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ABSTRACT 

G. D. McPherson, NRC 

The Three-Mile-Island accident focused attention on the importance of 

monitoring liquid inventory within the reactor vessel of nuclear power 

plants. Subsequently, the NRC issued a requirement that all commercial 

plants be equipped with some means of measuring this parameter by 

January 1982. 

By NRC invitation, representatives of national laboratories, universities 

and industry met to discuss various techniques of liquid level and liquid 

inventory measurement which might be amenable to the operating conditions 

of PWR plants. The proceedings of this meeting, contained in this report, 

represent a state-of-the-art review of this subject. This review now serves 

as a framework for detailed feasibility studies and proof tests of techniques 

for measuring reactor vessel liquid inventory. 
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FOREWORD 

Y. Y. Hsu, NRC 

This report is a compilation of descriptions of features of various 
proposed non-intrusive methods to measure the coolant inventory in a 
reactor vessel. 

From PWR accident studies, especially after the TMI accident, it is 
evident that there is a need for some monitoring device which can provide 
reliable and unambigouous information as to the amount of coolant which 
is available for core cooling. Many techniques and methods were considered 
and several of them proposed as serious candidates. Some were direct methods 
and some indirect; certain approaches were intrusive and others non-intrusive. 
The research staff of the NRC Division of Water Reactor Safety has formulated 
a set of guidelines and criteria in terms of unambiguity, longevity, reliability, 
retrofit ability, etc. Many proposed methods were reviewed against the selection 
criteria and a few, which are considered promising, have been chosen for 
further testing and evaluation of effectiveness and feasibility. 

There is one class of methods, making use of neutron or gamma radiation, which 
was repeatedly proposed by several organizations in one variation or another. 
It is the feeling of the RSR instrumetation st~ff that~ ~ue to the strong 
interest expressed by the nuclear community in this class of methods, review 
meeting should be held, so that proponents of each method can present their 

·cases to a group of experts for a peer review, durin~ which pro's and con's of 
each measurement approach could be openly discussed. Such a meeting was held 
on October 30, 1980, at NBS/Gai'thersburg, Maryland, in conjunction with the 
8th WRSR Information Meeting. The methods outlined encompassed a larger field 
than nuclear radiation application. Main approaches were: 

1. Existing in-reactor instrumentation 
2. Instrumentation which can use existing access tubes to the core 
3. External neutron detectors 
4. Micro-wave/Radar devices 
5. Sonic/ultrasonic methods 

The proceedings contain the authors contributions at the reactor level measurement 
review meeting. The original form of presentations was largely preserved, with 
minor additions and modifications for clarjty and uniformity. 

It should be noted that the meeting was conducted as a non-binding technical 
discussion. Any statements and cormnents made in this report should be 
considered as inoffical technical opionions of the review meeting participants, 
and should be construed neither as officially supported and endorsed nor rebutted 
by the NRC. 
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REACTOR VESSEL LIQUID LEVEL MEASUREMENT APPROACHES - SURVEY 

N. N .. Kondic, NRG 

AMONG SEVER.AL POSSIBLE DEFINITIONS, TWO OF THEM PERTAIN MOST CLOSELY TO 

THE PHYSICAL SITUATION WITHIN THE VESSEL: 

(1) GOOD HEAT TRANSFER. LEVEL (GHTL) 

IT IS ESTABLISHED BELOW GAS-ONLY (DRY-STEAM) VOLUME: IT IS EITHER. WITHIN THE 

TWO-PHASE MIJCTURE (IF ANY) OR IT IS EXACTLY AT THE QUIESCENT WATER. LEVEL (IF ANY). 

THE LA'ITER. GENERALLY EXCLUDES A TWO-PHASE MIJCTURE ABOVE IT. A CONVENTIONAL, STANDARD 

CRITERION FOR THE GHTL IN THE MIXTURE CAN BE NUMER.ICALLY DEFINED, E.G. AS THE LEVEL 

WHERE A HEAT TRANSFER. COEFFICIENT h = ~ h GOVER.NS THE HEAT TRANSFER. (OR USE ¢, max 
I 

HEAT FLUXES, IF AT SATURATION); h and ¢ WOUID BE THE MAXIMUM ACHIEVABLE . max max 

VALUES AT PREVAILING (OR PWR NOMINAL) CONDITIONS. THESE CONDITIONS WOUID INVOLVE 

PRESSURE, FLUID AND CLADDING TEMPERATURE ETC. 

(2) COLLAPSED, OR COMPRESSED, INTIDRATED DENSITY LEVEL (CIDL) 

THIS LEVEL ASSUMES A COMPLETE ABSENCE OF GAS (STEAM) BUBBLES IN THE LIQUID 

AND AN ABSENCE OF LIQUID ( IN ANY FORM) WITHIN THE GAS VOLUME, AS WELL AS LIQUID/ 

GAS ( STEAM) THERMAL AND MECHANICAL EQUILIBRIUM. TOTAL HYDROSTATIC HEAD (OR DENSITY 

INTIDRAL) , WITH THE KNOWN SATURATION PRESSURE AND DATA ON THE FLUID MOJEMENT, 

RESULTS IN A SINGLE VALUE FOR THE LIQUID/Sl'EAM INTERFACE LOCATION (ELEVATION). 

FROM ABOVE GIVEN DEFINITIONS, IT EMERGES THAT IN VERY SPECIAL CASES TWO 

LEVELS, GHTL AND CIDL COINCIDE INTO ONE. 

REM ARK S: 

A. THERE IS NO GENER.AL CORRELATION BEI'WEEN LEVELS GHTL AND CIDL; ANY CALIBRA:­

TION LINKING THESE TWO LEVELS DEPENDS ON NUMEROUS PARAMETERS AND CANNOT BE GENERALIZED 

FOR DIFFER.ENT SYSTEMS AND DIFFER.ENT STATES OF ONE SYSTEM. 

B. BESIDE HEATED T/G'S, GHTL GAN BE ALSO DEI'ERMINED (OR ASSESSED) BY INSTRU­

MENTS WHICH: I. ARE SENSITIVE TO LOCAL DENSITY (VOID FRACTION), SUCH AS GAMMA.- AND 

NEUTRON LOCAL FLUX PROBES, OR II. DISPLAY PLOTS OF DENSITY DISTRIBUTION AI.ONG THE 

VESSEL HEIGHT, SUCH AS THE MICRO-WAVE (RADAR) LEVEL DEI'ECTOR. 



REQUIREMENTS FOR THE REACTOR VESSEL LEVEL METER 

A. COMPULSORY 

1. ANY METER AND ASSOCIATED SYSTEMS MUST NOT ENDANGER REACTOR 
VESSEL AND PIPING INTEGRITYJ NOR CAUSE UNACCEPTABLE LOADSJ 
VIBRATIONSJ ELECTRO-MAGNETIC FIELDSJ RADIATION AND SOUNDS 
TO INTERFERE WITH OPERATION OF THE POWER GENERATING AND 
OTHER <MEASURING CONTROLJ ETC.) SYSTEMS. IN PARTICULARJ 
PRESSURE BOUNDARY AND RADIOACTIVITY CONTAMI~ATION CRITERIA . 
CANNOT BE COMPROM1SED. 

2. IT MUST FUNCTIO~ WITHIN UPPER PLENUM AND REACTOR CORE 
HEIGHTSJ WITHOUT A NEED TO CHANGE THE RAMGEJ WHICH MUST 
ACCOMODATE ALL PHYSICALLY POSSIBLE SITUATIONS. 

3. · INSTRUMENT SIGNALS TO BE PROCESSED IN A SIMPLEJ STRAIGHT­
FORWARD WAY I 

4. INSTRUMENT SIGNALS A~D THE PROCESSED ONES TO BE UNAMBIGUOUSJ 
EASY TO REAfr AND UNDERSTANDJ AND UNAFFECTED BY VESSEL 
ENVIRONMENT CONDITIONS CDOWNCOMER LEVELJ BORONJ CONTROL 
RODSJ THERMAL CYCLINGJ CORROSiotL EROSIDrL RADIATION 
FLUENCEJ VIBRATIONS.) 

5. MAXIMAL LIFETIME CEXCHANGEJ REPLACEMENT PERIOD) AND LONG 
INTERVALS OF INSPECTIOHJ SERVICINGJ ADJUSTMENTJ _ETC. 
CEQUAL OR LONGER THAN THE REFUELING INTERNAL). 

6. HIGH RELIABILITYJ BUT A CLEAR INDICATION IF THE INSTRUMENT 
FAILS OR ERRORS INCREASE. 
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7. INSTRUMENT CALIBRATION MUST BE POSSIBLE TO RENDER Ar~ 

ACCEPTABLE TOLERMKE_ CWITH A KNOWN ERROR BAND) IN READING 
OF LIQUID LEVEL; SUGGESTED MAXIMUM: 1/10 OF THE CORE HEIGHT. 

8. THE LEVEL-METER CHOSEN IN FINAL REVIEWJ MUST BE ABLE TO 
BE LINKED TO ONE OR MORE INSTRUMENTS OR SYSTEMS IN ORDER 
TO AC COMP.LI SH FUNCTIONAL REDUNDANCY <EI GI J A LifJ K TO THE 
SATURATION OR SUBCOOLED METER). 

