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ABSTRACT 

The Self-Powered Neutron Detector (SPND) Measuring System is evaluated 

to determine its ability to indicate temperatures of the f uel rods in the 

TMI-2 reactor core during the accident.  (The ability of the system to 

perform as specified is not a consideration.)  

We cnnclude for the following reasons that the SPND Measuring System 

did not provide  f uel rod temperatures during the accident. 

1 .  The heat transfer characteristics vary over a range of five 

oct a ves . 

2. Within the range of 1200 to l800°F,  the SPND responds to tempera­

ture from convection radiation from the fuel rods and self-heating 

from the gamma flux. 

3. Within the range of 1200 to 1800°F, t�� signal cable introduces 

masking signals that are a function of gamma heating, integrated 

temperature over the cable, and core water level velocity. 

4. The data system's worst-case signal-to-noise ratio from aliasing 

is OdB. 

5. The recorder system's worst-case signal-to-noise ratio from 

alia�ing is -24dB. 

i i 
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EXECUTIVE SUMMARY 

This report technica l ly ex amines in d epth the poss i b i l i ty of extracting 

time-temperature profil es for the d amaged TMI-2 reactor core d u ring the 

accident , from d ata p rod uced by the fl ux monitoring syst2m. The f l u x  moni­

toring system comprises se l f-powered neutron detectors ( SPNDs ) that are 

d istributed throughout the reactor core i n  a three-dimensiona l  a rray . It 

h as been shown that i n  the temperature range of interest , 1 200 to 1 800°F, 
the SPNDs h ave a pred i cta b l e  temperature response that w i l l  provide s i gna l 

l eve l s  comp atibl e  with the measu remtnt system. Data from the TMI-2 fl ux 

monitoring system recorded d u ring the acc i dent i nd i c ate the presence of 

l arge s i g n a l  l e ve l s  a bout 2.5 hr after the i n i t i a l  sc ram. These large s i g­

n a l  l eve l s  are not from neutron f l ux , a nd therefore must be from tempera­

ture . It is from th i s  d ata that i nformati on on t ime-temperature profi l es 

i s  desired . 

The report shows that the desi red t i me-temperature profi l es i n  the core 

d u r i ng  the accident cannot be obta i ned from the fl ux mon i tor system d ata , 

for the fo l l owing re asons: 

1 .  The heat transfer character i sti cs from fuel rod to SPND are h i ghl y 

uncertain. Th i s  c auses great d i ffi c u l ty i n  try i ng  to rel ate fue l 

rod temperature to SPND temperature. 

2 .  The s i g n a l  from the SPND i s  summed w i th s i gna l s  generated i n  the 

she athed c a b l e  that prov i des e l ectri cal connecti ons to the SPNDs. 

The cab le  s i gn a l  i s  of the same magn i tude as the SPND s i g n a l  and 

a funct i on of d i fferent var i ab les ,  such as the average temperature 

a l ong the l ength of the c abl e and the vel oc i ty at whi ch the water 

l eve l i s  fa l l i ng a l ong the c a bl e. Th i s  spur i ous s i g n a l  c annot be 

separated from the SPND temperature s i g n a l .  

3 .  The dynam i cs of the SPND s i gn a l  w i del y vary , d ue to a l arge 

var i at i on i n  bandwi dth of the sheathed c a b l e  c aused by h i gh 

temperatures. 

i X 



4. Sample rates in the data s ystem and  multi-point recorder a re such  

that signal-to-n oise ratio of the data c a nnot be  guaranteed to be 

any better than 0 db . In other words, the level of noise from 

aliasing is equ�l to the level of s ignal . 

The report develops these conclusions  thoroughly, covering such topics 

a s  heat transfer , SPNO temperature response, c a ble effects, and an analysis 

of  the s ample data system. 



RESPONSE OF THE SPND MEASUREMENT SYSTEM 

TO TEMPERATURE DURING THE THREE MILE ISLAND UNIT 2 ACCIDENT 

INTRODUCTION 

This report documents the resu l ts of a study undertaken at the request 

of the Technical Integration Office (TIO) at the Three Mi l e  Isl and (TMI) 

Facil ity . The TIO is operated by EG&G Idaho for the Department of Energy. 

Its basic charge is to l earn as muc h as pos s i ble from Lhe aftermath of the 

TMI-2 accident as to how the var i ous systems , subsystems , and components 

to l erated the accident . The various studies and tests are being performed 

in conjunction with the decontamination retrof i t  and requalificati on work 

being done on the facil ity . The information gathered by the TIO i s  pub l ic 

d omain and wi l l  be dis seminated to interested groups ,  suc h as ut·; l ity oper­

ators , A&E firms , univers�t i es , and other groups expressing i nterest . 

The spec i fic question that i nitiated th i s  study concerns the behav i or 

of the f l ux monitoring system during the accident. The purpose of the f l ux 

monitoring system at TMI is to establ is h  the shape of the neutron f l ux i n  

the reactor core when i t  is at steady state power. The shape i s  estab l i shed 

from d ata obtained by a three-di mensional array of point measurements of 

neutron f l ux d i stributed throughout the reactor core. These poi nt measure­

ments are made by se l f-powered neutron detectors (SPNDs) .a The SPND is a 
rather smal l device used i n s i de of reactor cu:es to measure local fiux den­

s i ties . It is an un powered in strument that generates an e l ectri c current 

through the interact i on of therma l neutrons w i th the sensiti ve porti on of 

the SPND called the em i tter. A s heathed cab l e ,  with aluminum oxi de d i elec­

t i ve ,  carr i es the s i gnal current through the pressure boundary to a hard-to­

soft sp l ice and on to a data recovery system. The data system processes the 

SPND i nformati on and outputs i nformation on the flux shape. When the reac­

tor is shut down there is no neutron flux present and the SPNDs indi cate no 

output . However , dur i ng the acci dent this was not the case. About 2.5 hr 

after the i n i t i al scram , the f l ux monitor system indicated very high s i gnal 

a. Ste Appendix A for vendor data on SPNDs . 
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l ev�1s. F i g u re 1 i nd i ca��s a sketch of the data taKen from the backu p  

recorder . I t  has been shown
a 

tn�� ���ve 700°F the SPND w i l l  start t o  

generate a current that i s  a funct i on of temperature . S i nce the reactor was 

shut down9 these l arge l eve l s  of s i gnal s  must have been from temperature 

effects. 

Thus9 the spec i f i c  quest i on asked by the T IO was whether  t he data from 

the f l ux monitor system cou l d  be ut i l i zed to obtai n  a th reP-d i mensi onal 

t ime-temperature prof i l e  of t he f ue l  rods i n  the reactor core thut wou l d  

prov i de i nformation on t he evo l ut i on of core damage . In order to address 

thi s spec i f i c  quest i on, a b l ock d i agram was conceived to anal yze the f l ux 

moni tor i ng system1s behavi or as a temperatu re moni tor i ng system (see 

F i gure 2 ) . It i l l ustrates how t he f l ux mon i tor i ng system wou l d  have to 

t ransform fue l temperature i nformat i on i nto i nformat i on out of the data 

system and back up recorder . In order to ascerta i n  f uel rod temperature from 

the SPND measurement system, the transfer  character i st i cs for each b l ock i n  

t he system must be p reci sely i dent i f i ed so the fue l  temperatu re i nformat i on 

can be determ i ned from the recorded output . Th i s  report fol l ows the struc­

ture of the b l ock d i agram of F i gure 2. I;• general,  each b!ock wil l be 
analyzed i n  detai l by a sect i on of th i s  report. The attempt i s  to try to 

bound each b l ock's t ransfer character i st i cs and establ i sh i ts uncertai nt i es .  

The f i rst th ree b l ocks  are anal yzed over the temperatu re range of 650 to 

1 800°F . The response of B l ocks 4, 5 ,  and 6 i s  based on the SPND �e1•1g at 

moderate temperatu res ( 1 000°F) , whi�h was not al ways the case . Thi s  

approach i s  argued to be va l i d  because i t  w i l l  be shown that at mcderate 

temperatures the transfer character i st i cs of B l oc ks 4 ,  5 ,  and 6 establ i sh 

unacceptabiy h i gh uncerta i nt i es, whereas Jt h i gh temperat ures, the transfer 

characterist i cs of B l ocks l ,  2 ,  and 3 estab l i sh unacceptab ly  h i gh uncer­

tainties. Thus, i t  w i l l  be shown i mpossi bl e  to obtai n  te�rerat ure-t i me 

p rof i l es from t he SPND acc i dent data w i th any acceptab l e  l eve l s  of 

uncertai nty . 

a .  Work by Babcock & Wi l cox; see Append i x  B .  
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HEAT TRANSFER CHARACTERISTICS FROM FUEL 

TO THE SPND 

Core Envir�nment 

The nonnal operating condition of the TMI-2 reactor is approximatel y  

582°F (average ) at a pressure of 2155 psig. After the accident, the reduced 

pressure a l l owed boil ing. Over time, the l evel of the boil ing water dropped 

bel ow the top of the core. Thus, at the beginning, the heat transfer from 

fuel to SPND was through boil ing water. As the l evel dropped further, a 

given e l evation woul d  be a transition region consisting of the surface of 

the boi l ing water, steam, and gas. The gas wou l d  probab l y  be a mixture of 

hydrogen and fis�ion gases. The water must have been churning such that 

a l ternate heating and quenching of the fue l and detector surface was taking 

p l ace. L3ter, this e l evation wou l d  be in a steam or gas-steam mixture. The 

purpose of this section is to scope and b0•md the heat transfer character­

istics during this time. This is not an attempt to model o r  define these 

characte ristics. 

Co re Geometry 

The 12-ft core has 177 fuel assemblies. Each assembly has 225 posi­

tions in a 15 by 15 lattice consisting of 208 fuel rods, 16 control rods, 

and one inst rument tube in the cente r. Each fuel rod is 0.430 in. in dia­

meter and each inst rument tube is 0.493 in. in diamete r, with 0.088 in. 

spacing between rods and tubes. Fifty -two of the inst rument tubes contain 

seven SPNO flux detecto rs dist ributed unifo rmly ove r the 12-ft ve rtical 

height of the co re. These 364 SPNO yield axial flux sh:pe and level info r­

mation. Each inst rument tube has fuel rods in the eiqht adjacent positions. 

Both the fuel rods and inst rument tubes have zi rcaloy-4 su rfaces. Figure 3 

summa rizes this info rmation. 

Heat T ransfe r: Convection/Conduction Path 

Figure 4 illust rates the va rious heat t ransfer modes. The fuel rod is 

the heat sou rce having tempe ratu re TR, and the inst rument tube is the heat 

sink having tempe ratu re T0, which means TR > T0. The SPNO is 

4 
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assumed to be at temperature T0• The f i gure assumes a p l a i n, 

one-dimens i on a l  steady-state l i near mode l where q i s  the heat f l ux. 

The convect i on/conduct i on path K i s  composed of three e l ements . The 
c 

heat transfer through the surface reg ions (wh i ch is cons i dered very th i n) 

i s  descr i bed by the heat transfer coeff i c ient (or surface conducti vity) h 

as fo l l ows: 

and 

( 1 ) 

lhe convection/conduction transfer through the medi um is described using the 

thermal conductivity K as follows: 

( 2) 

where X is the distance between rod and tube. 

The heat flux flowing from the! source to the sink through the convec­

tl�n/conduction path must be the same through each of these elements: 

qc 
= qh 

= QK = qh ( 3) 
1 2 

which is equa1 to 

TR - To ( 4) qc 
= 1 + 1 + 1 

R7X f1l K2 
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There is no reason to expect conditions at the rod surface to be different 

from conditions at the tube surface. The materia l is the same and the 

spacing small. Therefore, assume that 

(5) 

Also , let 

(6) 

and remember that X = 0.00733 ft. Then 

(7 ) 

where 

= 

This describes the heat f lux transferred through the convection/conduction 

path. 

A va lid question can be raised concerning the conduction element in 

this path. The inc lusion of the conduction e lement in series with �he two 

convection e lements may not be justifiab le due to the presumed wel l-mixed 

nature of the heat transfer medium. In other words, if temperature T1 
equa ls temperature T2, then the therma l r�sistance is zero, or the con­

ductivity K is infinite. However, its inc lusion has the effect of reducing 

the uncertainties in this path and hence wi l l  be used. This results in a 

more conservative analysis. 

