensional calculation presented above indi- 
cated t h a t  the sodium flow blockage monitor reading of the GT (THot - T M i d ) /  

‘TMid - TCold 
environment b u t  v i r tua l ly  independent o f  the reactor power. 
t h i s  resu l t  and determine the robustness o f  the sodiuni flow blockage 
s ignal ,  the modified GT was analyzed for  behavior during normal reactor 
operating conditions and during and subsequent t o  the reactor t ransients  
used in the local power level signal characterizations.  

) would be a s t rong function o f  the thermal-hydraulic 
Po verify 

As indicated in Fig. 15,  however, the anticipated response of the 
proposed indicator t o  the transient - an instantaneous decrease in the 
sodium velocity - cannot be considered t o  be robust .  
do  show a s l i gh t  decrease in the s ignal ,  t h i s  decrease i s  well within the 
e r ror  band of  the d i f fe ren t ia l  thermocouples. Hence the in te rpre tab i l i ty  
o f  the signal i s  open t o  serious question. 
r e su l t  are the high i n i t i a l  thermal conductivity of l iquid sodium, coupled 
with the re la t ive ly  small change (approximately 42%) in the ex ter ior  heat 

Although the resu l t s  

The primary reasons for  t h i s  
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F i g .  15. Sodium Flow Blockage Monitor Response t o  an Instantaneous 
Sodi urn F1 ow B1 ockage 

t ransfer  coeff ic ient  caused by the change from flowing sodium t o  stagnant 
sodium. Additionally, the calculation f o r  the more r e a l i s t i c  model used 
in the HEATING-5 calculation also resu l t s  in  a decrease in the potentia 
s ignal .  As shown in Fig. 16 ( a  plot  of the centerline temperature 
dis t r ibut ions calculated via both iiiethods) , the e f fec ts  of the simplify 
assumptions used in the theoretical  analysis are  evident. Thus the use 
o f  the more r e a l i s t i c  assumptions ( i  .e .  , two-dimensional heat t ransfer ,  
temperature dependent properties mu1 tirnocle heat t ransfer  coeff ic ients ,  
e i c . )  in the HEATING-5 calculation resulted in a smoother, l e s s  sensi t ive 
temperature dis t r ibut ion a n d  lhereby decreased t h e  change in the flow 
blockage signal response from approximately 4 .4  (calculated via E q .  9 )  t o  
l e s s  than 1 .O (calculated via HEATING-5). 
flow blockage indicator t o  the reactor scram, however, was upheld (see 
Fig. 1 7 ) .  The apparent noise in the signal i s  due t o  roundoff errors  in 
the calculation and i s  within the error  band of the d i f fe ren t ia l  thermo- 
coup1 es I 

‘The insens i t iv i ty  o f  the sodium 
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F i g .  16. Comparison of  the Steady State  Center1 ine Temperature 
Distributions Before and After a Sodium Flow Blockage. 

I I I I 

10 30 t I] SI1 

TI,;; AFTER TRANSIENT ( s )  
t 

Fig. 17 .  Sodium Flow Blockage Monitor Response t o  an Instantaneous 
Sodi urn F1 ow B1 ockage. 
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As in the case of  the local power level indication, a combination 
instantaneous reactor scram and sodium flow blockage calculation was 
executed t o  confirm the one-dimensional resu l t s .  Analogous t o  the local 
power level indication r e su l t s ,  these resu l t s  indicated no discernible 
difference when compared t o  t he  resu l t s  of the sodium flow blockage indi-  
cation f o r  a sodium flow blockage alone ( i . e . ,  the same s l igh t  d r o p  in the 
s ignal ;  see F i g .  15) .  Hence, the potential for  u t i l i z ing  the gamma thermo- 
meter as a sodium .flow blockage monitor (analogous t o  the PWR application) 
appears not t o  be feasible with the design studied. 