9. FOR THE LEVEL-METER OF THE FINAL CHOICEJ AN EVENT-TREE 
AND A FAULT-TREE ANALYSIS MUST BE COMPLETED) REGARDING 
ITS OWN FUNCTION AND ITS LINK WITH THE DISPLAY) AS WELL 
AS IN RELATION TO ITS POSSIBLE CONNECTION TO ALARM SIGNAL­
I~IG DEVICES. 

B. DESIR.ED 

1. LEVEL-METER CAN BE APPLIED TO AN OPERATING REACTOR AND A 
SCRAMMED ONEJ WITHOUT THE NEED TO CHANGE THE RANGEJ SWITCH 
SEr~SORSJ ETC I 

2. INSTRUMENT COMPONENTS FOR THE LEVEL-METER ASSEMBLY ARE 0Ff­

TH E:5HELF AVAILABLE, OR MINIMALLY CUSTOMIZED, OR THEIR 
5HO/H 

DEVELOPMENT REQUIRES A,,LEAD TIME AND THEY HAVE TO BASED 
ON PROVEN PRINCIPLES AND MODELS. 

3. PROCESSING OF THE ORIGNAL SIGNAL FROM THE SENSOR SHOULD 
NOT INCLUDE SOPHISTICATED <PERHAPS NONE AT ALL) LOGIC 
WITH DECISION-MAKING CIRCUITRY, BECAUSE: 
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(I) THE LOGIC CAN FAILJ OR 
<!I) MICROPROCESSORS AND DEDICATED COMPUTERSJ THEIR 

CONNECTIONSJ ENERGY SOURCESJ ETC.J CAN BE DAMAGED 
OR INCAPACITED DURING THE ACCIDENT CE.G.J HIGH 
TEMPERATURE AND HUMIDITY EFFECTS); ON-LI NE DATA 
PROCESSING IS DESIREDJ BUT FOR BACK-UP PURPOSESJ 
AN EASY ACCESS FOR OPREATOR DATA RETRIEVAL 
AND MANUAL <DESK-CALCULATOR) ANALYSIS OR INTERPRE­
TATION HAS TO BE PROVIDED. 

4. THE NUMBER OF LEVEL-METER AUXILIARY CONNECTIONSJ E.G.J 
HEATING POWERJ COOLING SUPPLYJ CONTROL AND CHECKING CIRCUITRYJ 
ETC.J SHOULD BE MI~IMIZED. 

5. IN REGARD TO ADDITIONAL REACTOR VESSEL PENETRATION: 

5.1 THE USE OF INS1RUMENT/PROCESS TUBES IS PREFERRED. 
5.2 A MAXIMUM OF ONE ADDITIONAL VESSEL PENETRATION SHOULD 

BE MADE WITH MINIMAL DIAMETER. 
5.3 IF UNAVOIDABLEJ VESSEL PENETRATIONS CIN THE HEAD OR 

BOTTOM ONLY) SHOULD COMPLY WITH THE FOLLOWING PRIORITY 
SEQUENCE: 

- ELECTRICAL 
- PIPE COF STEEL) 
- NON-STEEL WINDOW <METALLIC) 
- NON-METALLIC WINDOW 

4 



REACTOR CORE LIQUID LEVEL MEASUREMENT PROPOSALS 

COMMON GEDM. FEATURE MEI'HOD (NAME) DRAWBACK/DISADVANTAGE 

t A. NON-INTRUSIVE t t 
AT THE REACTOR { 1. ir-FLUX AT TOP/BOTTOM 
VESSEL OUTER 
SURFACE 

SMALL COUNTRATE, EFFECT OF GEDMEI'RY, 
SIZE, NEUTRON STREAMING, WATER TEMP. 
AND BORON CONCENTR; DIFFICULT GALIBR. 

B. SEMI-INTRUSIVE· 

FAR FROM 
THE CORE 
OF THE 
REACTOR 

WITHIN EXISTING 
INSTRUMENTATION 
TUBES 

TRANSDUCER, 
ENERGIZER 
(SOURCE) FAR 
FROM REACTOR 
CORE 

2. DP* DANGER OF LEAKAGE/SMALL BREAK (QUICK 
RELIABLE ISOLATION PROBLEM); ZERO-SEI' 
DRIFT (CALIBRATION PROBLEM); FLASHING 
WITH DEBRESSURIZATION; INFLUENCE OF 
TEMPERATURE AND FRICTION DP. 

NOTE: IF THE VESSEL DOES NOT HAVE A LOWER (BOTTOM) HOLE, TWO 
UPPER HOLES A.fiID A REIRCULATION OF THE WATER IN INSTRUMENT 
LINES CAN ALLEVIATE THE PENEI'RATION PROBLEM. 

3. GAMMA-FLUX AT TOP /BOTTOM 

(UPPER DETECTOR COMPEN­
SATED FOR STEEL RADIAT.) 

4. LOCAL GAMMA ATTENUATION PRINCIPLE PROVEN: PROPOSED ARRANGE­
MENT TO BE CHECKED 

5. LOCAL n-DIFFUSION 

6. EXISTING or SLIGIITLY 
MJDIFIED IN-CORE 
DETECTORS: SPfD, ION 
CHAMBERS, TIP'S 

C. INTRUSIVE 

?.MICRO-WAVES (RADAR) 

8. SOUND, ULTRA-SOUND 
OR PRESSURE WAVES 

(FROM TOP OR BOTTOM) 
USE OF REFLECTION OR 
STANDING WAVES 

READINGS MAY BE AMBIGUOUS, INFLUENCED 

BY NUMEROUS PHENOMENA; CERTAIN BEHJl..:­

VIOR YEI' TO BE EXPLAINED 

NON-METALLIC WINDOW; LONG GUIDE 

ENERGY DISSIPATION IN REACTOR WALL 
(IF TRANSDUCER OUTSIDE), DISSIPATION 
DUE 'ID DIFFUSION AND REFLECTIONS 
(DIFFICULT COLLIMATION) j EFFECT OF 
IRREGULAR STEJU.VWATER INTERFACE; 
MOUNTING PROBLEMS IF TRANSDUCER INSIDE 
ON THE BOTTOM OF THE VESSEL. 

* COULD BE EASIER TO IMPLEMENT IN THE FOLLOWING VARIATION: IF/WHEN Z. ROUHANI'S 
PROPOSAL WOULD BE ACCEPTED FOR THE SECOND PRESSURIZER CONNECTION TO THE REAC'IDR 

VESSEL (PREFERABLY TO ITS BOTTOM), THEN, THE LEVEL IN THAT CONNECTING TUBE 
COULD BE MEASURED BY SEIER.AL STANDARD TECHNIQUES (oLTRASONIC CLAMP-ON SENSORS, ETC). 
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REACTOR CORE LIQUID LE.VEL MEASUREMENT PROPOSALS - SURVEY (CONT'D) 

• • • • • • • 

TRANSDUCER 

(SENSOR) 

En'ENDS 

INTO THE 

CORE REGION 

• ( INTRUSIVE ) 

9. ELF.GTRICALLY HEATED T/C {ELF.GTRONIC IOOIC/AUTOMATION COMPULSORY 
SINGLE (HEATED OR COOLED) COOLED ~UIRES AUilLIARY LIQ. IDOP 

·. }· HEATED _,I.OSES SENSITIVITY AT SATURA-
DOUBLE (HEATED + COOLED) · TION an:i IS FIDW PATTERN AFFEDTED 

TRIPLE ( 2 HEATED + . 
1 UNHEATED), I.E. COMBINA­
TION OF HEATED T/C and SUB-
COOLED METER PRINCIPLES PROVEN: PROPSED ARRANG~ 

MENTS TO BE CHECKED 
10. RADIOACTIVE DF£AY (Puo2 , 

ALPHA) HEATED T/C: 
DOUBLE or TRIPLE . 

11. TORSIONAL ULTRA-SONIC 
GUIDE 

INCLUDES MJVING PARTS, DEMANDS TWO 
MODES OF VIBRATION; MOUNTING OF IDWER 

. END STREDHING DEVICE (SPRING) DURING 
REFUELING DIFFICULT. 

====================================================================~================= 

2ND GENERATION, NON-STANDARD EMERGING POTENTIAL METHODS: •••••••••••••••••••••••••••• z ••••••••• z ••••••••••••••••• ~. 

NON-INTRUSIVE 

INTRUSIVE -- - - -· -

(A) LIGHT STRAIN~AUGE: MEASURING VERTICAL EUJNGATION OF THE VESSEL 

(B) VESSEL VIBRATION MODE, AMPLITUDE, F~UENCY AND ACCELERATION 
MEASUREMENT, INCL. NOISE ANALYSIS. USE OF MEDHANICAL OR 
OPTICAL ACCELEROMETERS ON THE En'ERNAL VESSEL WALL 

( C) CERENKOV LIGHT, INDUCED IN EXTERNAL CONTAINERS WITH WATER; LIGHT 
INTENSITY REfo.DTELY MEASURED 

DIFFERENTIAL THERMAL-EXPANSION IDNG ANEfo.DMETER.: TWO ADJACENT 
ELECTRICALLY HEATED RODS (WALL RESISTANCE) PLACED ALONG THE 
HEIGIIT OF THE VESSEL. THEIR RELATIVE THERMAL EXPANSION AND EACH 
ROD'S TOTAL RESISTANCE (WHICH DEPENDS ON THE IMMERSED LENGTH) 
MEASURED REMOTELY. THREE ELECTRICAL DATA DEFINE THE LEVEL. 