Heat Transfer: Radiation Path 

The heat f lux transferred through the rac1ation path i s  a litt le  

simpler to describe: 

7 



qr 
= Kr liT (8) 

where 

4 T 4) 
Kr 

of ( TR - D = (T - r o' R 
and 

a = the Stefan- Boltzmann constant 1.714 x l0-9 ( Btu/h rift
2

/0R
4) 

F = a module which modifies K to account fo r the emittances, r 
relative geomet ry facto r of the rod (s), and tube and 

attenuation in the heat t ransfe r medium. 

N0w the total heat flux per deg ree Fah renheit is 

Note: Deg rees Roentgen (0R) = 459.7 +deg rees Fah re�heit (°F), and 

rep resents absolute ze ro on the Fahrenheit scale. 

Numerical Values 

( 9) 

The next step is to bound the nume rical �lues of the coeff1cients 

used. Table 1 gives va rious values fo r the thermal conductivity (K) of qas, 

steam, and water at va rious tempe ratu res of in�e rest. 1 Values fo r the 

heat t ransfe r coeffiecient (h) are more difficult to define since it is a 

ve ry complicated p rocess, a function cf many pa ramete rs. Only a b road range 

of values can be given fo r the gene ral case as indicated in Table 2. These 

values a re only ballpark figu res, but a re the best that can be d�ne without 

mo re specific irfo rmation. Remembe r, the intent is to bound the heat 

transfe r cha racte ristics. 
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TABLE 1. RANGE OF THERMAL CONDUCTIVITIES (K) 

Temperature 
( OF ) 

212 
650 

1200 
1800 

Gas 

0.018 
0.025 
0.035 
0.045 

Steam 

0.015 
0.025 
0.045 
0.065 

Water 

0.40 
0.30 

TABLE 2. ORDER OF MAGNITUDE OF HEAT TRANSFER COEFFICIENTS (h) 

Coolant 

Gas, free convection 
Superheated steam o r  gas, fo rced convection 
Water, forced convection 
Water, boiling 
Steam, condensing 

Range 

h (Btu/h r/ft2/°F) 

1 to 5 
5 to 50 

50 to 2 000 
500 to 10 000 
000 to 20 000 

The heat t ransfe r coefficient (K ) fo r the convection/conduction path c 
can be calculated for the va rious conditions. Table 3 p resents these 

calculations. 

Table 4 gives the co rresponding values fo r the radiation path heat 

t ransfe r coefficients fo r va rious tempe ratu re diffe rences fo r the case of 

F = 1. It will be assumed that the fuel rod su rface and the detecto r tube 

are near the same temperatu re but still TR > T0. This means that the 

table values on the diagonal are of g reatest inte rest. These values must 

be modified fo r va rious othe r �ffects. Fi rst, the geomet ry shape facto r 

desc ribes the amount of radiant heat flu x seen by the heat sink. Since the 

inst rument tube is sur rounded by fuel rods, this factor should be high. A 

value of 0.8 is selected. The second facto r is the emittance of the su r­

face, which is a function of tempe ratu re, wavelength, roughness, scaling, 

and othe rs. This facto r can va ry ove r a wide range. Values f rom 0.4 to 0.8 

have been selected as typical. The thi rd effect is the absorption, reflec­

tion, and re radiation by gas, steam, and wate r. He re again, this is a 

9 
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TABLE 3. OVERALL HEAT TRANSFER COEFFICIENTS (K) FOR THE 
CONVECTION/CONDUCTION PATH 

Kc 
= ("Tk +f. r (Btu/hr/ft

2
t•F) 

Val ue of Kc 
Temperature (Btu/hr/tt2rF} 

Coo l ant or K(Btu/hr/ft2/°F)  h = 1 h = 2 

Gas , free convec t i on 212 0.018 0.42 1.2 
600 0.025 0.44 1.4 

1200 0.035 0.45 1.6 
1800 0.045 0.46 1.8 

Gas, forced c onvecti on 212 O.Gl8 1.2 2.? 
600 0.025 1.4 3.0 

1200 0.035 1.6 4.0 
1800 0.045 1.8 4.9 

Steam, superheated forced 212 0.015 1.1 1.9 
convecti on 600 0.025 1.4 3.0 

1200 0.045 1.8 4.9 
1800 0.065 2.0 6.5 

Steam, conden s i ng 212 0.015 2.0 2.0 
600 0.025 3.4 3.4 

1200 0.045 6. 1 6. 1 
1800 0.06 5 8.7 8.9 

Water, forced convection 212 0.40 50 2 000 
600 0.30 17 52 

1 200 16 39 
1800 

Water, bo i l ing  212 0.40 500 10 000 
600 0.30 54 54 

1200 35 41 
1800 

function of temperature, wavelength, geometry, and density of the med i um. 

Little radiation will be transmitted through the water. Select a value 

range of 0.01 to 0.1. For steam, select a value range of 0.1 to 0.9, and 

for air, which will pass essentially all radiant heat use, a value of 1.0. 

Mu1tiplyi�g these three factors together will give a crude estimate of the 

range of F. 
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TABLE 4 . HEAT TRANSFER COEFFICIENTS FOR THE RADIATION PATH 
(TABLE VALUES FOR THE CASE OF F =  1) 

K 1 . 7 14 x l 0-9F 
(TR

4 - TD
4)oR 

(Btu/hr/ft2/°F) = 
(TR - TD

)oF r 

TR 

TO 212 600 1200 1800 
(oF) (OF) (oF) L__ (OF) 

2 1 2  2 . 1 5. 1 13 28 

600 9 . 4 19 37 

1200 3 1 53 

1800 79 

A l l the i nformat i on from Tabl es  3� 4 , and  5 have been conso l i d ated i n  

the bar g raph of F i gure 5. The l ength of the bar shows the u ncert a i nt y  

a s s oc i ated w i th e ach type o f  he at transfer mechan i sm .  Be l ow the water 

l eve l , the temperature w i l l  be be l ow 600°F , and the heat  transfer  w i l l  be 

through the conduc t i ve path.  Above the water l e ve l , where a steam or a gas­

s te am m i x t u re i s  expec ted , and the t emperature r ange of i nterest  i s  1200 to 

1800°F , the he at transfer  w i l l  be through the rad i at i on p ath.  In  the v i c i ­

n i ty of the water s u rf ace , where g a s , ste am ,  and  water may be m i xed , the 

m ajor path wou l d  be uncert a i n  i ndeed . 

TABLE 5. RANGE OF VALUES FOR F 

Gas 
Steam 
Water 

Conc l u s i on 

f"J.3 to 0 . 6 
0 . 03 to  0.6 

0.003 to  0.06 

It has been  s uggested that the SPND m i ght be used a s  a temperature 

s en sor that wou l d  prov i de i nformat i on on the t i me h i story of the f ue l  

temperature. But even if the SPND were the ideal temperature sensor and thP 
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temperature h i story were completely known at the SPND, the fuel temperature 

h i story would be lost .  The reg i on of i nterest would be above the water i n  

the steam o r  g a s-steam mi xture and i n  the 1200 to 1800°F range, where the 

r adiati on heat transfer path domi nates . Unfortunate l y, this transfer 

mechani sm h a s  the greatest uncerta i nty due to the many unknown parameter 

v a l ues . The lack of knowledge of the heat transfer propert i es comp l etely 

masks the fuel temperature history . 

13  



GAMMA HEATING OF THE SPND 

The heat output of the TMI-2 reactor core i s  approx i mate l y  3000 MW 

(thermal ). After a sustai ned period of operati on, the gamma energy rel ease 

rate w i l l  be approx imate l y  0.5% of th i s  power 2 . 5  hr  after s hutdown and 

0. 06% after 30 d ays. An SPNO i nstrument t u be occup i es about  2.5 x 10-3% 
of the core vo l ume. Mak i ng the conserv at i ve a s s umpt i on t h at g amma absorp­

t i on i s  the same i n  both a fue l rod and an i nstrument tube, the t u be wou l d  

d i s s i p ate 380 W at 2.5 hr and  45 W a t  30 days. Both the SPND and t he c ab l e  

wou l d  exper i ence th i s  heat i ng .  

The resu l t i ng temperat ure rise i n  the t u be c annot be determ i �ed s i nce 

the rate of heat tran sfer to the coo l i ng med i um i s  pnc11y k nown (s�e Heat 

Transfer Ch aracter i s t i c s From Fue l  to  the SPNO, above ) . Howe·ter ,  any add i ­

t i on a l  heat source such  a s  th i s  g amma heat i ng on l y  tenus t o  mask the 

temperature i nformat i on be i ng sought . 

14 



SPND TEMPERATURE CHARACTERISTICS ANALYS I S  

SPND Environment 

In the TMI-2 reactor, the distribution of the core neutron flux is 
continuously measured by the incore monitoring system. The measurements are 
provided by 52 detector assemblies located throughout the core. Each detec­
tor assembly contains seven SPNDs plus various other detectors. The seven 
SPNDs are positioned vertically at seven core axial elevations over the 
12-ft active core length. Data from each of these 364 SPNDs is transmitted 
out of the core by electr i cal cables and then to the plant computer system. 
Within the core, the cables are vertical. 

The SPND is designed to be a neutron detector; however, i t  a l so hcs an 
electrical output that is a function of temperature. At the norma l operat­
ing temperature of approx i mately 600°F, this temperature-induced output i s  
presumed negl i g i ble compared •o the neutron-induced output. Now in the 
TMI-2 accident, the neutrn" ;ctiv i ty was not a major factor i n  the env i ron­
ment of the SPND after the in i tial few minutes. As the water leve l l owered, 
the SPNO environment could reach the 1200 to l800°F reg i on. The result i ng 
output can then be considered a functio� of temperature only. Th i s  sect i on 
investigates the SPND detector and cable system as a temperature detector. 

SPNO Equi valent Circu i t  

There are four major temperature characteristics of concern i n  the 1200 
to 1800°F range. These are 

1. IT, SPNO thermionic current 

2. RL' SPNO shunt insulations resistance 

3. 10, Cable temperature response (d i electr i c  thermal relaxati on 
charge ) 

4. c0, Cable shunt capacitance. 

15 
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The equ i valent circui t  d i agram i s  shown i n  F i gure 6: 

These four  character i st i cs are �escri bed i n  detai l i n  a Babcock & 
W i l cox paper , i nc l uded as Append i x  B .  Fol l ow i ng i s  a summary of these 

i tems . 

Therm i on i c  �urrent 

In the 1200 to l 800°F reg i on ,  a temperature-induced current is present, represented by an equ i va l ent current source having the relationshi p 

I _ 10-8 +O.O l 334 (T - 1200 ) 
T - - e 

wnere 

= thermion i c  current i n  amperes 

T = temper1tu�e i n  °F ( 1200 < T < 1800 ) . 

Th i s  emp i r i ca l  expres s i on was obtai ned by cu rve-f i tt i ng l aboratory 

exper i ment data . 

Shunt  Res i stance 

( 10 ) 

A l s o present is a l eakage res i stance that varies w i th temperature.  The 

expres s i on for th i s  var i ati on i n  the 1200 to l 800°F r:�;2 i s  

R = 3 x 106e -O.O l 367 (T - 1200) L 
where 

= l eakage res i stance in n 

T = temperature i n  °F (1200 < T < 1800 ) .  

Thi s re l ati onsh i p  was a l so obtai ned from exper i menta l data. 

16 
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SPNO OUTPUT CURRENT 

The SPND current source and temperature-dependent shunt resistance wil l 
give rise to a current i n  the 50K n instrumentation load resistance. This 
current i s  

( 1 2 )  

Th i s  exp ressi on represents the temperature response of the SPND . The 

instrumentation full -sc al e  c u rrent i s  2000 nA. Tab l e  6 presents val ues for 

the previous relationships. 