V .  CONCLUSIONS AND RECOMMENDATIONS 

The i n i t i a l  contention t h a t  the ganinia thernionieter can be used as  a 
local power level measurement device has been upheld by the more detailed 
calculations described in t h i s  report;  however, u t i l i za t ion  as a dual- 
purpose ( i  . e . ,  b o t h  power level a n d  sodium flow blockage) measurement 
device (analogous t o  the PWR case) was judged to be infeasible .  The 
signal u t i l i zed  t o  indicate the local power level i s  proportional t o  the 
L H G R  and i s  insensit ive t o  the thermal-hydraulic environment. Thus, i t  
should be possible t o  infer  the reactor power lcvel regardless of changes 
i n e i t he r  the reactor power or therriial -hydraul i c  environment. The sodi urn 
flow blockage indicator response t o  changes in the thermal-hydraul i c  
environment (via  the exter ior  heat t ransfer  coeff ic ient)  was shown to  be 
negl i gi b l  e. 

The detailed characterization of the radiation f i e l d  has determined, 
for  the specif ic  fuel assembly and GT model considered, the geometrical 
location of the various gatiima sources re la t ive  t o  t he i r  importance t o  the 
GT s ignal ,  and has also characterized the inaterials t h a t  contribute t o  
the response. Specifically,  I h e  part ic les  responsible f o r  t h e  GT signal 
are produced primarily w i  thi  ti the j nstrumented assembly i t s e l  f (A%%). 

Moreover, approximately 52% o f  t h e  signal i s  produced by par t ic les  
originating within the  f i r s t  three rows of fuel pins (50% o f  t he  neutrnn- 
induced gammas and 54% o f  the fission-product decay gammas). 
signal i s  representative o f  the - _  local heat generation rate  (LHGR) .  

Hence the GT 
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Of those gammas which contribute to  the GT s ignal ,  16% are traceable 

O f  the remaining 84% of the s ignal ,  25% resu l t s  from prompt 
to the decay of f i ss ion  products within the fuel pins ( a t  110,200 MWD/T 
bu rnup) .  
f iss ion gammas, 50% resu l t s  from other neutron-induced reactions such as 
(n,.,) and ( n , n ' y ) ,  and 9% resu l t s  from d i r ec t  neutron heating. The total  
GT signal was a lso characterized by the material region in which the gammas 
were produced: 94% originated in the fuel pins, 1 %  in the coolant, 2% in 
the fuel assembly cladding, a n d  3% in the body of the GT i t s e l f .  

Based on the resu l t s  of the transport  analyses, the GT power level 
signal cal ibrat ion will depend on burnup.  Since the gammas from f iss ion 
products account for  only 3% o f  the thermal power ( w i t h  the reactor a t  fu l l  
power) b u t  16% of the GT signal a t  a b u r n u p  of 110,200 MWD/T, the calibration 
curve for  the device will resu l t  i n  a non-zero intercept in general. 
ever, since the fission-product gamma source asymptotes rapidly ( s a  few 
full-power days),  such an e f fec t  represents only  an i n i t i a l  t ransient  in 
the cal ibrat ion curves fo r  the s t a r t - u p  o f  the reactor ( and  possibly a 
t ransient  on r e s t a r t ) .  

How- 

The thermal-hydraulic analyses described in th i s  report have shown, 
in a preliminary sense, tha t  although the GT signal information can be 
u t i l i zed  t o  measure the LHGR,  as presently configured i t  will not  detect  
a sodium flow blockage. The resu l t s  did,  however, indicate tha t  the local 
power level signal i s  re la t ive ly  insensit ive t o  the thermal-hydraulic 
environment and i s  readily interpretable .  A reactor scram (decrease from 
100% t o  3% in thermal power) resulted in a reduction of the local power 
level signal by a factor  of 5 .5 .  Conversely, the proposed sodium flow 
bloc.kage indication was judged t o  be non-interpretable. The simulated 
sodium flow blockage ( a t  power) resulted i n  the flow blockage indication 
changing by only a s l i gh t  amount (14.02 t o  13.68). 

Although the resu l t s  obtained in t h i s  study provide both  encouragement 
and incentive t o  pursue the GT as a viable nuclear instrument for  local 
power level measurement, t h i s  study m u s t  be regarded a s  only a f i r s t  s tep 
toward complete characterization o f  the device. I n  par t icu lar ,  the 
adequacy of the many approximations and assumptions necessary t o  perform 
this, study must be validated. More spec i f ica l ly ,  the areas requiring 
fur ther  study o r  tnore detailed analysis are:  
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1 .  The e f f e c t  o f  t h e  two-dimensional  d i s c r e t e  o r d i n a t e s  approx imat ion.  
A three-d imensional  Monte Car lo  a n a l y s i s  i s  necessary t o  v e r i f y  t h e  
o v e r a l l  LHGR-to-cnergy-deposition-rate r e l a t i o n s h i p  ob ta ined  i n  t h i s  
s tudy,  and a l s o  t o  model t h e  geometry more adequate ly  u s i n g  
c o m b i n a t o r i a l  geometry. 