N. N. KONDIC, US NRG/IDFT 

OCTOBER. 22, 19 80 
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P. GRIFFITH 

M A S S A C H U SETTS I N S T I TU TE 0 F TE C H N 0 L 0 G.Y 

DEPARTMENT OF MECHANICAL ENGINEERING 

CAMBRIDGE, MASSACHUSETTS O:! 139 

3-137 

November 3, 1980 

Dr. ~. Kondic 
L S. Nuclear Regulatory Commission 
Division of Reactor Safety 
Mail Stop 1130 SS 
Washington, D.C. 20555 

Dear Ned, 

I'm writing about the core water level probe meeting I attend·-· ,. 
ed Thursday. Nothing I heard makes me want to abandon heated 
thermocouples or DP cells. One idea, however, seems to me to be 
worth developing for other reasons. This is the Davco probe which 
gives an amazing amount of information. Let me continue by setting 
the. problem statement and then give reasons for my conclusions. 

More than anything else we would like·the core water level probe 
-to give an early indication of low w~ter. For.this reason I think 
the heated thermocouple in the upper plenum is insufficient. 
I had my student Greg DeWitt look at Diablo Canyon and as you 
can see on the accompanying figure we don't know what we have from 
the bottom of .the pressurizer (4) to the top of the core (2). 
More than half the water in the system lies between these ievels. 
I'd like.to see heated TC's in the ~essel and a DP cell measuring 
from the bottom of the pressurizer to the hot leg. This will allow 
the operator to track ~ater level yet wili not involve any new 
penetrations below the top of the core. 

One question that I'm not at all satisfied that we have 
·the answer to is when does· the operator decide we've got a small 
break? He will have a variety of reac:tings none of which will 
unequivically show a small break has occurred. How will he decide? 
How much water will be left in the system when he does decide? 
How long will he have to take appropriate action? How will he 
tell what is ap'propriate action? I don't see how the mis-named 
core water level probe will become part of the whole information 
system for the reactor operator. The group assembled yesterday 
was probably not the group to consider these questions - there 
were no ope~ators present. I do think these are important 
questions though and am concerned that someone at NRC address 
them. 

Let me now touch on the various proposals made for detecting 
core water level by less conventional means. :t'm not really compet­
ent to conunent on the various radiation methods proposed. All of 
them seemed to have poor sensativity and prone to contamination 
from damaged fuel. I suspect the operator will soon learn to ignore 

10 



the readings from these devices and won't believe them when he 
should. The EPRI device seems the furthest along but a lot of 
work seems to be needed even now. 

Having poked many times at vessels with various amounts of 
water in them in order to see what the response is, :i: 'doubt that 
unambiguous enough readings will be obtained from a vibration 
Ci!1c.lysis _to convince the operator that he has a problem when he 
does. This might make goo~ MS thesis but its a long way :;:::..:_..ire. a 
proven technology. 

The elastic defoi:'mation·measurements will be annihilated by 
noise. Strain changes due to temperature changes will be far more 
significant than the strain changes ~ue to stress changes in filling 
or emptying the vessel. 

Finally, I think the Davco device r:·ing micro-waves is no 
good for a reactor because of the large ~-enetration that is needed. 
The device might make a splendid method of monitoring water level 
in the FLECHT experiments or the various blowdown experiments, 
however, and I think development should continue on it for one of 
those experiments. The amount of information that it was possible 
to obtain was very impressive. 

In summary, I think that a core water level probe is not needed 
nearly so much as a RCS inventory measurement. Heated thermocouples 
have a place in the pressure vessel but I think a DP.cell that can 
monitor the whole loop, (especially with the pumps off) is needed 
too. The question ·of how the operator will respond needs much more 
study. I don't think any of the advanced devices proposed are 
inherently simple enough or un-ambiguous enough to provide a 
viable alternative to the heated TC and DP cells. If you have any 
further questions, I'd be glad to discuss them with you. 

Enclosure: 

Coolant inventory versus 
elevation graph 

PG/jn 
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Professor of et:;hanical Engineering 
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1. Bottom of core. 

2. Top of core . 

. 3. Center line of primary piping. 
4. Bottom of pressurizer. 

5. Top of primary coolant pump. 

6. Top of U-tubes in steam generator. 

12 
GREGoRY L. DeWzff 
Y\1 CT 



POTENTIAL LIQUID LEVEL MEASUREMENT TECHNIQUES 

BY 

DI j I HANSOfl· 

EG&G IDAHO., INC. 



METfiODS CONSIDERED AS POSSIBLE LEVEL MEASUREMENTS 
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Fi9un~ 3: 

LOFT DOSE RATE AXIAL PROFILE 
1000 SEC AFTER L3 7 LOCE SCRAM 
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POTENTIAL PROBLEMS THAT CAN OCCUR WHEN 

USING DIFFERENTIAL PRESSURE TO MEASURE TRANSIENT LIQUID LEVEL 
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.. 
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PLEASE IDENTIFY EARLIER RECORDINGS AND/OR DISCUSSIONS OF THIS INVENTION WHICH YOU CAN RECALL: 

DRAl.ING(S) ---------NOTEBOOK (OR DIARY)---'------- CORRESPONDENCE-------

IDRK (DR PURCHASE) ORDER(S) _________ DISCUSSIDN(S) w/ G. Lassahn, L. 0. Goodrich - Dec. '77 

BRIEFLY DESCRIBE THE IDEA. SET FORTH ITS APPLICATION, OPERATION AND NOVEL FEATURES. SKETCHES SHOULD BE MADE WHENEVER 

THE IDEA IS CAPABLE DF ILLUSTRATION. PLEASE PREPARE FOUR COPIES, SIGN AND DATE EACH COPY AS INDICATED BELOW AND 

SUBMIT TD THE ANC PATENT LIAISON REPRESENTATIVE. 

I propose.that a linear array of neutron detectors be placed on the inside wall of 
the primary· shield tank an~ a second array be placed parallel to the first, some 
distance into the tank (See Figure 1). The position of the second array would 

·be such that the peak of the thermal neutron flux in the primary shield would occur 
at the second array of detectors when the reactor vessel is full of water. The 
position of this thermal neutron peak is dependent upon the amount of moderator 
(water) between the core and the primary shield tank; thus as the level of water 
in the downcomer changes, the position of the thermal neutron peak will change (see 
Figure 3). The ratio of the outputs of the inner neutron detector array to outer 
neutron detector array would then indicate the shift in thermal neutron flux peak, 
and hence the level of water in the downcomer. 

The advantages of this method are 1) no reactor vessel penetrations; 2f freedom 
from interference from previously installed instrumentation; and 3) instrumentation 
will not be subject to the blowdown environment. 

Ii ITNESS: SIGNATURE OF INVENTDR(S): 

READ AND UNDERSTOOD BY: 

(FULL FIRST NAliE) (INITIAL) (LAST NAIE) DATE 

DATE----------
(FULL FIRST NAME) (INITIAL) (LAST NAME) DATE 
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2. HAS IT BEEN PROVEN THAT THIS INVENTION IS OPERABLE? IF SD, HOW WAS THIS DONE? 

3. IN YOUR OPINION. DOES THIS INVENTION HAVE APPLICATION POSSIBILITIES IN EG&G IDAHO. INC. WORK AND IS SUCH 
APPLICATION CONTEMPLATED FOR FUTURE USE? ~ 

4. IN YOUR OPINION, DOES THIS INVENTION HAVE POSSIBLE APPLICATION IN SOME FIELD OTHER THAN ATOMIC ENERGY? 

5. WAS THIS INVENTION DEVELOPED IN CONNECTION WITH AN EG&G IDAHO. INC. PROJECT ASSIGNMENT? IF SO. WHAT WAS 
THE NATURE OF SUCH PROJECT ASSIGNMENT? 

6. HAS THIS INVENTION BEEN DESCRIBED IN A REPORT OR PRESENTED AS A PAPER BEFORE ANY GROUP? IF SO, WHAT WAS 
THE EXTENT AND DATE OF DISTRIBUTION OF THE REPORT OR THE DATE AND GROUP TO WHOM THE PAPER WAS PRESENTED? 
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8. HAVE YOU WORKED IN THE ATOMIC ENERGY FIELD PRIOR TO EMPLOYMENT BY EG&G IDAHO, INC. AND, IF SO FOR WHAT 
COMPANY OR COMPANIES? 

25 



gz 

<..-

{' i)lt 'J-(a H .i/l 

' ' 
' " 

' ~"Ir 
Lfd-C) · __ , .... ~ ..... c.v Cl J l.<f"l e> f \. "(', rJ .. 

VI 



INTEROFFICE CORRESPONDENCE 

September 4, 1980 

lo J. P. Adams 

fr um R. T. McCracken 
J'/,~ 1J/C/1 . ~ 
tt.~. I ~{.__ __ _ 

>ubjecl LOFT UPPER PLENUM GAMMA DOSE RATE CALCULA1 IONS - RTMc-7-80 

Refs: ( 1) 

(2) 

( 3) 

(4) 

( 5) 

( 6) 

R. L. Engel, et. al., 11 ISOSHLD - A Computer Code for General 
Purpose Isotope Shielding Analysis, 11 BN~·JL-236, June 1966 
ANS-5.1, 11 Decay Energy Release Rates Following Shutdown 
of Uranium-Fueled Thermal Reactors, 11 1979 
J. C. Courtney, ed., A Handbook of Radiation Shielding 
Data, Louisiana State University, July 1976 
fCT. McCracken, 11 Shielding Analysis: LOFT Downcomer 
Instrumentation Stalk Removal Cask," RE-P-79-25, March 1979 
R. E. Malenfant, 11 QAD: A Series of Point-Kernel General­
Purpose Shielding Programs, 11 L.A.-3573, April 1967 
R. fl .. Grimesey, Gri-6-80, 11 Fission Product Gamrr.a Dose Rates 
in LOFT After Shutdovm, 11 August fi, 1980 

Calculations were made- to estimate the garrrna-ray dose rate profile 
along the axial centerline of the LOFT reactor at 1000 and 10000 seconds 
after the L3-7 test scram. The calculated dose rate profiles from the 
bottom of the active core to 2 m above the top of the active core are 
given in the attached Tables I and II for the 1000 and 10000 s decay 
time cases, respectively. The profiles are illustrated graphically 
in Figures 1 and 2 again for the 1000 and 10000 s cases, respectively. 