TABLE 6 .  SPND OUTPUT CURRENT 

Temperature It RL R (It ) out (OF) (MA ) ( Kn) (Kn )  (MA ) 

1 200 - 10 3000 50 -9 . 84 
1 300 -3 8  765 50 -35. 6 
1 400 - 1 44 1 95 50 - 1 1 5  
1 500 -547 49.7 50 -273 
1600 -2080 1 2.7 50 -420 
1 700 -7880 3 . 23 50 - 478 
1 800 -29900 0. 822 50 - 484 

CaJ l e  Temperature Response (Di electr i c  Therma l Re l ax at i on Charge ) 

As the a l um i n um ox i de d i e l ectr i c  i s  heated to these h i gher te�per a­

tures, el ectrons a re released and produce a pos i t i ve c u rrent . Th i s  i s  a 

one-time effect and a functi on of the temperature's integrated t ime hi story. 

Measured average value of the charge ava i l ab l e  (QA ) for re l ease i s  

approximately 4 x 1 0-4  cou l ombs per foot (C/f ) over the 12-ft detector . 

When the material i s  heated rap i d l y ,  the tota l  charge i s  released i n  

approximately one m i nute . A model for the rel ease of the ava i l ab l e  charge 

per unit l ength as a fu nct i on of t i me i s  

1 8  
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dQ - Kt dt-

where 

Q 

-at e 

= 

( 13) 

released charge 

K = cor.stant determined by total charge available for release 

a = reciprocal time constant. 

For (1/a ) = 10 s, this f�nct�on appears as illustrated in Figure 7. 

It has been assumed that, on the average, water boiled down in the core 
as a linear function of time. Thus, as a 6X increment of detector length 
is exposed, it is heated rapidly and the charges released. Consider a 
6X increment located a d istance X; from the top of the 12-ft detector 
and just above the water line, The released charge from this ith increment 
is 

-a t. 1 = K t. e t1X 1 ( 14 ) 

where ti is the time for the �ater to reach this level and the time that 
the ith charge release function starts. Since the velocity V is constant, 
ti can be replaced by Xi/V: 

( 15 ) 

By adding the contributions from all higher increments, a total current is 
obtained: 

( 16) 
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L/llX 
-ax./V 1. • e 1 l!X 1 

Letting llX•dx, the limiti�g integral becomes 

L 
i(X) = � J[ X e-aX/V dX 

0 

Let tl = L/V, the time required for the water to reach its present 
level (X = L). Now, changing variables, 

I {
t

L t e-at dt 0 = K/V J. 
0 

and integrating, 

I KV 
0 = ---;_2 [l - (atl + 1) e-atl] 

( 1 7) 

( 18) 

( 19) 

(20 ) 

The constant K can be evaluated by equating the total released charge 
per unit length to the total available charge per unit length: 

f"'
K t e-atdt = QA 

0 
( 2 1  ) 

From which 

- 2 K - a QA. (22 ) 

The final expression is then 

2 1  



-at 10 = QA V[l-(atl + 1) e L] (23) 

and describes the dielectric thermal relaxation charge current generator. 
-4 ) For the suggested values of QA = 4 x 10 C/f and (1/a = 10 s, 

-tl/10 e 

For tl > > 10 s (steady state), 

10 = QAV 

or 

= 4 x 10-4(C/f) V(ft/hr) I o 3600(s/hr) 

(24) 

(25) 

Note that this steady state current is a function only of the charge per 
foot available for release and the average velocity at which the water level 
is falling. Table 7 presents a range of values. This information may be 
easier to visualize if presented in terms of the length of the detector 
exposed above the water and the length of time it took to expose the detec­
tor assuming constant velocities. Table 8 is of this form. 

TABLE 7. CABLE D I ELECTR I C  RELAXAT I ON CURRENT AS A FUNCT I ON OF VELOC I TY 

Velocity Current 
(ft/h) (uA) 

0. 1 0.011 
0.3 0.033 
1 0. 11 
3 0.33 

10 1.1 



TABLE 8. SPND DIELECTRIC RELAXATION CURRENT IN �A 

T i me 

1 hr 
12 hr 
1 day 
2 day 

3 

0.33  
0.028 
0.014 
0.0065 

Exposed Length ( ft ) 

6 9 

0.67 1.0 
0.056 0.08 3 
0.028 0.042 
0.014 0.021 

Cable Output Current 

12 

1.3 
0.011 
0.056 
0.028 

The cable current source and temperature-dependent shunt resistance 
will give rise to a second current in the 50 Kn instrumentation load 
resi stance. This current i s  

Table 9 presents these values. 

TABLE 9. CABLE OUT'UT CURRENT 
(Io CALCULATED FOR A VELOCITY OF 1 ft/hr ) 

T�ITIJ3t:rature Io �l 
(�F) (mil) (�J 
1200 111 3000 
1300 111 765 
1400 111 195 
1500 111 49.7 
1600 111 12.7 
1700 111 3.23 
1800 111 0.822 

23  

R 
{�} 
50 
50 
50 
50 
50 
50 
50 

I ��o�t 
�mfl) 

109 
104 

88.4 
55.4 
22.5 

6.74 
1.80 

(26) 
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Total Output Current 

The total current to the instrumentation system is 

I = (I ) + (Io) (27) out T out out 

Figure 8 is a plot of the component output currents. Doth currents are 
within the 2000-mA full-scale value of the data system. It should be noted 
that the SPND output current is negative, though the cable output current 
is positive; hence, they tend to cancel each other. 

SPND-Cable Time Constant 

The detector assembly shunt capacitance (C0) increases from 96 pF/ft 
to 83 �F/ft as the temperature reaches the 1200 to 1800°F range. The 
length of this assembly is 12 ft. The length that is exposed to these high 
temperatures is that length that is above the water level; thus, as the 
water level lowered, the total shunt capacitance increased with time. 

This large capacitance and the leakage resistance form a single-pole 
low-pass filter. Table 10 gives the time constant of this filter as a 
function of temperature and exposed length. Figure 9 is a graphic display 
of this data. The exnression for the time constant is 

TABLE 10. SPND-CABLE T I ME CONSTANT 

Exposed Length 
(ft) 

Temperature 
(OF) 3 6 9 12 

1200 12. 25 24. 49 36. 74 48. 98 
1300 11. 69 23. 37 35.06 46. 74 
1400 9. 908 19. 82 29.72 39. 63 
1500 6. 204 1;2. 41 18. 61 24.8� 
1600 2. 515 !) • 031 7. 546 10. 06 
1700 0. 7547 '1. 509 2. 264 j,019 
1800 0. 2014 0. 4029 0. 6043 0. 8058 
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Figure 8. SPND and cable output current. 
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Figure 9. SPND-cable-time constant. 
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(28) 

where 

= 83 �F/ft 

L = the exposed length in ft. 

Conclusion 

We conclude the following: 

1. The SPND thermionic current is reasonable and well-behaved when 
loaded with a 50K n resistance. The SPND temperature could be 
determined from the resulting current. 

2. The cable thermal relaxation current is approximately the same 
order of magnitude and opposite sign as the thermionic current. 
This cable current is a function of time, vertical distance, and 
the integral of temperature. 

3. The data system sees the sum of these two currents, and there is 
no practical way of separating them. 

4. The long time constant due to the large cable capacitance permits 
only the lang-term trends to be observed. 
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ANALYS I S  OF SPND S I GNAL CONDI TIONI NG NETWORK 

Devel opment of Transfer Functions 

The input signa l conditioning network for the SPND is shown in 
Figure 10 . Vout1 is the fil tered output to the 1 ata system, and Vout2 
is the output to the mu l tipoint recorder . 

Since the network is passive, the l oading effects of the SPND must be 
considered in order to deve l op t r ansfer functions for Vout1 and Vout2 • 
Figure 11  i l l ustrates the lumped parameter e l ectrical equiva l ent circuit for 
the SPND. Combining Figures 1 0  and 1 1  yiel ds the network to be ana l yzed. 
The desired transfer functions are Vout1 / I n  and Vout2 / I n .  The comp lete 
circuit is i l l ustrated in Figure 1 2 .  Norma l ,  typica l va lues for the SPN D 
e l ectrica l  parameters were chosen to a l l ow the ana l ys i s  to be performed even 
though the previous sections show the parameters wide-ranging and 
unpredictabl e. 

By comparing the time constants of y l = Cc Req 1 and Y 2 = C 
Req2, it becomes obvious that some simp l ifying assumptions can be made. 
Req 1 is the Thevenin resistance seen by capacitor Cc, assuming capaci­
tor C is a short circuit. Req2 is the Thevenin resistance seen by 
capacitor C, assuming capacitor C is an open circuit . c 

Req1 = 7 . 33  Kn 

Req2 = 33 . 44 Kn 

= 0 . 02 X 1 0-6 X 7. 33 X 1 03 
= 1 . 466 X 1 0-4 S 

3 -6 
= 33 . 44 X 1 0  X 1 20 X 1 0  = 4 . 0 1  S 

There are four orders of �agnitude separating these two time con�tants; 
therefore, the capacitor Cc wil l  be neg lected and rep l aced by an open 

2 7  

(29 )  

(30 ) 

( 3 1  ) 

(32 ) 
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Figure 10. SPND signal conditioning network . 
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INEL-A- 19 089 

Rw = Lead res istance 
Cc = Cable capac itance 
R a = I ns u lation res istance 
I n = Signal current  

Figure 1 1 . SPND E�quival ent circuit. 
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Figure 12. Complete SPND and signa l conditioning network. 
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c i rc u i t .  By s im i l ar reason i ng ,  t h� l e ad re s i s t ance Rw w i l l  be neg l ected . 

The res u l t a n t  s i mp l i f i ed c i rc u i t i s  s hown i n  F i g u re 1 3 .  The f i rst t ransfer 

f u nc t i on t o  be de�e l oped i s  the ou tput to t he d at a  system . F i g u re 1 3  c an 

be s i mp l i f i ed i nt o  F i g u re 1 4 ,  wher� t he c u rrent s ou rce and i t s source i mpe­

dance are con verted i nto i t s vo l t age sou rce eq u i v a l en t . The c i rc u i t  of 

F i gure 14  c an be f u rther s i mp l i f i ed t o  t he conf i gurat i on o f  F i gure 1 5 ,  wh i c h 

i s  a p a s s i ve ,  l ow-pass f i l ter . 

T h i s i s  a f i r s t - ord er l o N  p a s s  w i t h a 3db bandw i dt h  o f  

T h e  comp l et e  t ransfer f u nc t i on i s  

V R + 
o u t  _ 

� - . f 
J r  

c 

+ R 
r 

+ 1 

S u b s t i t u t i ng i n  t h e  f o l l ow i ng typ i c a l  v a l ues 

R = 1 00 Kn 
a 

R ::: 1 Kn 
r 

P. = 50 Kn 

R .  1 
= 4 Kn 

c = 1 20 u F  

t h e  t ra n s fe r  f u n c t i on becomes 

3 3 . 1 1  Kn 
'f 

o:o32 
+ 1 
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Figure 1 3 .  S i �plified equivalent circuit. 

R c 

R j  
�----------------�--� 

INEL-A-19 086 

Figure 14. E quiva lent c i rc u it w ith v o ltage s o u rce exc itati on . 
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INEL-A-19 090 

Figure 1 5 . Equivalent circuit as a low-pass fi lter. 
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wnere f i s  f reQ uency i n  Hz . 

R et u rn i n g  t o  the  s i mp l i f i ed equ i va l en t  c i rc u i t  of F i gure 1 3 ,  the 

transfer funct i on  for the mu l t i po i n t recorder w i l l  be der i ved . Aga i n ,  t h e  

c i rcu i t  c a n  be  s i mp l i f i ed u s i ng c i rcu i t  t heorems resu l t i ng i n  F i gure 16 : 
v
ou t 2  

T h e  t rans fer f u nc t i on 
I n  

c a n  n ow b e  eas i l y der i ved : 

v 
o u t 2  
I n 

wher·e 

then 

• 

v
o ut 2  
I n 

z 

= R r 

= 

R + �R i + S"r 

[ (R 
s + J 1 R rR a + 2R . )  C 1 

+ R + R a 

Subs t i tu t i ng s = j 2uf and  the fo l l ow i ng typ i c a l  v a l ues 

R = 50 K n  

R = 100 K n  a 
= l K n  

3 3  

t 3b ) 

( 37 ) 



c 2 R ·  � 

R 

z 

I N E L -A- 1 9  09 1 

F i gu re 1 6 .  R e s u l t a n t recorder equ i v a l en t  c i rc u i t .  
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= 4 K n  

c = 1 20 �F 

the t r an s f er f u nc t i on becomes 

w here f = f requency i n  H z  at DC , V
o u t z l l l N 

= 662 . 2 S n .  A t  f requenc i e s  

above 0 . 1 Hz , V
o u t zl l l N = 92 7 n . F i gu r e  1 7 i l l u s tr a t e s  a p l o t o f  t h e  

t r a ns f er f u nc t i on f or t he recorder o u t pu t . T h i s  o u t p u t  i s  n o t  f i l t ered . 