2 .  The e f f e c t  o f  p l a c i n g  t h e  GT i n  a b l a n k e t  assembly ( i n t e r n a l ,  upper, 
o r  l ower )  o r  p o s s i b l y  a c o n t r o l  assembly. 

3. The i n i t i a l  t ime  dependence o f  t h e  GT s i g n a l  as a f u n c t i o n  o f  burnup. 

S ince t h e  i s o t o p e s  o f  t h e  f u e l  change n o n l i n e a r l y  w i t h  t ime, i t  i s  
reasonable that, t h e  GT c a l i b r a t i o n  w i l l  a l s o  v a r y  n o n l i n e a r l y  as 
a f u n c t i o n  o f  fuel i so topes .  

4. The d u r a b i l i t y  o f  t h e  GT t o  the harsh environment ( temperature,  

r a d i a t i o n ,  e t c . )  w i t h  r e s p e c t  t o  t h e  m a t e r i a l  c h a r a c t e r i s t i c s  o f  t h e  
GT body and thermocouples.  

5. The i n f l u e n c e  o f  p e r t u r b a t i o n s  o f  t h e  neu t ron  f i e l d  on t h e  response 
o f  t h e  GT. 
t h e  neu t ron  f i e l d  ( v i a  c o n t r o l  r o d  movement, e t c . )  which w i l l  a f f e c t  
bo th  t h e  magnitude and t h e  l o c a t i o n  o f  t h e  gamma sources c o n t r i b u t i n g  
t o  t h e  response. 

Not considered i n  t h i s  s tudy were p o s s i b l e  changes i n  

6 .  C o n t i n u a t i o n  o f  t h e  s e n s i t i v i t y  a n a l y s i s  t o  i n c l u d e  t y p e  o f  r e a c t i o n  

(i .e. , c a p t i v e ,  i n e l a s t i c ,  e t c . ) .  

7 .  Dete rm ina t ion  o f  how (and where) t h e  GT can be i n s t a l l e d  i n  an LMFBR 
w i t h o u t  r e q u i r i n g  major  r e a c t o r  des ign changes. 

8. The f e a s i b i l i t y  o f  m o n i t o r i n g  t h e  sodium f l o w  r a t e  u t i l i z i n g  two ( o r  
more) gamnia thermometers a t  d i f f e r e n t  a x i a l  l o c a t i o n s  w i t h i n  an 

i nstrumented f u e l  assembly. C1 e a r l y ,  t h e  re1  a t i  v e l y  smal l  change i n  
t h e  e x t e r i o r  heat  t ransfer  c o e f f i c i e n t  a t  a s i n g l e  GT a c t i v e  regime 
has been shown t o  be inadequate f o r  s i g n a l  i n t e r p r e t a t i o n .  However, 
by  ei i iploying two GTs i n c o r p o r a t i n g  bo th  an a b s o l u t e  TC and d i f f e r e n t i a l  
TC a t  each annu la r  l o c a t i o n  (one i n  t h e  l ower  s e c t i o n  o f  t h e  a c t i v e  
co re  and t h e  o t h e r  i n  the upper s e c t i o n  o f  t h e  a c t i v e  c o r e ) ,  t h e  mass 
f low r a t e  - -and  hence a measure o f  t h e  sodium v e l o c i t y  c o u l d  p o s s i b l y  
be i n f e r r e d .  T h i s  approach i s  based on t h e  r e l a t i o n s h i p  
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P(z)dz  = rfiC [ T ( Z l )  - P ( Z 0 ) J  , i:: P 

where in = mass flow r a t e  of sodium, 
= sodium heat capacity, and cP 

T(z i )  = temperatures a t  the two GT locations.  

Thus, i f  the a x i a l  power dis t r ibut ion P ( z )  i s  known (perhaps via the 
local power level indication capabi l i ty  o f  the G T ) ,  the velocity o f  
the sodium can be determined i f  cer tain simplifying assumptions can 
be made r e l a t ive  to  the spec i f i c  heat and density o f  the sodium. 
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