1he calculations included t~.,.o types of post-shutdown gaITTlla-ray source 
tenns; fission product decay based on the burn-up accumulated on the 
core during the L3-7 test and activation product decay based on 
estimated 56Mn concentrations in the structura·1 materials above the 
core. Table~ I and II give the breakdown of dose rate contributions 
from the core fission product source and the activation product sources 
from each successively higher structural region. Figures 1 and 2 give 
both the total dose rate profile and the fission product dose rate 
profile for comparison. The results show that in the core region the 
fission product decay gammas dominate the dose rate profile, but above 
the core the fission product gaITTTia dose rate is rapidly attenuated and 
the activation product gaITTTias dominate. 

The results in Tables I and II ~re fo~ the reactor vessel filled with 
water with a density of- 0.83 g/cm3. A set of dose rate calculations 
was made using the 1000 s source tet111 and with .all of the water 
r~1oved from the reactor vessel. The results of these calculations 
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are given in Table III and are plotted as isolated points on Figure 3 
for comparison with the flooded vessel results. The plot shows that 
the relative fission product contribution to the total d~se rate 
above the core increased when the 111ater was removed, but the fission 
product dose rate remained essentially negligible co~pared to the 
Mn56 decay dose rate. 

Details of the methods and data used in obtaining the dose rate 
profiles are given below. 

Fission Product Source 

The fission product source terms for the active CQre region were 
calculated i,.1ith the RIBD portion of the ISOSHLD(l) computer code-. RIBD 
generates 25 group photon production rates over the energy range of 0.015 
to 3.0 MeV bJsed on an input reactor power history and decay times. 

The power history of the L3-7 test is shown in Figure 4. The 
integrated burn-up for this test was 91.15 EFPH. Several RIBD 
calculations were made to obtain a reasonahle estimate of the 
fission product source term. A comparison of these calculations is given 
in Table IV. Because of uncertainties in determining the residual fission 
product source from operation prior to L3-7 the results from run 2 were 
used in calculating the fission product dose r~tes. This run represented 
a one step full power burn-up to 91.15 EFPH and gave only a slightly 
higher total source than the four cycle run 1 which followed an approximation 
to the actual power history. 

The results of the run 2 RIBD calculation ~ere compared with the results 
of a hand calculation using the ANSI-5.1(2) decay heat standard. Agreement 
was quite good. - For further verification, a RIBD calculation was made for 
cne rr.egawatt for one week with 1000 and 10000 s decay tirr.es. Results 
from this run were compared with)data for the same conditions given in 
Courtney 1 s shielDing handbook.t3 Again, the agreement was very good 
( i . e. , 1vith in 10%) . 

Activation Product Source 

A complete evaluation of the activation product source term requires a 
detailed knowledge.of the i~otopic composition of the materials in the 
reactor, cross section information for these isotopes, and a neutron 
flux profile throughout the reactor. Such an evaluation is beyond the 
scope of the present analysis, however, previous gost-shutdown ganma 
analyses have shown that the activation product 56Mn is the -"bad actor 11 

for intermediate irradiation and g!:cay times. 56Mn, with a 2.56 h half-life, 
is formed by neutron -capture in 5 Mn conmonly found in stainless steels. 
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~o order to estimate the activation rroduct source trrm the equilibrium 
:::ibt-1n concentration in each of th.e. structural material zones above the 
active core was calculated from the rel~tion: 

56 ~ , 55/A56 
Mn = ~'th ··'a ' 

where 

56Mn = 56Mn concentration, atom/cm3 

4> th = the thermal group flux, neutrons/cm2-sec 

La55 = the mac~oscopic capture cross section of 55M ,n 
averaged over the thermal grour, . cm-1 

:._56 = the 56Mn decay constant, sec- 1. 

·The thermal neutron flux profile above the top of the core was available 
from an earlier evc.luation(4) of the activation source term in the 
dovmccmer instrument stalk. Th-e other par<1meters are readily available 
fror.1 various handbooks. The above equation assumes infinite reactor 
operation and thus is somewhat conservative for the 91.15 EFPH of L3-7. 

The 56Mn decay rate at time t after reactor shutdown is given by: 

S = i56.56Mn(t) = i56(56Mn(t0 ) exp(-i56 t)) 

v1~ere 

Mn56(t0 ) = the equilibrium 56Mn concentration 

S = decay rate as disintegrations/cm3-sec. 

The decay gamma spectrum for 56Mn is ~iven in Table V. The total 56Mn 
decay garrrna source· strengths for each structural material zone above 
the active core are given in Table· VI. These structural material zones 
were defined by the calculational model used for this study and are 
defined in the section covering the model. The 56Mn decay sources for 
the core and vessel fillers were also calculated but were found not to 
contri.bute significantly to the axial centerline dose rates and are 
not reported. 
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Gawma-Ray Dose Rate Calculations 

The gamma-ray transport calculations were made with the QAD-P5A( 5) 
point-kernel code. The point-kernel method represents the source 
ge~metry as a series of point isotropic sources. The uncollided dose 
rate from each source point to the detector point is computed then 
an appropriate buildup factor is applied to account for additional 
scattered gammas which reach the detector point. The contributions 
from all source points are then summed to give the total dose rate at 
the detector point. This method gives good dose rate estimates in a 
wide varie~ of applications, however, no useable flux spectrum data 
other than the uncollided fluxes can be obtained with this method. 

The QAD code contains an internal gamma attenuation coefficient data 
library covering an energy range of 0.05 to 10.0 MeV. The 0.05 MeV 
lower cutoff necessitated dropping the lowest three groups of the 
ISOSHLD source (i.e., 0.015, 0.025, and 0.035 MeV). The elimination 
of the source gammas in these groups will have no effect on the 
calculated dose rates because of the extremely short path lengths 
of these low energy gammas. 

The code also contains provisions for spatial shaping of the sources. 
This feature was used to give a cosine shape to the fission product source 
over the core height. The 56Mn source in the upper reflector was also 
shaped to follow the exponential falloff of the thermal neutron flux in 
this region. 

The aeometric model used for the QAD calculations was constructed based 
on several existing models of the LOFT reactor from previous and ongoing 
neutronics calculations. A diagram of the QAD model is given in Figure 5. 
~aterial descriptions are given in Table VII. The material densi~ies were 
detern1ined assuming the vessel was filled with water at 0.83 g/cm and the 
fuel was at the full power temperature conditions. 

Although the model was constructed in three dimensions volumetric homogeni­
zation was done within each region. This should be noted as being of 
particular importance for axial calculations since there are many longitudinal 
structures in the reactor which are smeared out in the homogenization process. 
Thus the model cannot account for streaming effects which may cause an under­
prediction of the dose rate. On the other hand, the post-shutdown photons 
are born within the dense structural material and smearing these out over a 
region tends to increase the photon escape particularly in the lower energies. 

Experience with small bundles of fuel rods has shown poor agreement between 
discrete and homogenized models for axial centerline dose rates above the 
bundle. Discrepancies on th~ order of factors of 2 have been noted; however, 
the error should be somewhat less for a full core; therefore, the homogeneous 
model was deamed sufficient for this order of magnitude study. 
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A hand calculation( 6) by Bob Grimesey estimated an average equilibrium 
fission product dose rate of 4 x IOB Rem/h at time zero after shutdown. 
This result cannot be compared directly with the QAD results because of 
the differences in operating time, shutdown time, and source sha~ing. 
However, the results are in the same ballpark. Some rough scaling was 
done in an attempt to eliminate the gifferences and this resulted in an 
estimated QAD dose rate of 1.25 x 10 Rem/h for the same conditions 
used by Grimesey. This should be considered as good agreement due to 
the approximate nature of Grimesey 1 s calculation and the scaling of the 
QAD res ult . 

. I-J a., 

r c. Anderson cc: ' ·-. -· 
M. p,. Bray 
u '·. R. Carpenter 
r· ' Grirnesey . "'. ''· r:- G. Schnit_2;l ~ &GS :..) . 
(' K. Wachs ((J.~ I.). 