( 38 )  

I n  a c t u a l i t y ,  some f i l ter i n g  wou l d  be prov i ded by t h e  p a r a s i t i c  c a b l e  c a p a ­

c i t an c e  C , s hown i n  F i g ure 1 � . howe ve r , t h e  c u t o f f f requency wou l d  b e  
c 

a t  a bo u t  1 k Hz .  Th i s  o u t p u t  i s  v i r t u a l l y  u n f i l t ered re l a t i ve to t n e  

recorder s amp l e  f requency o f  every � . S  m i n . 

1 h e A l i a s i ng P r ob l em 

Theoret i c a l  B a c kground 

W he n ever a n  a n a l og sy s t em s i g n a l i s  s amp l ed at  a f requency f , a l l  s 
the s i gn a l  powe r above t h e  Nya u e s t  f requency appea r s  i �  t h e  s amp l e  s pec t ru m  

b e l ow t he N yq u e s t  f requency a s  n o i se .  T n e  Nyque s t  f requency i s  h a l f  t h e  

s amp l e  f re q u e n cy : 

w h ere 

f 
n 

f 
s 

= 

= 

Nyqu e s t  f re q u e n c y  

s amp l e  f re q u e n cy . 

3S 

" . � 
• � ·� - • < r-• I -� • : 1o 

( 39 ) 
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F i g u re 1 7 .  P l o t of re corder t r a n s f e r  f u nc t i on .  
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Suppose t he s i g n a l  h a s  a power dens i ty s pectrum 

where f = f requency ; f
c 

= c utoff frequency . 

The t ot a l  s i g n a l  power is J[• p ( w )  dw . 

0 

f 
p ( w )  where w = f

c 
and 

-
fs For a s i gnal s amp .l ed at fs or ws - t' the sampled signal power will be 

2 n lw 

S = p (  w )  dw 

0 

where 

= 

c 

The noise from al i asing will be all the power above wn, and is g i ven by 

n2 
--1

"' 

p ( vJ ) dw . 

w
n 

Thus, the signal-to-noise power for the sampled signal becomes 

p ( w ) dw 

3 7  

( 40 }  

( 4 1 ) 

( 4 2 }  

• 
• j 

• ; '• I � .� • ·- j • 1 .:.- • • a •t • '  J. • • � (" , "l.. :.:_. f. � � 
-- � -.;: I . ; . J1 . . ' . - J .. � • • ., 
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F or t he d ata  system the i nput f i l ter i s  a f i rst -order l ow pass . I f  the 

i nput s i gna l i s  assumed to be much w i der bandw i dth than the i nput f i l ter , 

t hen t he spectrum becomes that of  the i nput f i l ter . The power dens i ty of a 

magn i tude and frequency norma l i zed f i rst-order system i s  g i ven by 

p ( w ) "' w
e. + 

where 

w 

where 

t = frequency 

= 3d b cutoff frequency . 

S ee c i rcu i t  s k etch , F i gure 1 8 .  

The s i gn a l  power i s  

1"' 1 
.......,..2-- dw = n / 2  • 

0 w 
+ 

Tn e s amp led  s i gn a l  power is 

2 s = 

2 s 

wn 
p ( w ) dw 

0 iwn 
1 

2 
0 w + 

dw = Tan- 1 w wn 
0 

3 8  

{4 3 )  

( 44 ) 

( 45 ) 

( 46 }  



w 
INEL-A-19 097 

F i gure 1 8 .  Sk etch  of P ( w ) for f i rs t -order l ow-pass . 
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2 1 - 1 f s S ·- Tan
-

wn = T an � 
t:. c 

The a l i ased power i s  

2 r p ( w ) dw r N = = 

w
2 

+ 

wn wn 

N2 = n / 't.  - Tan  
-1 

w = n/ 2 -
n 

dw = Tan  

-1 f s 
Tan  

Zf 
c 

( 4 7 ) 

-1 { ( 48 ) 

w n  

( 49 ) 

T h u s , for  a norma l i zed f i rs t -order system the  s i gn a l -to- a l i ased no i se r at i o  

i s  

[n -1 
f

s 
2 · p ( w ) dw T a n  2f 

s 
_ _  o ____ = _____ 

c N2 - £<» 
1 f s 

p ( w ) dw n/ 2 - T an
- -

wn 2fc 

2 2 
F i gu re 1 9  g i ve s  S / N  p l ot ted  aga i ns t  f /f  for a f i rst -order 

s c 
sys t em .  

( 50 ) 

I n  o rder  t o  p rov i de s ome phys i c a l  mean i ng t o  a l l the  mathemat i c s ,  gra­

ph i c a l  i l l u st r a t i on s  were prepared . The  power den s i ty spectrum for the  

f i r s t-order system i s  c arefu l l y p l otted i n  F i gure 2 u .  Th i s  f i gure i s  a p l ot 

of the s k et c h  i l l u s trated i n  F i gure 1 8 .  The  s h aded area under  t h i s  c ur v e  

r e present s  t he t ot a l  u n s amp l ea s i gn a l  power . Two c ases are  i l l u s t rated i n  

add i t i on a l  f i gu re s . The  f i rs t  case  i s  where the  s amp l i n g  f requency i s  a t  

j u s t  t w i ce t he c u toff frequency . For  t h i s  c a s e ,  t he Nyquest  f requency i s  

g i ven  by 

f or s amp l i ng a t  t w i c e  t he c utoff frequency . 
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Th e  s am pl ed s i gn a l  power i s  shown by t he shaded area i n  F i gure 2 1 . The 

a l i ased power i s  s hown by the shaded area i n  F i gure 22 . For the f i rs t  c ase , 

the two areas are equ a l  and  the s
2

; N
2 

i s  0 db . 

The  s econd c ase  i l l ustrated i s  where t he s amp l i ng frequency i s  four 

t i mes  the c u toff frequency . For  th i s  case  the  Nyquest frequency i s  g i ven by 

f or s amp l i ng at  four t i mes the c utoff . 

The  s amp l ed power i s  s hown by the  shaded area i n  F i gure L 3 .  The a l i a ­

s ed power i s  s hown f o l ded back  and shaded by F i gure �4 . For t h i s c ase , t he 

s2; N2 
= 3 . 78 db , wh i ch i s  not  rea l ly  adequ ate . 

Extent  of the  A l i as i ng Prob l em for the SPND  Dur i ng the  Acc i de n t  

The SPND s i gn a l  i nto  t h e  recorder s hown by t h e  an a l ys i s  an d sketched 

i n  F i gure l G  i s  not  b andw i dth  l i mi ted u nt i l about 1 Hz . The mechan i c a l  

dr i ve of the recorder offers the on l y  rea l bandw i d t h  l i m i t i ng .  I f  the  

r ecorder b an dw i dth  i s  assumed t o  be 1 Hz , and an i nput of wh i te no i se i s  

con s i dered , then w i t h  the recorder s amp l e  rate of 1 . 5 mi n / s amp l e ,  the  

a l i as i ng p rob l em i s  s een to  be i mmense . Ca l cu l at i ng the  s i gn a l -to-n o i se 

r _ ,t i o ,  

f 
2 Tan  - 1  _s 

S _ _ ___ 
f c-=--

-::--

�;z - rr/ 2 - Tan- l lz 
, 2  - 3 

�� - 4 . 26 X l U  = - 23 . 6 db �2 -

( 53 )  

( 54 ) 
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wher€ 

f 
c 

= 

= 

l Hz  

2 . 5 X 60 
= - 3  

6 . 67 x l O  Hz . 

B a s i c a l l y ,  t h i s  s ays t h at u n l es s  one  c an i mag i ne s r··ne bandw i d t h  1 i m i t ­

i n� i n  the s i gn a l  oy ;omet h i ng other than  the  reco rder that  i s  s i gn i f i c ant l y  

m o re l i m i t i ng than  6 . 6 7 x 1 0- 3 Hz , then t he recorder d a t a  for  the  S P NUs 

a s  observed i s  very b ad l y  c o n t am i n ated w i th a l i a s i n g no i se .  Th i s  i s  part i ­

c u l ar l y  t rue d u r i n g  the  t i me of core d amag e ,  s i nce i t  s eems reason ab l e  to 

ass ume that wh i l e  that coo l an t  was bo i l i ng ,  t empe rature excurs i on s  were 

h appen i ng f aster  than  e very � . 5 m i n .  

A l i a s i ng i n  thP  d at a  sys tem SPND  c h a nne l s  i s  a s i m i l a r prob l em .  From 

the i nput  f i l ter transfer  f u nc t i o n  ana l ys i s ,  the  c u to f f  f req uency was  shown 

to be 0 . 032  Hz  w i th a f i rst -order l ow p a s s . For the S P N D  c h a nne l s  i n  tne 

d a t a  sys tem , the s amp l e  f requency i s  1 5  s .  Th i s  i s  

f = 0 . 0666 Hz ( 5 5 )  s 

and  

f 
s 

= 
u . 066 6  rlz � 

2 
f c U . U32 HZ 

Odb .  

s �  ; N2 

2 2 
F rom F i gure 1 9 ,  i t  c an be seen that  S / N  for f I f  = 2 i s  on l y  

s c 
T h i s  i s  exac t l y  the  case  i l l u s t r a t ed by F i gu res 2 1  and 22 . E v e n  

= � d b ,  the  u ncert a i nty i n  t ne rl at a  i s  so  h i gh t h a t  the  i nforma-

( �b )  

w i t h  

t i on i s  l os t .  As w i t h the  recorder , u n l e ss  one  c a n  i mag i n e some other  

b an dw i d t h  l i m i t i ng i n  U1 e s i gna l bes i des t h e  i n put  f i l ter , i t  c a n  be con­

c l uded t h a t  the  s i g n a l - t o - n o i se rat i o  of 0 d b  for  the  S P N D  data  chann e l s i s  

a f ac t .  
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Extent  of t he A l i as i ng Du r i ng Norma l Operat i o n  

I t  mus t  not b e  conc l uded from th i s  report that  our  purpose i s  to  deta i l 

d es i gn d ef i c i enc i es of  the SPND measurement system . R ather , our  p urpose i s  

to  s how that  the SPND measurement  system des i gned o measure steady s tate  

n eutron f l ux  d i s t r i but i on i n  t he reactor c ore w i l l  not prov i d e  any mean i ng ­

f u l  data  when i t  i s  u s ed to  mea s u re t h e  trans i en t  temperature excurs i o n s  

t hat  occurred d ur i ng the  acc i dEnt . I t  h as been s hown by a n a l ys i s  that  w i de 

b a nd,� i dth s i gn a l s  that dre i nput i nto  th i s  measurement  system wi l l  resu l t  

i n  a n  output  t hat  i s  severe l y  d i s torted w i th a l i as i ng no i se .  However , i f  

the s i g n a l  i s  bandw i dt h  l i m i ted , a s  the neut ron f l ux  assoc i ated w i t h  s teady 

s t ate reactor power most l i k e l y  i s ,  t hen  t he a l i as i ng n o i se as soc i ated w i th 

th i s  mea s urement system , when used as  i t  was  i ntended , i s  not  a prob l em .  

Con c l u s i on s  a n d  Recommendat i on s  

Obv i ou s l y , t he m a i n  conc l us i on of  t h i s  report i s  t h a t  t h i s S P N D  mea­

s urement  system c a nnot  be  u sed to quant i tat i ve l y  measure temperature in  th e 

c o re d ur i ng the  acc i d en t . A recommendat i on i s  that  the v ar i ous measu rement 

channe l s  be rev i ewed from a systems po i n t of v i ew to d etermi ne if a l i a s i n g  

w a s  adequ ate l y  addressed d u r i ng the des i gn .  I f  th i s  prob l em was not 

addressed , it is recommended that tests and  an a l yses be performed to try � 0  
d eterm i ne t he extent of the prob l em .  
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CONCLUS I ON S  

A l  1 parts  o f  th i s  report have attempted t o  bound t he c h aracter i s t i c s  

o f  e a c h  b l ock i n  t h e  measurement  sys tem d i agram of F i g u re 2 ( repeated 

b e l ow ) . Tab l e  1 1  s ummar i zes  t hese c haracter i s t i c s .  

TABLE 1 1 .  SUMMARY OF MEASUREME NT  S Y STEM CHARACTER I S T I C S  

BLOCK 

Heat transfer character i s t i c s ,  
f u e l  rod t o  SPNU 

SPND temperature res ponse 

C a b l e  respo n se 

Data  sys tem 

Recvrder sys tem 

SUMMARY 

A qa i n  f ac tor w i th a var i at i on  o f  u p  
to  40 to  1 ,  conservat i ve l y 

I t  h a s  a f a i r l y  pred i c t ab l e  temperature 
response over the r ange o f  i nteres t .  
Howeve r ,  the temperature i s  not  on l y  
from convec t i on of rad i a t i on  from 
fue l , bu t  f rom se l f -heat i ng by t h e  
gamma f l ux .  

Over the temper ature r ange of i nteres t ,  
i t  i ntroduces a no i se s i gn a l  that  i s  a 
func t i on o f  g amma heat i n g ,  i n tegratec 
temperatu re over the l ength  of t h e  
cab l e ,  and how f a s t  t h e  water l eve l 
i s  decrea s i ng i n  the  core . I t  a l so  
causes  w i de l y  vary i n g s i gna l dyn am i c s  
due t o  t emperature effects  o n  
i ns u l at i on res i s t ance and  c ab l e  
c apac i tance . 

Wor s t -case  s i g n a l -to-no i se � at i o  
f rom a l i as i n g i s  Odb 

Wor s t -case  s i gna l -to-no i se rat i o n 
f rom a l i as i ng i s  - 24db 

tx ami n i ng Tab l e  1 1 ,  i t  i s  apparent that any i nt o rmat i on f rom t h e  

r ecorder or  d a t a  sys tem c annot be converted i n to f ue l  t emperature . I t  

s hou l d  be noted , however , that  the a l i a s i n g prob l em of the  recorder system 

a nd d ata sys tem i s  m i t i ga ted w hen t he c ab l e  response and  S P ND response 

starts  degrad i ng due  to the h i gh t i me con s t a n t s  i ntroduced . 
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Be lfab 
B a i l ey Babcock & Wilcox 

Product Specification 
M203 

SELF POWERED NEUTRON DETECTORS 
An incore detector that provides a current output 

proportional to the thermal neutron nux density of the 
reactor core, with no external pow�r source required. 

Application 
For use under any of the following conditions: 

• For mul t iple fiXed location continuous monitoring . 

• For moveable single non-continuous monitoring of a ny 
point in the core. 

• For both f1Xed and moveable monitoring combined. 

• Incore assemblies su ppl ied with either solid or flexible 
oversheath for use in either top or bot tom entry cores. 

Features 
' Swaged construct ion gives over 95% compaction of 

insula tion allowing g reater than 1 0 1 3 ohms insulation 
resistance at room tempera ture . 

• Solid oversheath allows unit to be exposed directly t o  
coola n t  p ressure and tempe ra ture.  

• Mult iple detectofl in each asSl'mbly allow readings along 
ent i re core lengt h . 

• Background de tector gives avfrdge or re fere nce reading t o  
compens:�te fo r ind uced le adwi re signa l .  

• Various  t y pes o f  background uni ts are avai lable, e .g . ,  
s i ngl e  lead - l nconel or Z�rcalloy 2 o r  twtnlead . 

5 Center  t u be pr ov ided for calit- ra t ion probe or moveable 
sd f-powerc d  de tec tor to momtur  any core loc a t ion . 

• Thnmo.:ouplc(s)  provade in let  a n d/o r out le t  temp1: r a tu re 
rea d ing . 

• Wt t l i  so l i d  over:.hr Jt l i  and c e r , t e r  tube typical u n i t  W11 l  

bend ea;aly on a fou r  (4 ) fo ci ( 1 . 2 1 ' 1 r n )  r adrus. 

• Ou t c rshca t h a nd d e t ec t or she a t h s  pressu re tested a t  4 ,000 
psi (27 ,5 8 0  kPJ ) .  

• W t t h  n � x tb lc  (non -5 1 1hJ ) shea th,  b�nd rJd i us of less than 
on!' ( I )  f •lt > l  ( . JO'i rn )  r s  J l l J r n J b l c .  

• ,\ \,� lub l l <' \  c�n  u t rl l l.t: vJ r r�;us cornh r n a t rons of m;r tcr ia ls  
and cornponrn t s .  

• 

• 

• 

• 

• 

• 

• 

• 

5 ]  
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• -

• Yo "h 

, / 

/ 

Cross 5ec t io n  of Typical l ncore De tec tor Asscmb l _, 

Typical lncore Detector Assemb ly 
Lt: ngth 3 5  to I J O  fer t ( 1 0 .668 to 39 623m). 
Ou ter d tameter .300 i nches (7 .6 2 rn m )  non1 1 n a l .  

7 i n d i •id ual nux de tee t e r s  

I backgr ou nd d e t er t n r  

I thcrrnorouple 

I c e n t e r  tube 

I h it•h pressure overs l u:ath 

I l 1 1gh  'J rcssure  cl0�u r c  hou�ing 

I m u l t J<.:u l .d�c tor e lec t ric.il c on nec tor  

© Hailey Meter CompJny . 1 9 7 1  
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M203 Self Powered Neutron Dete�tors 

ASMmbly Materiills 

Overshe.·uh 3nd detector she3th 

• I ne.oneJ 600 
• JOO Series StainJe$.$ Steel 
Leal! wire 

a ln.:onei 600 

InsullUon 

• \iagnesiun1 Oxide 

I 

�mn1n 

• Yimaalum 

• Gadolinium 

• ':'t •erbium 

Con nectors 

• As required to match interconnect cable 

Bel fab can als;> supply interconnec t .:able Jnd drive units  
for move:>ble u nits. 

To receive J quot a t ion  please contact Belfab Sales 
Department to discuss you r a pplicat ro n .  

S<1les Dcpanment  
Be lf:.Jb.  Ba l lq C untrub Cum p:m y 
P. 0 Au\  Y370 
Da> ILlna Bc·a..-h .  F lu ra.la :�0�0 

Beltabt B a i lcy Controls  Compa n y  305 F e n t r e s s  Blvd.  Daytona B e a c h ,  Flo r i d a  3201  t1 

� ----- F o_ r_ m_ C_ �_t2_0_�· ----�-----------------------------
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APPEND I X  8 
THE  DE S I GN OF A SPND E L £ CTR I CAL S I MULATOR  

FOR  1 200 TO 1 800° F  R EG I ON 
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Babcock & Wilcox 

---

Mr. G. K. Hovey 
6PU Servi ce Corporati on 
P.O. Box 480 
Mi ddl etown , PA 17057 

Attenti on : Mess rs .  H .  P .  Wood (Bechtel ) 
R. Jacobs tei n ( GPU) 

Subj ect: Task 50-06 , Eval uat i on of SPND Data 
S i mul ator Ci rcui t Di agrams 

Power Generation Group 
P.O. Box 1260, Lynchburg, Va. 24505 
Telephone: (804) 384-5 1 1 1  
BW/GPU-80- 194 

Novembe r  11 , 1980 

Re fere � :e :  L. H .  Li l i en to G .  E .  Kulyny ch ,  pes ign and Fab ri c a t i on 
of Sel f-Powe red Neutron Detecto r S i gna l S i mu l a t o r  
Control Inst rument , (C-0338) dated Aug us t 1 4 ,  1980 

Gentl emen : 

Attached for your i nformati on and rev i ew ,  a re draft s chema ti c and b l oc k 
di agrams o f  the SPNO Si gnal  _ S i mu l ator ( "Bl ack Box" ) a nd gene r a l  di �cus s i on 
of the sys tem des i gn cri teri a .  These are s ubmi tted for EG&G T I O  rev i ew 
1 n  accordance wi th the referenced authori zation  l et te r .  

Components and materi a l s  for fabri cati o n  o f  t h e  s i mu l � tor h ave been p l aced 
on o rde r and most h ave been recei ved ahead of the expected de l i v e ry da tes . 
Fabri cati on coul d begi n at any t i me  at the di recti on of GPU . App roxi matel y 
one man-week of  effort wi l l  be requi red to fabri cate the s i mul a tor  des cri bed 
her-e i n .  

Pl ease b e  advi sed that app roxi mately 85% of the al l ocated funds h a ve been 
expended or conuni tted on th i s  task as of th i s date . No furthe r work w i l l  
be performed unti l we have recei ved authori zation  to p roceed wi th fab ri ­
cati on fol l owi ng the EG&G rev i ew of the attached di ag rams . Y o u r  i mmedi ate 
�ttention to t h i s  revi ew i s  requested i n  order th at the task be comp l e ted 
in a timely manner .  

The Babcock & Wilcox Company I Established 1 867 

/ . (t:Cti VED 
o Nov l 4 J9BD r 
EG&G ida_ho, lllc. � 



Babcock&Wilcox 

Mr. G. K. Hovey -2-
BW/GPU-80-1 94 
November 1 1 , 1 980 

Al so pl ease be advi sed that Mr. R . F .  Ryan has ass umed mana gement 
respons ibi l i t i es fo r t h i s  tas k .  Al l techn i cal  matters shoul d be di rected 
to h i m  and contractual matters di rected to Mr. Kulynych . 

lf you have quest i ons or comments or i f  we may be of further as s i s tance , 
pl ease advi s e .  

GEK/DGC : pbv 
Attac�ment 
cc : R . F . Wi l son 

J .J . Ba rton 
J . C .  DeVi ne 
O . W .  Demers 
M . K .  Pas to r  
R . L . Ri de� 
J .W .  Mock 
L . H .  ! i l  i en 
L . C .  Rogers 
G.  T. Fai rburn 
Fi l e :  0 3-05-050-06 

Very truly you rs , 

THE BAB COCK & W I LCOX COMPANY 

G .  E .  Kul ynych 
TMI-2 Recovery Program Mana9er 

by 

11i��.v-
D.  G .  Cul be rson 
TMI-2 Servi ce/ Co n t ract Man a ger 
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APPE ND I X  B 

THE DE S I GN OF A SPND E L E C TR I CAL S I MULATOR 

FOR 1 200 to 1 800° F R E G I ON 

T o  s i mu l a t e  t h e  o u t � J t  of a se l f -p owered n u c l ea r  detector ( SPND ) whe n  

i n  a n  e n v i ronme n t  l i k e  t he reactor d ur i ng t he TM I - 2 a c c i de n t ,  o n e  s ho u l d  

c on s i der two maj o r  parts . 

F i r st , i t  m u s t  b e  p o s s i b l e  t o  s i mu l at e  t he t emper a t u re p ro f i l e  vers u s  

t i me t h at t h e  detect o r  wou l d  see . I t  h a s  prev i o u s l y  been s hown t n a t  neutro n 

a c t i v i ty w a s  n o t  a maj or f ac tor i n  t he e n v i ronment f o r  t he S P N D  a f t er t he 

i n i t i a l few m i n u t e s  of the acc i dent a n d , t herefore , temperature i s  t h e  maj o r  

i n p u t  t o  t he d etector . Th i s  p rof i 1 �  i nc l uded b o t h  l on g - t erm t rend s g i v i n g 

g ro s s  effects a n d  rather r a p i d  c h a n ges t h a t  wou l d  be expec ted whe n t h e  S P N D s  

w ere p a rt i a l l y  u n c overed , h e ated b y  t he f ue l , t hen s p l a s hed w i t h m u c h  c oo l er 

water f rom che pot b o i l i n g  ac t i v i ty be l ow 

The s ec ond m aj or part i s  the c h a r acter i s t i c s o f  the SPNU  o ver t he 

t emper at u re range a nt i c i p a ted . F o u r  maj o r  c h aracte r i s t i c s n av e  bee n 

o b s e rved o r  hypothes i zed . These are l e a k age r e s i s t an c e  c h a n g e , t h e rm i o n i r  

c u rren t ,  d i e l ec tr i c  t herma l re l ax at i on c h arge , and c ap ac i t a n c e  ( d i e l e c t r i c 

c on s ta n t  c h an g e  ver s u s  temper a t u re ) .  