F. J. \,'heel er ~~w 
P .. T. McCracken Ii le 
Centr~l File 
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l.313+03 
4.164+03 
3.177+04 
3.334+05 
4.438+05 
2.935+05 
1.882+05 
1.203+05 
7.667+04 
4.480+04 

i 

\ 

I 

Total Dose 
Rate 

___{Rem/h) 

2.874+06 
. 1. 567+07 
~.182+07 
6.491+07 
8.286+07 
9.424+07 
9.814+07 
9.424+07 
8.286+07 
6.491+07 
4.182+07 
1. 576+07 
4 .127+06 -
3.101+06 
2.552+06 
2.046+06 
1.816+06 
1.653+06 
1.177+06-
4. 763+05-.? 
2. 966+05 _, 
1.885+05 
1.203+05 
7.667+04 
4.480+04 _,, 

' 

*negl gible when compared with total dose rate at this p int.· j 
·---4----+------4----· :---



lable II. LOFT f1XIM. Gf\M·1A-Rfl.Y rnsr ,P~H PP.OrJLE f..T 10,cnr; :-. P·FTEP. L3-7 SCP.At·~ 

-------,----------- Dose Riltes from Source (Rem/h) ____________ \ _____ _ 

=======( c=m=)====t===D=e=s=c=ri=· p=t=i =on=, ====!:I ====p=r=o o=· u=c==ts -==-----6v:'.'_,=~---~ "'::'_____ "6==Mn=========t:====5=6=M=n ======±=====(=R=err=1/=h=)== 

Position I Core fiss_i_o_n-.,--1-·-s-g_r_i-no-,s--~~i:;Eo~es·-~1-U_p_p_e_~_S_u_p_p_or_t __ . _R_e_f-le_c_t-or- . Tot~~t;ose 

w 
w 

0.0 Core bottom 1.007+06 ---* I ---- ----- 1.007+06 
8.4 5. 740+06 5. 740+06 

23.5 1.536+07 1.536+07 
38.6 2.385+07 2.385+07 
53. 7 3. 044+07 3. 044+07 
68.9 3.462+07 3.462+07 
83.98 Core mid-plane 3.605+07 3.605+07 
99.1 3.462+07 3.462+07 

114.2 3.044+07 3.044+07 
129.3 2.385+07 2.385+07 
144. 5 1. 536+07 1. 536+07 
159.6 5.740+06 3.063+04 l.506+0l 1.578+03 5.787+06 
167.96 Core top 1.007+06 4.876+05 1.391+05 1.180+04 1.646+06 
172.4 Springs top 5.494+05 4.876+05 2.600+05 1.986+04 1.317+06 
174.6 I End olugs top 3.883+05 2.639+05 l.290+05 2.740+04 1.109+06 
183.6 1.115+05 6.172+04 7.127+05 9.518+04 6.703+02 9.818+05 
192.5 End boxes top 3.317+04 1.750+04 4.290+05 4.229+05 2.125+03 9.047+05 
203.2 4.570+03 2.302+03 3.820+04 7.771+05 1.621+04 8.384+05 
213.9 Upper support top 6.888+02 3.296+02 4.990+03 4.229+05 1.702+05 5.991+05 
244.0 5.424+01 2.349+01 3.208+02 1.610+04 2.265+05 2.430+05 
268.0 1 m above core 7.322 1.515+03 1.498+05 1.514+05 
294. 0 1. 077 1. 685+02 9. 606+04 9. 623+04 
319.0 0.169 2.125+01 6.141+04 6.143+04 
343.0 0.028 3.914+04 3.914+04 
368.0 2 m above core 4.83~03 dosj 2.287+04 2.287+04 

*negl~gible when compare with total 

1 
rate at this p int 



Table III. LOFT ~XI~L GAMMA-RAY DOSE RATE PROFILE AT 1000 s AFTER l3-7 SCRAM No W~ter in Vessel· 

---,-----------------~~~'; 1:-~-;~cs f~~rn-;~urce -·-·· -·------·- ---.- ---,-
(P.em/h) 

~------·--------·---···-----·-·---· --- ----------
1 
i 

-- ---· ---------j 
I ' 

Pcfl ector 1 Position 
(cm) Descriptior. 1

1 Core f1s~:for, : Springs I Eng 8oxes J -Upper Suppcrt. 
Dl'OGl:C 7-'" J J·:-: :>6Mn· 1 =iGt.ln 

I 
r~----: _____ F= ______ _J_ ____ · ___ J_ _____ ··_· ____ :__ 

0. O Core bottom 

1 

-;~~~+~~~-------! --~~- ~ I ---- ---J-, ----~-~-----·-1-; 
8.4 1.912+(:7 ' ---- I ----- 1 i 

~6 I =i Mn 1 

,. 
I 

23 ~ ~ o~- "- . 
• ~ I _, • , j I+ I) I ·- - -- - ; 

38 6 
I 

7 81 -· · "· ~ I , • ~1-~u/ --··- / 

53.7 I 9.977+07 ----- I 
68.9 , I 1.135+ce ----- i 
83.98 I Core mid-plane ' 1.18?.+('2 ---- · 
99 1 . I , . - i:;.LI' 0 I I • I i l.LL·c\, I ---- I 

114.~ I l ~.977+C~ --·-- i 
129 . .) I /.817+C.- i ---- I 

144.5 I I 5.037+C7. ,,· ~.2El+O? I 2.128+03 
159.6 I 1.912+07 I 9.3C:8+0t 

~ 167. 96 / Core top 4. 107+(() 1. 065+0E 
6.219+04 
4.111+05 
6.929+05 
l.061+06 
l.669+06 
J.061+05 
1.262+05 
2.13ll+04 
3.846+03 
l. 017+03 
2.986+02 

172.4 1 Srrings top I ?..60f . .LCJG 1.065+06 
174.6 I End plugs top 1 l.98~+Gc 6.180+0::: 
183.6 ! 7.913+C5 l.916+05-
192.5 End boxes top I 3.211+05 7.146+0l 
203. 2 I 1 6. 003+1}.: 1. 222+04 
213. 9 Upper support top I l. 201 +G~ 2. 216+0? 
244.o I 2.sse+o? c..32~+02 
268 0 1 b ' I 8 2"l 'f"1" 1 ?"'+0" • ma ove ccie / • o -rv<:: .l •• _,;; .,c 
294.0 I 2.772+C2 
319.0 I 9.795+01 
343. 0 3 . 612+0 l 
368.0 I 2 m above core I 1.378+01 

I 

I 
I 
I 
I 
I 
I 

I 9. 486+01 
3.196+01 
1.125+01 

*negligible when comparod ~it~ tota1 dose p1 ... n :it .... hie: oc-iint Cr- c _ l. ~ .. T 
' I 

l. 034+0'1 
5.782+011 
8.806+04 
l.145+05 
3.014+05 
9.701+05 
l.735+06 
9.701+05 
·1. 054+05 
2. 383+0!; 
6.341+03 
1.873+03 
5.954+02 
2.002+02 

.045+03 

.529+83 

.944+03 

.617+03 
l.ll6+C~ 
6. 1:611+04 
4.784+05 
6.403+05 
f:..478+05 
2.950+05 

.909+05 

.225+05 
7. '~33+C4 

Tote 1 Dose 
~\a tr.. 

I -
1Rern/h) 

l.107+06 
l.912+07 
5.037+07 
7.317+07 
9. 977+07 
1.135+02 
~. 182+08 . 
~ .135+08 
9. 977+(:7 
7.817+07 
5.038+(}7 
l. 929+07 
5. 642+05 -
ii. 453+06 
3.784+06 
2.958+06 
2.435+06 
l. 998+0E 
l. 484+05~--
7. 526+05 
t,,736+05 -
3.020+05 
1. 930+05 
l.232+05 
7. 456+04 -

L_ _______ , -----
___________ _....i -----------
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Table IV. RIBD TOTAL FISSION-PRODUCT SOURCE TERMS 

Source at Time t 
after Shutdown 

(y/sec) 

De s c r i pt i on o f Ca 1 c u 1 a t i o n ____ _ 

Multiple cycle burnup to 91.15 EFPH 
as shown in Figure 4 

t= 103 sec 

2.68+18 

Single full power cycle to 91.15 EFPH 2.82+18 

Table V. 56Mn DECAY GAMMA SPECTRUM* 

Garmna Energy 
(MeV) 

0.85 

1. 811 

2.110 

Intensity** 

100 

29 

15 

t=l04 sec 

1.07+18 

1. 20+18 

*from Radiological Health Handbook, January 1970, 
U.S. Dept. of Health, Education, and Welfare 

**Intensity = number of ganl11a-rays emitted per 
100 disintegrations 
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Table VI. 56Mn DECAY GAMMA SOURCE STRENGTHS 

Total Source at Time t 
after shutdovm (decays/sec) 

Rec;ion Volume t= 103 s t=l04 s 

Springs 1.63+04 8.74+14 4.45+14 

End boxes 5.31+04 1.98+15 1.01+15 

UppE r support 6.38+04 3.20+15 1. 63+15 

Reflector 7. 60+05 2.01+15 1.03+15 
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Table VII. MATERIAL DESCRIPTION FOR LOFT REAtTOR MODEL 

Constituent Dens it) 
Number Description Elements (g/cm3 

1 Active core H 0.056 
n l.OP.8 
Zr 0.5S2 
u 2. 606 

2 Springs H 0.056 
0 0.439 
Fe 1. 513 

3 Upper end plugs H 0.062 
() 0.501) 
Zr 2.109 

4 Urper end boxes f; 0.072 
0 0.573 
Fe 1. 739 

5 Upper support H 0.055 
0 0.443 
Fe 3 .120 

6 H 0 & steel (upper & H 0.083 
i3wer reflector's) 0 0.664 

Fe 0.780 

7 Core fill2r H 0.005 
0 0.037 
Fi:: 7.410 

E Downconier H 0.092 
0 0.738 

9 Vessel filler Fe 7.800 

10 Lower end plugs H 0.065 
0 0.516 
Zr 1. 965 

11 End box plates H 0.028 
0 0.221 
Fe 5.468 

12 End box legs H 0.083 
0 0.661 
Fe 0.811 

13 Void H 0.0 
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ABSTRACT 

Tne self-powered neutron detectors (SPND's) installed in the 

Loss-of-Fluid Test (LOFT) core have been shown to be very sensitive to 

lacctl water density variations during two large-break loss-of-coolant 
experiments (LOCE's). Using the known SPND neutron sensitivity, calculated 

y-flux attenuation factors, and calculated neutron fluxs, the local water 
density at the end of the initial LOCE L2-3 quench has been calculated from 

the SPND data to be 615 + 80 Kg/m3 in the central fuel assembly and 

738 + 0 - 118 Kg/m3 in the peripheral fuel assemblies. The potential use 

of self-powered detectors to monitor reactor vessel liquid level is 

aiscussed. 