T h e  thermi o n i c  c u rr e n t  c h aracter i s t i c s  o f  Be l f ab , B a i l ey Contro l s 

Company S P N D  i s  we l l  d oc umented i n  a report t o  E PR I  by H .  D .  Warren , 

L R : 7 9 : 48 1 7 - 0 l : l ,  d ated J u l y  30 , 1 9 7 9 .  A r e a s o n a b l e  f i t  t o  t h i s  d a t a  i n  

t he 1 200 t o  l 800° F reg i on i s  g i ven by 

. _ l 1 0 -8 ( T  - 1 200 ) x 0 . 0 1 33 4  l H - - X X e 

w here 

= therm i on i c  c u rre n t  i n  amps 

T = t em pe r a t u re i n  ° F .  
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Tn e i nf l ue n c e  o f  r ad i at i on o n  t h i s  t herm i on i c  c u rren t i s  s ma l l a n d  h a s  been 

reported by H. D .  Warren and M .  N .  Ba l dw i n  t o  E P R I  Tec h n i c a l  Serv i ce 

A g reemen t 7 9 - 307 . 

Th e l ea k age res i st an c e  o f  S P NDs h as b een me a s u red by R .  C .  Rober t s  and 

H. D .  Warre n . There i s  s ome i n f l uence �f past h i s tory o f  the detector o n  

t h i s  c h a racter i s t i c .  O f  p art i cu l ar i mportance i s  p re v i ou s  heat i n g .  � i nc e  

the T M I  detectors h ad been a n n e a l ed at a b o u t  1 600° F , d a t a  from a n  a n n e a l ed 

d e tec tor w a s  u sed . A g ood f i t  o f  t h e  d at a  f or detectors o f  s i m i l ar 

con s truct i on neated o n l y  i n  t h e  i n core 1 2  f t  o f  l en g t h  i s  

R = 3 X l 0
6 X e

- ( T - 1 200° f )  X 0 . 0 1 36 7  

w here 

R = l e ak age re s i s tance i n  n 

T = t empera t u re i n  ° F  

i n  the 1 200 t o  1 800° F r eg i on .  

Two add i t i on a l  c h aracter i st i c s  h av e  been n o t i ced d u r i ng t e s t i n g at 

h i g h er temp� r a t u re s . F i r s t  i s  v ery l arge changes i n  c ap ac i t a n c e  of t h e  

d et e c t o r  a s s emb l y .  At room t emper a t u re , t h e  c ap ac i t ance i s  about 9 6  pf / f t . 

Co n s i de r i n g  t h e  geometry o f  t h e  detector , t h e  eff ec t i v e d i e l ec tr i c  c o n s t a n t 

i s  a b o u t  7 . 68 .  A f t er a pp l y i n g a v o l t age t o  measure r e s i s t an c e  a t  1 600° F , 

i t  w a s  n o t i ced t h a t  a very l on g  d i s c h ar g e  per i od w a s  requ i red . T h i s  proved 

to b e  b e c a u s e  o f  v ery l a rge s tored energy o r  h i g h c ap ac i t an c e . The c apac i ­

t an ce h a d  i nc r e a s e d  f rom 9b p f / f t  to 8 3  mFd / f t . Th � s  wou l d  requ i re an 

e f f ec t i v e d i e l ec t r i c  con s t a n t  of 8 x � 9 5 •  A l L i 1 c u g h  n o  s pec i f i c  me a s u r e ­

m e n t  r e s u l t s were f o u n d  i n  a l i ter �t u re r e v i ew ,  a l l i nd i c at i on s  a r e  t h a t  

a b o v e  7 U0° F t h e  d i e l ec t r i c  c o n s t an t  g o e s  u p  very r ap i d l y  a n d  t h a t  co n s t an t s  

o f  1 05 a r e  v e ry l i K e l y a t  1 600° F  and DC . ( Note : the A C  r e s i s t an c e  i s  we l l  

d o c umented a n d  i s  very much l ower a t  h i g h f requency ) . Other me a s uremen t s  

a t  B &W ' s  L yn c h b u rg R e s e arch Center c o n f i rmed t h i s  v ery l arge c h an g e  i n  

c ap a c i t an c e  a t  temper a t u res above 700° F .  
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D i e l ec t r i c  absorpt i o n , t h e  s l ow r e l e a s e  o f  ret a i ned charge o v e r  t i me , 

a nd d i e l ec tr i c  t he rma l r e l axat i o n  ( th e  r e l e a s e  o f  r et a i ned c harge by r a i s i ng 

the t emper a t u r e ) are a l s o s ee n . The d i e l ec tr i c  therma l re l a x a t i on seems t o  

b e  o f  m a j o r  s i gn i f i c ance . C harge l oc k e d  i n  t he d i e l ec tr i c  ( A l2o3 ) i s  

re l P.ased at tempe r a t u re s  of 1 300 to 1 800°F . Th i s  charge h a s  been mea s u r e d  

t o  b e  b etween 1 0- 3 a n d  1 0- 2  c o u l om b s  for 1 2  f t  o f  detector . Th i s  c h arge 

p rod u c e s  a po s i t i v e c u rren t . When on l y  a part of a detector i s  s u bjec ted 

to h i g h t empe r a t u re o n l y  t h e  c h arge o f  t h i s  port i on o f  the d etector i s  

re l e a s e d . T h e  tot a l  c h arge i n  a sect i o n  i s  re l e a s e d  i n  ten s of s econ d s  whe n 

h e ated r a p i d l y .  Th i s  c a n  h ap pen o n l y  o ne t i me for a ny port i on o f  a detec­

tor ,  f o r  o n c e  t h e  charge i s  r e l e a s ed no recharg i n g mec h a n i sm ex i s t s . 

I f  t h e  port i on of d etector e xposed t o  h i g h t em pe r a t u res moved d own a s  

t h e  water b o i l ed o u t  of t h e  core , the therm a l  re l a x a t i ot ;  current wou l d  b e  

e i t her c on t i n u o u s  o r  p u l s a t i n g  d epend i n g o n  t he t emper a t u r e  p rof i l e  seen . 

Th i s  c u rrent i s  a f u n c t i o n  of t empe r a t u re , t i me and p a s t  h i s t o ry . T h e  

t herm i on i c  c urrent and t he l eak age res i s ta n c e  wou l d  c h a n g e  w i t h t i me b u t  

wou l d  f l u c t u ate s omewhat l es s  s i nce t h ey are the i n tegrated effec t over the 

t o ta l l en g th a n d  a f u nc t i on temperature a l one . 

A b l oc k  d i agram of t h e  i n core s i mu l ator i s  s hown i n  F � g u re B - 1 . E a c h  

o f  t h e  maj or s ec t i on s  i s  i n  b l oc � s .  T h ey are : 

1 .  T E M P E RATU R E  TRE N U  P ROGRAMM E R - - P rod u c e s  the l on g - term trend o r  

p r of i l e  o f  t empe r a t u re . I t  w or k s  b y  forc i n g t h e  b e am o f  a CRT , 

HP 1 340A , t o  trace the edge of a s h ad ow ma s k  prog ram . The r am p  

g e nP. r a to r  a l l ows t h i s p ro gram t o  r u n  a t  a 3 m i n u t e  t o  2 h o u r  per 

swee p .  The s h adow mask w i l l  a l l ow prog r amm i n g  a ny t emperat u r e  

p rof i l e  i n  t he 1 200 t o  l 600°F r an g e . S i nce i t  o perates i n  t h e  

a n a l og doma i n ,  t h e  o u t p u t  i s  cont i n u o u s  w i t h a n  acc u r acy o f  

a bout 3 %  o f  f u l l s c a l e .  

2 .  T E M P E RATUR E F L UCTUAT I ON P ROGRAMMER- - U s ed t o  p ro d u c e  r a p i d  f l u c ­

t u a t i on o f  temperature w i t h respect t o  t i me . I t  c on s i s t s  o f  a n  

H P 33 1 0A F u n ct i o n  Generator . Th i s  s i g n a l  i s  added t o  t h e  

t empe r a t u r e  trend s i g n a l . 
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3 .  L EAKAGE R E S I STANCE F U NC T I ON G E NERATOR - - R = f ( T ) ; prod u c e s  a n  

e l ec tr i c a l l y  i so l ated res i s ta nc e .  

R = J X l 0
6 X e

- ( T - l 200°F ) x 0 . 0 1 36 7  

4 .  T H E RM I ON I C  F UNCT I O� G E NERATOR- - I T = f ( T ) ; prod uces  a n  o u t p u t  

c urren t 

l _ 

1 0
- 8  ( T - 1 200 ) x 0 . 0 1 334 

T - - x e 

Th i s  c u rrent s o u rc e  h a s  a v o l t age comp l i ance  o f  + 1 0  V OC .  

� - D I E L E C TR I C T HE RMAL R E LAXAT I U� CHARGE F U� CT I ON G E N E RATUR - - 1 0  = 

f ( T , t ) . I t  w a s  a s s umed t ha t , on  t h e  a ve rage , water bo i l ed dow n 

i n  t he c ore  a s  a l i near  f u nc t i on o f  t i me . Th erefore , c h a r ge 

a v a i l ab i 2  for  therma l re l ax a t i on i s  d i rect l y  p roport i on a l to t i me .  

Th e a v a i l ab l e  c h arge  i s  re l eased  a s  a f unc t i on o f  t empera ture a nd 

w i th a s h ap i n g f i l ter  to produce  a n  a t t ac k  and  decay t i me ( 1 0 sec  

a nd 5 0  sec  respe c t i ve l y ) t o  match  t hose  measured i n  the l ab .  T h e  

ch arge a v a i l ab l e  acc umu l ates  a t  a n  adj u s tab l e  rate  fro1n 3U x 1 0- 9 

t o  300 x 1 0- 9 
cou l omb s / sec . The  o u t p u t  i s  a c u rrent  s ou rc e  

wh i ch h a s  a vo l t age c omp l i an c e  of + 1 0  V DC .  

6 .  O E T E C TUK CAPAC I TANCE - - C . L i t t l e  i s  k nown a bo u t  t he dynam i c  c h a r ­

acter i s t i c s o f  th i s  c h ange  and  the  s 1 mu l ator  s i n;� l y  h a s  a s e l ec t o r  

s w i tch  t o  c hoose a f i xed l t h a t  i s  i nd ependen t o f  t emper a t u r e . 

A s ch ema t i c  d i agram o f  the  11 B l ack  Box . .  por t i on to b e  c on s t ructed  i s  

s hown i n  F i g u re B - � . Th i s  box  w i l l  i n terface  to o t her  B&W - s u p p l i ed  genera l 

purpose  t e s t  equ i pmen t .  To a s soc i at e  the s e gme n t s  o f  t h e  sc hema t i c  a s s o ­

c i a t ed w i th e ac h  o f  t h e  t l oc k s  p rev i ou s l y  des c r i bed , s ee T ab l e  b - 1 . 
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TABL E  B - 1 .  SCHEMAT I C  D I AGRAM G I UDE FOR I N -CORE S I MULATOR 

B l oc k  Descr i pt i on Schemat i c  Area 

Temperature trend programmer 1 1  t o  1 7 X A t o  G 

Temperature f l u c t u d t i on programmer 1 2  t o  1 6  X H t o  

Leak age res i s t a n c e  funct i o n  t o  1 0  X A t o  c 

Th e rm i on i c  f un c t i on g enerator to 1 0  X 0 t o  F 

D i e l ect r i c  t he rma l re l axat i o n  to 1 0  X G to J 

Detector c apac i t an ce to 3 X J t o  K 

The sw i tches u sed t o  con tro l the dev i ce are des c r i bed i n  Tab l e  B - 2 . 

TABL E B - 2 . I N -CORE S I MULATOR CONTROL S W I TCHE S 

SW 1 Ho l d s the  output  of the temperature  programmer a t  l 200° F 

Output 

1 4F 

l 3H 

l C 

3 E  

3 H 

2 J  

S W  � Resets  and  ho l d s. t i me a t  " 0 "  for  t he temperature programmer 

SW 3 Resets  d i e l ec tr i c  therma l re l a x a t i on temperature  peak detec to r 

S W  4 Resets  d i e l ec t r i c  t herma l r e l axat i on charge  av a i l ab l e  t o  z ero 

SW 5 I so l ates  res i s t ance  character i s t i c  sect i on 

S W  6 I s o l ates t hermi on i c  c urrent s ec t i on 

S W  7 I s o l ates  d i e l ec t r i c  t herma l re l ax a t i on sect i o n  

S W  8 I s o l ates c ab l e/detector c apac i tance  sect i on 

A meter w i l l  show average tempe r a t u re i n  order to fo l l ow t h e  progre s s  

o f  a t e s t  d u r i n g n orma l o perat i on . I t  w i l l  s h-_- ':J 1 200 t o  1 800° F . 

A l l of  the par t s  of t h e  s i mu l ator  w i l l  be  a s s emb l ed i n  a gener a l  pu r ­

p o s e  equ � �ment e n c l os ure and  s nou l d  b e  q u i t e por t ab l e .  O n l y  t he r amp 

adj u s tme n t ,  sweep speed , t h e  s w i tches  and t h e  meter  are f ro n t  p an e l mou n t ed . 

N umerou s  " tr i m  pot " adj u s tme n t s  f o r  c a l i br at i on a re acces s i b l e  by r emov i ng 
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t h e  t o p  o r  s i de pane l s .  These con t ro l s  shou l d  a l l ow a rather l arge r a n g e  

o f  �dj u s tment t o  a cc ommod ate c hanges i n  c harac t er i s t i c s  o r  con s t a n t s  a t  s ome 

l at e r  d at e . 

A l l s ec t i on s  o f  t he c i rc u i t  t h a t  were n o t  ra ther s t ra i ghtforward were 

b readboarded and demo n s trat ed to wor·k s a t i s f ac to r i l y  p r i or to draw i n g of t h e  

f i n a l  s c hema t i c .  

b 4  
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APPEND I X  C 

AL I A S I NG TESTS 

I NTRODUC T I O N  

I n  o rder t o  s u pp l emen t  the  a n a l ys i s  done o n  t h e  SPND d a t a  c h anne l s ,  a 

t e s t  was  conducted w i th a c i rc u i t  t h a t  s imu l ates  the mathemat i c a l  mod e l o f  

t he a n a lys i s .  The s cope o f  t t ; i s test  was  t o  i np u t  s i gn a l s o f  k nown s pe c ­

trum ,  and  then  qu a l i t at i ve l y  assess  the  degree o f  a l i as i ng f o r  d i ffere n t  

f s / f c  r a t i o s . Th e v ar i ous  s pectrums were e x am i ned  w i t h a n  HP  3S82 s pectrum 

a n a l yzer . E xce s s i ve a l i as i n g  i s  observed when the f u n d amen t a l  s pec trum 

s t arts  gett i ng d i s torted f rom over l ap w i th the  f i rs t  h a rmon i c  s pectrum 

fo l d i n g  b ac k . F i g u re C - 1 i l l u s trates  a b l oc k  d i a g r am of a bas i c  s amp l e  d a t a  

system .  

To mode l t he s i tuat i on w i th the  TM I D a t a  Sys tem , t he B a s i c  Sys tem of 

F i g u re C - 1 was  c on f i g u red as shown i n  the b l oc k  d i agram of F i gure C - t . 

I n  order  t o  s i mp l i fy t he i n s t rument at i on p rob l em ,  t he l ow-pass  f i l ter 

c u t -off frequency was set at 1 00 Hz . Th i s  does  n o t  i mpact  resu l t s s i n c e  

s amp l e  f requency was  a l so set  h i gher . Th u s ,  �he  extent  o f  a l i as i n g c an b e  

a c c e s s e d  for  var i ou s  s amp l e -f req uency t o  c u t -off - frequency r at i os , 

i nc l ud i n g  f s /fc  = 2 ,  wh i ch i s  t he TM I  c a s e .  

T E S T  S E T U P  

T h e  s ch emat i c  f o r  t he t e s t  c i rc u i t  i s  i l l u s t rated i n  F i gure  C - 3 . T h e  

l ow p a s s  f i l ter  i s  re a l i z ed a s  a s i mp l e ,  R C  pa s s i v e f i l ter , w i t h 

f = l UO Hz . The i mpu l se s amp l er i s  re a l i z ed w i th the  Date l S amp l e  Ho l d  
c 

Am p l i f i er a n d  t he H a rr i s  An a l og Swi tch . An e x tern a l  o sc i l l ator s e t s  t he 

samp l e  f requency by t r i gger i ng two 5 5 5  t i mers  that  i n  t u r n  operate  t h e  s am­

p l e  h o l d  amp l i f i er and t he a n a l og s w i tch . Th i s  c i rc u i t ry mode l s  a n  i d e a l  

i mpu l se s amp l e r .  T he  off set  amp l i f i er serves  to  i n troduc e a d e  s i gn a l  t o  

n u l l o u t  o f f s e t s  i n t roduced  e l sewhere ; o therw i se ,  t he s pec t r um wou l d  h a ve a 

l arge de  c omponen t .  The i np u t  s i gn a l was  prov i d e d  by a s i ne wave  gener ator  
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F i g u re C - 1 . The b a s i c  s amp l e  sys tem . 

fc = 1 00 

RC lo'h -pass 

S/H 
A m p l i f ier  

A nalog 
switch 

1--•'-..., • .,_ __ .,.,... Sampled 
output 

I N EL-A-19 093 

F i g u re C - 2 . B l oc k  d i agram of i mp u l se s amp l e r .  
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1 m s e c / d i v  

1 V / D i v  

I n p u t  = 1 00 H z  
S amp l e  R a te = 5 00 H z  

F i g u re C -3. Te s t  c i rc u i t  s c hemat i c .  
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a n d  a r a n d om n o i s e  1enera to r . F i g•J re C -4 i s  a p i c tu r e  o f  a n  o s c i l l os co p e  

d i s p l ay w i th t h e  t o p  t ra c e  b e i ng t h e  i n p u t  s i ne c u rv e  a nd t h e  b o t t om t race 

s how i n g  t h e  r es u l t a n t  s amp l e d wave f o r m .  

T h e  f i n a l  o u t p u t  f rom t he a n a l og s w i tch w a s  i np u t  i n to a s pe c trum 

an a l yz e r . T h e  a n a l yz e r  c a l c u l a t e s  a n d  d i s p l ay s  t h e  F o u r i e r t r a n s f o rm of t h e 

s amp l ed w a v e  f orm . T h e  r e s u l t s o n e  wou l d  e x pe c t  w i t h t h e  s pe c t r um of t h e  

s amp l ed w a v e  f orms a r e  i l l u s t r a ted i n  t h e  fo l l ow i n g s k e t c h e s . F i g u re C - 5  
i l l u s t r ates t h e  s pe c t rum o f  s ome s i g n a l  w aveform w i t h a c u to f f  f requency f c . 

F i g u re C - 6  i s  a s k et c h  o f  t he s amp l ec s pec t r u m  a t  a frequency 8 f  

f c  = 5 f c .  A s  s ee n  i n  t he s amp l ed s pec t rum , t h e  i n i t i a l s i g n a l  s pe c t rum 

o c c u r s  a n d  then repea t s  over a n d  over a g a i n  a t  h a rmon i c s  o f  the s amp l e  f r e ­

q u e n cy . A l i a s i n g w i l l  o c c u r  w h e n  t h e  s amp l e  f requency i s  n o t  h i g h  e n o u g h , 

a n d  t h e  h a rmon i c  s pec t rums s l i de down a n d  over l ap t h e  i n i t i a l  s i g n a l  s pe c ­

t r um . F i g u re C - 7  i l l u s t r a t e s  t h i s  c as e  w i t h f s  = 3 f c . W i t h n o  o v er l ap ,  

a l l t h e  o r i g i n a l  i n f ormat i o n wou l d  b e  p r e s e r v e d . Howe ver , w i t h o v er l a p , t h e  

o r i g i n a l  s pe c trum i s  c o n t am i n a t e d  w i t h t h e  h armo n i c  s pe c trum a nd i n f ormat i on 

i s  l o s t .  When t h e  s pec t r ums o ve r l a p t h ey ad d t o g e t h e r  i n  t h e  reg i o n o f  t h e  

o v er l a p .  T h u s , f o r  t he c a s e  o f  F i g ure C - 7 ,  t h e  r es u l t a n t  s pe c trum l ook s 

l i k e  t he s p ec t rum of wh i t e no i s e .  

T t S T  R E S UL T S 

T h e  f i r s t  t e s t  t h a t  w a s  r u n  h a d  a 1 00 - H z  s i n e  w a v e  a s  t h e  i n p u t s i g n a l . 

T h e s amp l e  f re q u e n cy s t a r t e d  a t  �UO H z . T n e  F i g ure C - 8  s hows t h e  o u t p u t  o f  

t h e  s pe c t r u m  a n a l yz e r  a s  i t  a n a l y z e d  t h e  s amp l e d s i n e w a v e  s hown i n  t l1 e  

f i r s t  p n o t o . 

S ome e x p l a n a t i on i s  n e c e s s ary w i t h t h i s  p h o to . F i r s t , t n e  c am e r a  

c h o pped o f f  t h e  e x t reme r i g h t  a n d  t h e  e x t r eme l t� f t  o f  t h e  d i s p l ay .  Wh a t  i s  

m i s s i n g i s  a c ompo n e n t  o f  de a t  t he e x t reme l ef t ,  w h i c h w a s  t he d e  o f f s e t  

i n  t he c i rc u i t .  T h u s , t h e  s i 9 ' a l  c ompon e n t  a t  1 00 H z  i s  t h e  f i r s t  l i n e  o n  

t he l ef t  o f  t h e  p h o t o . 

Th e  f u nd ame n t a l  s pe c t r um l oo k s  l i k e  t he s k e t c h  o f  F i g u r e  C - 9 . 
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8 Harr is output 

s i ne wave on offset analog n o ise ge nerator a m p l i f i e r  swi tch 
Low-pass f i l te r  
fc = 1 00 Hz 

0 + 5  I m p u lse sampler 

'-J ' ' 
1 00k 

90.9k 

2 4 8 7 4 8 2 555 555 7 Res is tance i n  ohms 
S q uare wave t i me r  6 6 Capac i tance i n  �Jf t i m e r  generator 

3 5 
3 5 

sets fs 0.00 1  1 0.001 
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I N EL-A - 1 9  094 

F i g u r e  C - 4 .  O s c i l l os c o p e  d i s p l ay of i n p u t  s i n e �� a v e  a n d  s amp l ed s i n e w a v e . 



a. 
E � 

Q) -o ::J 
a. 
E 
<( 

Q) 
-o 
::J 

a. 
E <.( 

fc 

F i g u re C - S . 

fc 2fc 3fc 

F i g u re C - 6 .  S amp l ed 

3 fc 

2fc 3fc 

F requency 

Arb i t r ary s i g n a l  s pe c t r u m . 

4fc 5fc 6fc ?fc 

F req uency 

s i g n a l s pe c t r u m  s amp l ed a t  f s  

5fc 

F req u e n cy 

4fc 5fc 
INE L-A-19 1 0 2  

� I 
J 

8 fc 9fc 1 0 fc 
INE L-A-1 9  1 0 3  

= s f c . 

INEL-A- 1 9  1 04 

F i g u r e  C - 7 .  S amp l e d s i g n a l  s p e c t r u m  s am p l ed a t  f s  = 3 f c . 
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S i n ew a v e  F r eq u e n cy = 1 00 H z  

Samp l e  F r eq u e n cy = 5 00 Hz 

S pe c t r um F r eq ue n cy Ran g e  = 2 . 5  K H z  

F i g u r e  C - 8 . S p e c t r um o f  s an 1p l ed s i n e  w a v e ,  2 . 5  k H L r a n 9 e . 