r 
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1. INTRODUCTION 

Analysis of self-powered neutron detector (SPND) data taken during 

large break Loss-of-Coolant Experiments (LOCE's) L2-2 and L2-3 conducted in 

the Loss-of-Fluid Test (LOFT) facility has shown that these detectors are 
sensitive to local coolant density variations in the reactor core. These 

results provide a strong impetus for determining the applicability of 

self-powered nuclear flux detectors for reactor vessel liquid level 

measurements in pressurized water reactors (PWR's) during postulated 

loss-of-coolant accidents (LOCA's). This paper discusses the response of 

the SP~Ds to core coolant density variations in tne LOFT large break LOCE's 

and shows the potential application to reactor vessel liquid level 

measurements during srnall break LOCA's in P~JR's. 

Section 2 describes the LOFT experimental facility. The tneoretical 

response of the SPND's to external raaiation and the expected variance with 

moderator density are described in Section 3. Section 4 describes the 
response of these detectors to moderator density variations encountered in 

LOFT, LOCEs L2-2 and L2-3. Section 5 discusses implications for the use of 
similar detectors to monitor liquid level, and Section 6 summarizes the 
conclusi.ons. 
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2. EXPERIMENTAL FACILITY 

The LOFT facility is a 50-MW(t), volumetrically scaled PWR system 
designed to reproduce, both in time and approximate magnitude, the 

significant thermal and hydraulic events expected in a commercial PWR 

during a postulated LUCA. A schematic diagra1n of the LOFT facility is 

shown in Figure 1, and detailed descriptions of the facility and the 

scaling philosophy for its design are found in References 1 and 2, 

respectively. 

Extensive instrumentation is used to characterize temperature, 

pressure, flow, densities, and nucleonics, during LOCE's conducted in the 

LOFT facility. The primary focus of this paper is on SPNO's located in the 

core and used to measure local power density. There are four SPND's in the 

LOFT core, one located in each of four fuel assemblies. The detectors are 

centered at a height of 0.66 m above the bottom of the active core, which 

corresponds to the elevation of maximum core power density. Each detector 

consists of a 0.23-m-long by 0.19-mm-diameter emitter inside an Inconel 

collector which also fon1s the: sheath, and is insulated with aluminum 

oxide. 3 The detector geometry is schematically depicted in Figure 2 and 

the radial locations of the detectors within the core are shown in 

Figure 3. The sheath is grounded to minimize the effects of external 

charge buildup due to external electron flux and the cable is constructed 

to compensate for external radiation as shown in Figure 2. 
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3. SPNO RESPONSE TO DENSITY VARIATIONS 

There are numerous articles in the 1iterature4- 13 that describe the. 

tneory and experimental application of self-powered detectors. A brief 

description is given here of the response of these detectors to density 

variations in the surrounding environment, emphasizing the LOFT-design 

cobalt emitter SPNb 1 s. 

Tne response of cobalt SPND's to neutron radiation is depicted 

schematically in Figure 4. A neutron is absorbed by a Co 59 nucleus, 

for:ning an excited Co 60 nucleus. De-excitation of the excited Co60 

nucleus to its ground state results in the prompt emission of several 

capture y-rays with energies ranging from 0.06 to 7.49 ~ev. 6 The SPND 

prompt neutron signal is produced when these capture y-rays interact with 

the emitter, creating Compton or photo-electrons which propag~te to the 

sheath. A delayed signal subsequently results when the Co60 , now in its 

grouna state, beta decays to N 60 with a half-life of 5.26 years. Tne 

elllitted beta particle also propagates to the sheath. In LOFT, this delayed 

signal does not build up aue to the very short duration of reactor 

operation ana, therefore, is neglected in this paper. 

Tnere is, in addition, a component of the SPND prompt signal due to 

Compton and photo-electrons created by externally originating y-rays. 

These y-rays come from various sources including fission in the fuel and 

neutron activation of the fuel and core structural materials. These y-rays 

interact with the SPND emitter, insulator, and sheathi and the resulting 

net current is the difference between the current resulting from electrons 

(Compton or photo-electrons) propagating to the emitter and the current 

resulting from electrons propagating to the sheath. 12 For SPNDs with 

cobalt emitters, this net current is opposite in polarity to the signal 

produced by neutrons. 12 •13 
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The combined effect of the y and neutron induced SPND currents is that 

during LOFT reactor power operations, the neutron flux dominates and the 

SPND output is positive. During shutdown conditions, especially just 

subsequent to reactor scram, the delayed y-flux induced current dominates 

and the SPND output is negative (as shown in Figures 5 and 6). This is 

independent of moderator density variations. The net effect of varying 

core water density on the LOFT SPND output is discussed next. 

The effect of decreasing the core water density (increasing the void 

fraction) on neutron flux is twofold. First, decreased water density 

results in negative core reactivity insertion due to the negative void 

coefficient of reactivity. This reduces the neutron multiplication and, 

hence, the neutron flux itself. Second, as the density decreases and 

approaches tnat of steam, the moderating efficiency drops, resulting in a 

reduction in the ratio of U1erma 1 to tot a ·1 neutron flux. Si nee the cciba 1 t 

neutron absorption cross section is peaked at lower neutron energies, this 

effect combines with the first to reduce the SPND neutron current. 

Tne effect of decreasing core water density on the y flux is, to first 

order, simply that of decreased absorption or attenuation resulting in a 

increased y flux and SPND y current. Since the SPND y current is opposite 

in polarity to the neutron current, this change (increase) in current 

behaves like a decrease in neutron current. Tnus, the combined effect of 

reduced SPND neutron current and increased y current is decreasing (more 

negative) SPND current with decreasing water density. When the water 

density increases in the core (that is, during quench or reflood) the SPND 

current increases (that is, becomes more positive). Thus, the LOFT SPND's 

are expected to be sensitive to core water density variations. A 

comparison of LOFT SPND output with core water density variations is made 

in the Section. 4 
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4 .. RESPONSE OF SPND'S TO DENSITY VARIATIONS 
IN LOFT LARGE BREAK LOCE'S ~2-2 AND L2-3 

LOFT LOCE's L2-2 and L2-3 simulated complete double-ended offset shear 

breaks of a primary coolant reactor vessel inlet pipe in ·a commercial PWk 
operating at two different power levels. The results of these experiments 

have been reported in References 14, 15, 16, and 17 and only those results 
germane to ~he response of the SPND's is discussed in this paper. 

The following core water density scenario is common to both 

experiments. After the break wa«; initiated, th-. system pressure rapidly 

dropped to saturation conditions. The core flow reversed and voids formed -

resulting in a rapid decrease of core liquid density. There were 

indications of superheat, especially in tne central fuel assembly, within 

3 s after LOCE initiation. At approximately 4 s after the break, the core 

flow again reversed and water from the intact loop was circulated up 

tnrougn the core, quenching the fuel rods which haa gone into departure 
from nucleate boiling (DNB) as seen in Figures 7 and 8. This quench was 

core-wide in extent (as was ~he DNB) as evidenced by the in-core 
thermocouples. Subsequent DNB/quencn cycles \'/ere noted in both 

experiments, though these were not core-wide as was the initial cycle. 
These cycles continued until tne reflood phase was initiated at 

approximately 35 s. During reflood, core flow and water level oscillations 
occurred as emergency core coolant system (ECCS) water cooled the core to 

near ambient temperatures (see Figures 9 and 10). SPND behavior during the 

initial core-wide quench and during reflood is examined in the following 

two subsections. 

4.1 SPND Behavior During Initial Core-Wide Quench 

The core-wide quench observed during LOCE's L2-2 and L2-3 was caused 
by a rapid increase in water density in the core. As indicated in 

Section 3, an increase in core water density increases the SPND neutron 
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current and decreases the SPND y current resulting in an increase in total 

SPND current. This was noted in all SPND outputs, as shown in Figures 7 

and 8. An analysis, described below, was made of the magnitude of the SPN~ 

"step change" in LOCE L2-3 to verify that it was responding to water 

density changes and not to other, unknown, sti111uli. Since there was no 

airect n1easureinent of the local water density at the SPND location, the 

density was calculated from the SPND data and then checked for consistency 

with other data. 

The total SPND current, It, consists of two components, the neutron 

current, I and tne y current, I as follows: 
n' r 

I + I 
n r 

S. =the known 3 neutron sensitivity n 

0n the neutron flux. 

Thus, prior to the quencn, 

I . + I . 
n i r i 

and subsequent to tne quench, 
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where 

Subscripts i and f are prequench and postciuench conditions, 

respectively. Values for the total SPND current, Iti and Itf, were 

measured during the experiment. 