0.. 
E 

<( 

de offset 

de 

I 

i ' I I 
1 00 H z  

F re q u e n cy INEL-A- 1 9  1 0 5  

F i g u r e  C - � . S i g n a l  s pe c t r 1J m . 

7 3  



T h e  h armon i c  s pe c t r u m  t h a t  r e pe a t s  a t  m u l t i p l e s o f  500 H z  t s  s hown i n  

a s k e t c h  i n  F i g u re C - l u .  

W i t h t h i s  e x p l a n a t i on i n  m i n d ,  a n d  r e f e r r i n g t o  p h o t o g r a p h  C - 8 ,  t h e  

f i r s t  h a rmo n i c  s pe c t r u m  o c c , J r s  a t  5CJO H z . T h e  s e c o n d  o c c u r s  a t  1 000 l 1 z , t h e  

t h i rd a t  1 500 H z , t h e f o u r t h  a t  2000 H z , a n d  f i n a l l y  o n l y  p a r t  o f  t h e  f i f t h 

a t  � 500 H z , w h i c h i s t h e  r a n g e  o f  t h e  s p e c t r u m . f�o n e  o f  t h e n a mo n i c  o r 

f u nd amen t a l  s pe c t r u ms o ve r l a p . F i g u re C - 1 1 s ho w s  t h e  s ame t h i n g a s  

F i g u re C - t5 , e x c e p t  w i t h a b l own - u p  f re q u e n cy s c a l e  o f  �uu h z . T h u s , o r l ;  

t he l ower h a l f  o f  t h e  f i r s t  h a rm o n i c  s ho w s  u p .  

I n  F i g u re 

w o u l d  p r ed i c t ,  

i n g a t  3 5 0  H z . 

C - 1 2 ,  t h e  s amp l e  f re q u e n c y  w a s  red u c e d  t o  J S G  H z  a n d , a s  o n e  

t h e  f i r s t  h a rmon i c  s pe c t r u m  h a s  m o v e d  d own s c a l e ,  n o w  o c c u r ­

T h e  f re q u e n cy r a n ge i s  s t i l l  a t  S O U  hz . 

I n  F i g u re C - 1 3 ,  t h e  s amp l e  f re q u e n c y  w a s  r e d u c e d  t o  2 5 U  H z . T h e  f i : s t  

h a rmon i c  s pe c t r um h a s  mov ed • J r t h e r  d o w n  s c a l e  a n d  i s  c l o s e  t o  o v e r l a p .  

I n  F i g u r �  C - 1 4 ,  t h e  s am J ' I e  f re q u e n cy w a s  r e d u c ed t o  20U H z , w h i c h i s  

j u s t  t w i c e t h e  s i g n a l f r e q u en cy . A t  t h i s  po i n t ,  t h e  l owe r p a r t  o t  t h e  h a r ­

m o n i c  s p e c t r um h a s c o i n c i d e d  w i t h t h e  f u n a am� n t a l  s p e c t r um . 

1 n  F i g u re C - 1 � ,  t h e  s a mp l e  f r e q �_n : n cy w a s  r e d u c e d  t o  l S U H z . T h e  l ow e r  

p a r t  o f  t h e h a rmon i c  s pe c t r u m  IJ a s  m o v e d  d own t o  S O  H z . f n u s , a s  t n e  s ar:1p � l  

r -3 te f a l l s  o f f , t h e  h a rillo n i c  s [J ec t ru rn mo v e s  do ·.v n i n t o  U1 e s i (� n a 1  s p e c t r u 'll 

a n a c o n t am i n a t e s  i t  1-v i t n a l i a s i n g .  

T w o  m o r e  p h o t o g r a p h s  w i t h s i n e w a v e  e x c i t a t i on a r e  o t  i n L t: n� s t .  l , J ey 
s h ow i n  t h e t i rne don ra 1 n  :n t h  t h e  l OU H z  s i n e w a v e  b e i n g s amp l e d a t  a 2 U u  1 z  
r a t e . l n  F i g u re C - 1 6 ,  t h e s amp l e s h a v e  o c c u r r e d  n e a r  p e a k v u l t a g e . n o v.; ­

e v e r , i n  F i g u r e  L - 1 7 ,  t h e  s a rn [J l e s h a v e  o c c u r r e a  n e a r  c r o s s o v e r , a n d  t h e y  

s h ow n o  o u t p u t . T h e s e  t w o  p ho to g r a p h s  s h o u l d  i l l u s t r a t e  why , i f  t n e  s y s t em 

s amp l e s a r e  a t  tw i c e t n e  h i g h e s t  f r eq ue n cy , t h a t  f r e q u e n c y  c a n n o t  b e  

r e s o l v e d  w i t h a ny c er t a i n ty .  

T h e s e c o n d  t e s t  r u n  u t i l i z e d  a r a n d om n o i s e  s ou rc e  a s  s i g n a  e x c i t a ­

t i on .  R ec a l l f rom s y s t e m  t h e or y  t h a t  t h e  a v e r a g e  s p e c t r u m  o f  0 � 1 i t e n o i s e 
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Freque 1 . 2 �' 

F i g u re C - 1 0 .  T h e h a rmon i c  s pe c t r u m . 

S i n e Wa v e  F l� e q ue r 1 cy = l CJCJ li z 
S am p l e  F r e q u en cy = 5 00 H z  
F r e q ue n cy Ra n ge = 5 0U h z  

I 
n f 5  + 1 00 H z  

F i g u r e  C - 1 1 .  S p e c t r um o f s amp l ed s i n e w a v e , 500 H z  r an ge . 
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S i n e Wa v e  F r e q u e n cy = 1 00 H z  
Sam p l e  F r eq u e n cy = 3 5 0  H z  

F r eq ue n cy R a n ge = 5 00 H z  

F i gu re C - 1 2 .  S p e c t r u m  of s amp l ed s i r 1e w a v e , s amp l e  f r e q u e n cy 3 5 CJ  H z  
r a ng e .  

S i n e Wa v e  F r eq ue n cy = 1 00 H z  
Sam p l e  F r eq u e n cy = 2 5 0  H z  
F r e q ue n cy R a n ge = 5 00 H z  

F i g u r e  C - 1 3 .  S p e c t r u m  o f  s amp l e d s i n e w a v e ,  s amp l e  f re q u e n cy 2 5U H z  
r a n g e . 
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-' S i n e Wa v e  F r eq ue n cy = 1 00 H z  
Samp l e  F r �4 u en cy = 2 00 H z  

F i g u re C - 1 4 .  S p e c t r u m  o f  s am p l ed s i n e w a v e , s amp l e  f re q u e n cy �OU H z  
r d n g e . 

S i n e W a v e F r eq u e n cy = l UO H z  
S am p l e  F r eq uen cy = 1 5 0 H z  
F r �q u en cy R a n ge = 5 00 H z  

F i g u re C - 1 5 .  S pe c t r u m  o f  s amp l ed s i n e w av e ,  s am p l e  f r eq u e n cy 1 �0 Hz  
r a n g e . 
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l V / D i v ,  2 ms e c / d i v 

S i n e Wav e F r e q u en cy 1 00 H z  
Sam p l e Ra le - 20U H z  

F i g u r e  C - 1 6 .  U s c i l l o s co p e  t r a c e  o f  s am p l e d s i n e  w a v e , � 00 H z  n e a r  
p e a k  v o l t ag e .  

l V / d i v ,  2 m s e c / a i v  

S i n e Wa v e  F r eq u e n cy 1 00 H z  
San ,p l e  Ra te = 2 00 H i'  

F i g u r e  C - 1 7 .  O s c i l l o s c o p e  t r a c e  o f  s amp l ed s i n e w av e , 200 Hz  r a n g e  n e a r  
c r o s s o v e r . 
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source  i s  the  s ame a s  t h e  s pe c tr u m  o f  a n  i mp u l s e .  T h e  r e s pon s e  of a sy s t e m  

i n  t he f requency d oma i n  i s  the  s pec trum o f  t h e  s y s tem ' s  i mp u l s e r e s pon s e . 

Howe v er , i de a l  i mpu l se �  are d i f f i cu l t  to re � 1 i z e .  I f ,  o n  t h e  o t h e r  h a n d , a 

s y s tem were exc i t e d  w i th wh i te n o i se , a nd t h e  s pe c t r u m  o f  t h e  sys t ems 

response  to the  n o i s e  were avera g ed , the  r e s u l t  wou l d  b e  t h e  s a1ne as t h e  
i mpu l se respons e . Therefore , exc i t i ng t h e  s y s tem w i t h r an dom n o i s e s ho u l d  

prov i de a c l ea r  a n d  appropr i at e  demon s t r a t i on o f  t h e  a l i a s i n g p r o b l em .  

T h e  f i rs t  p ho tograp h  w i th t h e  n o i s e e x c i t a t i o n ,  F i g u re C - 1 8 , s nows t n e  

s pec trum o f  the  response  o f  the  l ow - p a s s  f i l te r . T h e  f i l te r  s hown i n  t h e  

t e s t  c i rc u i t  s ch em a t i c  h ad a c u t of f  f re q u ency o f  1 00 Hz . O b s e rv e  h ow t he 

l ow - p a s s  f i rs c  o r d e r  d o e s  n o t  ro l l  o f f  q u i c k l y .  O n e  wo u l d  e x pe c t o v e r l a p 

f rom t he h armon i c s i n  t he s amp l ed s pectrum t o  b ec ome s i g n i f i c a n t  a t  s amp l e  

rates  above 200 Hz . 

I n  F i gure  C - 1 9 ,  a s pe c t r u m  o f  t h e  f i l te r  r e s po n s e  i s  o v er l a i d  w i t h a 

s amp l ed r e s p o n s e  w i t h  f s  = 500 Hz . A s  s e e n  i n  t h e  p h o t o g r � p � , t h e  s amp l e d 

s pec trum i s  d i s torted by t h e  f i rs t  h armo n i c  a t  a ro u n d  200 Hz . T h e  s p i k e s 

a r e  c a u sed  by d e  o f f s et s . 

F i gure  C -2 0  i s  t h e  s ame a s  C - 1 9 , e x c e p t  t h e  s amp l e  r a t e  w a s  r e d u c e d t o  

350 H z . D i s t o r t i o n  a f t e r  1 44 H z  i s  s i g n i f i c a n t . 

F i g ure  C - 2 1 s hows t h e  s am p l ed s pe c t r u m  a l on e  f o r  a s amp l e  r a t e  o f  

200 H z . As c an b e  o b s e rv ed , i t  n o  l on g e r  r e s emb l e s a n y  p a r t  o f  t h e  l ow p a s s 

s pe c tY t .m .  F i g u re C - 2 2  s hows t h e  o s c i l l o s co p e  t r a c e  o f  t h e  n o i s e s i g n a l  a n d  

s amp l es .  

C O N C L U S I ON S  

A s  c an b e  s e e n  f rom t h e  v a r i ou s  t e s t s , i n  o r d e r  t o  e s t a b l i s h a n  ac ce p ­

t ab l e  l ev e l  o f  a l i as i n g i n  a s amp l e  d at a  sys tem t he p ar amete r s  o f  b an dw i d t h , 

s amp l e  r a t e , a n d  ro l l o f f  r a t e  mu s t  b e  c ar e f u l l y c h o s e n . 
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F r e q uen cy R a n ge 1 K H z  

F i g u re C - 1 8 .  L ow - p a s s  f i l t e r  s pe c t r u m  w i t h r a n d om n o i s e i n p u t . 

Samp I e Ra te 5 00 H z  

F i g u re C - 1 9 .  L ow - p a s s  f i l t e r  s amp l e d s pe c t r u m  o v er l ay o n  u n s amp l e d 
s pe c t r um . 
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Samp 1 e f\ a te 3 5 0  H z  

F i g u re C - 2 0 .  L ow - p a s s  f i l t e r  s amp l e  s p ec t r um o v e r l ay .  

S a m p l e R u te 2 00 H z  

F i g u re C - � 1 . L ow - p a s s  f i l te r  s amp l ed s pe c t r u m  w i t h r an d om n o i s e  i n p u t . 
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l V / d i v ,  2 mse c / d i v  

Samp l e Ra te = 5 00 H z  

F i gure C - 2 2 . Osc i l l os cope photo o f  n o i s e and  s amp l e d n o i se .  
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