The postquench neutron flux was calculated as a function of time after 

LOCE initiation .and for two values of water density. The Computer Program 

PDQ-7-CCCma, assuming homogeneous water density and LOCE L2-3 core 

conditions (that is, pre-LOCE power operations, boron concentration), was 

used. The results from this computer calculation are presented in Table I. 

It was assumed that I . « I .. This assumption is based on the 
n 1 yl 

prequench voiding in the core which greatly reduceci the thermal neutron 

flux. A calculation, assuming a pre-LOCE neutron energy distribution and 
twice the delayed neutron source flux, showed that 

I .. 
n1 

It i < 0. 05. 

Thus, 

I . 
"Y l 

A calculation of the attenuation of they flux as a function of water 

density was made using the Computer Program ANISNb, again assuming 

homogeneous water density. These results are summarized in Table II. From 

these results, Iyf was calculated as a function of the postquench water 
density by: 

I f· =A (p) I . 
y yl 
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or 

where 

p is the postquench water density 

Thus, 

Since no simple mathematical expression exists for ¢nf (p) and A (p), the 

correct value of p was found by iteration, using pas the independent 

variaDle. For tile central SPND, the resultant values for water density, 

final neutron flux and y attenuation are: 

3 
p = 615 + 80 kg/n: 

¢nf (p) 11.07 + 3.0 x 10
11 

n/cm
2

s, and 

0.95, respectively. 

For t11e peript1eral SPNLls, these values are: 

738 
+ 0 

kg /111
3 

p 
118 

¢nf ( p) 6. 965 
+ 0 11 

1. 9 x 10 
2 n/cm s, and 

A ( p) 0.93, respectively. 

As indicated by the results, the resultant water density indicated in 

the outer fuel assembly was higher than that in the central fuel assembly. 

Since the central fuel assembly has a higher stored thermal energy than the 

outer assemblies, it would require more heat removal (and, hence, more 
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flashing of water to steam) to quench, resulting in a higher void fraction 
or lower water density. -This is consistant with the analysis. In 

addition, a calculation of average core water density using reactor vessel 

liquid mass inventory calculated from mass flows into and out of the 

reactor vessel during the quench indicates that average core densities as 

high as 700 kg/m
3 

could exist at this time. Water density calculated 

using the SPNO data is consistant with the liquid mass inventory data, 

confirming the assumption that the SPNDS were responding to water dens~ty 
variations during the quench. 

4.2 SPND Behavior During Reflood 

As the cold ECCS water was injected into the core, the stored thermal 

energy flashed the water to steam and the buildup of pressure due to steam 

ger1eration expelled the water from the core. This cycle was repeated with 

a frequency of approximately 1/3 Hz until sufficient core thermal energy 

had been removed and the core was reflooded. A discussion of this 

phenomenon, which has also been measured in other facilities, is found in 
Reference 18. 

This oscillation in water density was detected as expected by the LOFT 

SPND's during LOCE's L2-2 and L2-3. Figures 9 and 10 depicts the phenomena 

as detected by momentum flux transducers in the reactor vessel downcomer 

and the central fuel assembly SPND during LOCE's L2-2 and L2-3, 
respectively. 

54 



DRAFT 1J 9/11/80 TSF Doc. ID. 5174N 

5. USE OF SELF-POWERED DETECTORS TO MONITOR WATER LEVEL 

Based on the foregoing results, it i~ expected that self-powered 
detectors (SPD's) should also be capable of detecting water lev~l changes 

during small break LOCA 1 s. Due to the quasi steady state nature of small 

break LUCA's, there is a well defined, stratified water-steam interface in 

the reactor vessel. As this interface propagates past the SPD, the local 

neutron and y fluxes ~re affected and this effect should be sensed by the 

detector. Thus, an axial string of such detectors installed in the reactor 

vessel should De able to map the changing water level, providing a 

measurement of reactor vessel liquid level. 

There are, ho~ever, fundamental differences between the radiation and 

hydraulic environment whi~h was present in the reactor vessel during LOCE's 

L2-2 and L2-3 ana that expected during small break LOCA's. As an example, 

during small break LOCA's, the reactor vessel liquid level is expected to 

decrease slowly. By the time core unc6very results (estimated to be 
thousands of seconas after reactor shutdown), the neutron flux would be 

negligible and they flux would dominate the detector output. In order to 
take advantage of this, a detector with enhanced sensitivity toy flux 

should De used (that is, one with a platinum emitter). Such detectors 

respond to external neutron and y radiation in a manner similar to cobalt 

SPNOs, but because of the higher atomic number (78 for platinum versus 27 

for cobalt) they are more sensitive toy flux and have a net positive 

y current with respect to the neutron current. 

Because of these differences, the results of LOCE 1 s L2-2 and L2-3 
cannot be directly applied in a small break LOCA scenario. Experimental 

data to quantify the SPD sensitivity to reactor vessel liquid level 

variations during small break LOCA 1 s are required before and should b~ 

obtained in order that the use of SPD 1 s to monitor reactor vessel water 

level can be recommended for corrvnercial PWR 1 s. 
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6. CONCLUSION 

It is concluded that the LOFT SPND's are sensitive to local water 

density variations such as those which occurred during LOCE's L2-2 and 

L2-3. This conclusion is based on the response of these detectors during 

the core-wiae quench and reflood phases of these LOCE's 

It is further concluded that the use of SPNO's to monitor reactor 

vessel water level is promising and should be pursued. 
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TABLE I. NEUTRON FLUX AS A FUNCTION OF 
MODERATOR DENSITY - PDQ-7-CCCM CALCULATION 

Moderator 
Density, o 

(kg/m3 ) 

500.0 

615.0 

683.0 

Neutron Flux, On (o) 

( n I m2 - s) 

6 .659 Ell 

1.107 u2a 

1.367 El2 

a. This value for ~r is a linear interpolation between the two other 
values based on density. 
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TABLE lI. GAMMA FLUX ATTENUATION AS A FUNCTION OF 
MODERATOR DENSITY - ANISN CALCULATION 

Moderator Density, p 

3 a 
Attenuation Factor, A(p) Kg/m 

64.6 

ms .1 

426.0 

615.0 

6G7. 0 

<(~ ( p ) 

•1 y (Pc) 

y - Flux at density= p 

1. 0 

0.99 

0.96 

0.95b 

0.94 

y - Flux at density= p0 =density of staurated 
steam. 

b. This value of A is a linear interpolation based on density. 
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for 

A Non-Invasive Liquid Level Gauge for Reactor Pressure Vessels 

by 

M. A. Schultz, W. A. Jester and I. B. McMaster 
Nuclear Engineering Department 

The Pennsylvania State University 

I. Introduction 

Analysis of the accident at Three }file Island has shown that it 

is impo~tant that all existing water-cooled power reactors have a pressure 

vessel water level gauge. This device should be able to detect the 

presence and size of a gas bubble, preferably not disturb existing equip-

ment, and essentially be a non-invasive add-on package. 

This proposal is in two parts. First, the authors propose to build 

a simulated pressure vessel section involving the Penn State University's 

Breazeale Reactor Facility. This Facility, based upon a TRIGA reactor, 

would provide a realistic radiation environment in which any measuring 

instrument must successfully operate. A simulated pressure vessel section 

containing a thick steel wall section would be constructed to serve as an 

instrument platform and would be built to enable creation of various sized 

air bubbles in the radiation environment. This Facility would be used by 

the authors in the second phase of this proposal, but it would also be 

available to the Nuclear Regulatory Commission to test other level gauge 

concepts and instruments. 

The second portion of this proposal involves the testing of certain 

gauging concepts conceived by the authors whereby the in-core radiation 

would be employed in a non-invasive manner to define the pressure vessel 

water level. r 
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II. Background 

Because of the availability of large quantities of gan:ma rays in and 

around a reactor vessel, it is a reasonable consideration to make use of 

these photons to provide the operation's personnel with continual or on­

demand data as to the coolant water level in the pressure vessel. 

One cannot readily use commercially-available gamma ray level 

measuring instrmnents because of the varying nature of the gamma field as 

a function of core and primary loop conditions and because of the existing 

design of the primary containment areas of nuclear power plants. 

Conventional gamma ray level measurement gauges uf ilize either the concept 

of photon attenuation or photon backscatter by the liquid phase. Those 

gauges, using a fixed detector-source system, require the establishment of a 

precise radiation intensity-liquid level calibration relationship to provide 

accurate liquid level information. Varying radiation fields would, of 

course, negate the possibility of any such calibration. Other types of 

radiation level gauges require either the vertical movement of the radiation 

source, the detector, or both, or require the use of a vertical series c: 

fixed detectors and/or sources to detect the location of the gas~liquid 

interface. While such systems could be designed into future power reactors, 

the physical conditions in and around existing reactor pressure vessels 

would make it difficult to install such devices. The situation is not 

unlike that encountered in diagnostic nuclear medicine wherein the patient 

has received a radioactive pharmaceutical which concentrates in several 

places in the body and the doctor, in a non-invasive manner, must obtain 

data from the critical organ in the presence of this interference back­

ground, often of equal o.r higher intensity. 
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Therefore, one must look for new approaches in order to design 

a non-invasive gamma ray liquid level gauge which can 1) be readily 

installed in existing systems, 2) will not occupy much of the 

precious space near the pressure vessel, and 3) can successfully perform 

its function under the wide range of radiation conditions which the 

gauge detector could encounter during both routine and emer9ertcy conditions. 

The primary method proposed in this work is similar in a number of ways 

to that used in diagnostic scanning, already employed by the nuclear 

medical profession. 
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III. Reactor Vessel Irradiation Field 

In order to use the existing radiation field in a reactor pressure 

vessel to provide water level information, one must know the type, energy, 

source, and location of the radiation which can reach the liquid level 

detection monitors. One must, of course, first know this information in 

order to construct an experimental facility to evaluate the effectiveness 

and accuracy of such later-designed detection equipment. Described here 

is a list of the various radiation field conditions which may be encountered 

in a power reactor pressure vessel under different normal and emergency 

conditions. 

Condition 1: An operating core 

In this condition, the major radiation field consists of prompt 

fission and neutron capture gamma rays produced in and around the core. 

The intensity of this radiation source will be approximately proportional 

to the rec..ct:c;r :;:ov.-;;.r :eve:: ar.ci ;.-ill :-eri::e:.:. co:istc:.:::- i!l beth intensity 

and energy distribution at steady state power conditions. There Will also 

be lesser amounts of fission product radiation which will gradually increase 

in intensity and change its energy distribution with core life as long­

lived fission products are accumulated in the core. In lesser amounts are 

the neutron activation products of metals such as zirconium, cobalt, nickel, 

and chromium produced in core components. 

The second major source of radiation is the primary coolant water. 

This radiation is induced by the neutron activation of the primary coolant 

water itself. It includes the 7-second half-life 16N, which emits high 

energy~ and 7 Me\? photons and 4-second half-life 17N, which is a neutron 
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emitter. The intensities of these radiations will also be a direct function 

of reactor power level. 

Also in the primary coolant water will be fission products, primarily 

the xenon and krypton fission gases and possibly lesser amounts of iodine 

and cesium fission products. The amounts of these radionuclides in the water 

will dep~nd upon the current integrity of the fuel rods and the rate at 

which the fission products are being removed by the primary water clean-up 

systems. 

There will also be present lesser amounts of neutron activation 

products dissolved and/or suspended in the coolm water which come from 

various locations in the primary loop, and are activated as the water passes 

through the core. 

The third major radiation field source is the crud which is deposited 

and gradually builds up on the metal surfaces of the primary loop. The crud 

activity comes primarily from neutron activation products and is mainly 

60co, 58co, and lesser amounts of other metal neutron activation products 

from corrosion processes not completely suppressed by water chemistry. 

Condition 2: A core shut-down 

When the core is shut down, there will no longer be any prompt 

fission or neutron capture gamma rays. Thus the radiation being e?:iitted 

from the core is dominated by the decaying fission products. This field 

will reduce in intensity and change in photon composition as the longer­

lived fission products begin to dominate the gamma spectrum. The neutron 

activation products in the core material will also decrease slowly with time. 
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16 17 There will no longer be N and N in the water, but there will 

still be the dissolved and suspended fission and neutron activation products, 

with little or no additional fission products entering the water from the 

core. Thus the suspended and/or dissolved radionuclides in the water can 

be significantly reduced by the primary coolant clean-up systems. 

The crud activity on surfaces will remain and will change slowly 

with time because of the relatively long half-lives of these radionuclides. 

Significant reductions can occur if some type of chemical cleaning is 

employed. 

Condition 3: A core shut down with significant fuel pin damage 

In this situation, conditions are similar to condition 2, except 

that there can be significantly larger amounts of the more mobile fission 

products in the water. If fuel melting has taken place, there will also 

be some transuranic radionuclides in the coolant water. 

Condition 4: Core at shut down with a bubble of some size at the top of-the 
reactor pressure vessel 

This situation would be the same as situation 2 or 3 except that the 

radionuclides in the bubble will have a significantly different composition 

and concentration of the radioactive material than the primary water with 

which it is in contact. Ther.e will be a build-up of the fission gases of 

xenon and krypton in the gas bubble as well as lesser amounts of gaseous 

organic and inorganic radioiodide compounds, but no significant amounts of 

any of the other radionuclides. With time, an equilibrium condition should 

establish itself, with the relative concentrations of these gases in water 

and the gas bubble dependent on their distribution coefficient. At the top 
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of the reactor core, the intensity from the radiation in the coolant water 

should decrease as the water level drops while the radiation from the crud 

deposits should increase since the gas will have. about three orders of 

magnitude lower attenuation coefficient than the displaced coolant water. 

To design a successful instrument, one must take most of these 

VR~ying effects and conditions into consideration. 

IV. Simulated Pressure Vessel Design Considerations 

The simulated environment for instrument testing would be provided 

by the PSU TRIGA reactor. This reactor, which is capable of attaining a 

power level of 1 MWt (not too differen~ ~::.om a sh~:.doM.T. po·..;:0.:- r~::::.~::-rj, 

normally rides on a movable bridge in a large open pool. 

The test vessel would be constructed of aluminum with one half of 

the top of the vessel covered with steel plate 6-inches thick to simulate 

actual pressure vessel wall thickness. This test vessel section is to be 

rectangular (approximately l' x 4') in cross section and sealed on the 

top end. It is intended to represent a vertical slice corresponding to a 

section of the head top of an actual reactor pressure vessel.· (see Fig. 1) 

This simulated pressure vessel will be two-dimensional, supported on a 

movable bridge over the PSU reactor pool, and will extend approximately two to 

three feet into the pool water. (see Fig. 2) Access por~s on the top 

of the vessel will permit insertion of instruments, rods, and/or tubes to 

facilitate measurements or to simulate control rod shafts and/or other 

obstructions. Instrument thimbles attached to the side of the test vessel 

will provide a means for attaching radioactive sources to simulate "hot 

spots." The primary detector would be mounted to "look" through the 6-inch 

thick steel top. A boiler sight glass on one side of the test vessel will 
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provide liquid level information from the inside of the test vessel. The 

liquid level inside the test vessel can be varied by providing either 

pressure or vacuum to one of the access ports on top of the vessel. 

Radioactivity inside the test vessel will be provided by pumping 

reactor pool water, containing radioactive nitrogen-16, nitrogen-17, 

bottom of the test vessel. (see Fig. 3) The concentration of these radio-

isotopes can be controlled by controlling the pumping time and the pumping 

rate. Since both the test vessel and the reactor will be mounted on wheels 

on the same track, the distance between them can be varied, allowing one 

to position the reactor in the line of sight of the detector mounted on 

top of the test vessel. 

Sufficient pipe and tubing will be provided to supply air to the 

system such that a turbulent interface can be simulated. In this way, 

the effects of a smooth level transition as well as a "frothy" one can 

be observed by the detectors. 

The PSBR core itself will serve as a source of prompt fission and 

capture gamma rays when operating at power levels up to 1 MW thermal. 

When shut down, it can provide a source of decaying fission product gamma 

rays. As stated previously, by drawing irradiated water from the operating 

reactor into the two dimensional pressure vessel, a radioactive volume of 

16 17 
wate~ can be produced from the neutron activation products of N, N, 

41 41 . 
and Ar. The inert gas, Ar, produced by the neutron activation of 

· dissolved air in the pool water, will simulate the presence of the xenon and 

krypton fission gases in power reactor coolant water. If the test pressure 

vessel is operated with an air bubble at its top, there will be a continual 
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buildup of 41
Ar in the bubole with time, as long as the reactor and pumping 

41 
systems are operating, since Ar has a 1.8 hou~ half-life. Thus by varying 

the reactor level and the rate at which the radioactive water is pumped 

into the simulated pressure vessel, varying amounts of radioactive material 

in the liquid and gas phases can be achieved. 

Inserting cobalt-60 sources of various intensities in and around the 

test pressu~e vessel, by means of the _instrument tubes, will simulate the 

presence of radioactive crud in an actual pressure vessel. 

Although the radiation levels produced in this simulated pressure 

vessel will not approach the worst case conditions which can exist above a 

power reactor head, the radiation fields so produced should demonstrate the 

proof of principle of any instrument as well as provide data to design a 

system which can accurately and effectively function under reactor conditions. 

V. Gamma Ray Gauges in Reactor Vessel Radiation Fields 

For power reactors, one obviously cannot use the traditional concepts 

that have been developed in the past as fluid level gauges. A fixed detector 

looking at some internal source such as the core will not work because of 

the changing radiation intensity and composition under the various conditions 

previously described. Thus no meaningful calibration equation of radiation 

intensity versus fluid level could be developed~ Computer comparison of the 

current data with past data recorded when the reactor was under similar 

conditions might allow the detection of gross changes in the fluid level. 

Also, if one could move a radiation detector vertically through the 

core or just outside the pressure vessel walls, one should see a relatively 

sharp change in radiation intensity as the detector passes the gas-liquid 
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interface because of the dramatic change (three orders of magnitude reduction) 

in the mass attenuation coefficient of the gas as compared to the coolant 

water. In addition, one should see a significant change in the spectral 

composition of the photon radiation. But putting a detector inside the core 

would be an invasive technique and few existing reactors would have available 

vertical tubes for the insertion of such detectors. The presence of biological 

shielding and the va=ious primary loop auxiliary equipment adjacent to the 

pressure vessel wall would also interfere with any vertical movement of a 

detector outside the pressure vessel, unless existing instrument tubes were 

available in this location. 

The primary method being proposed in this work is the use of a highly 

shielded, well collimated detector (mounted on or near the vessel head) which 

will see only a relatively narrow beam of photon radiation coming from a 

single direction from within the reactor vessel. Low energy scattered 

photons would be screened out using high atomic number absorbers on the 

interior end of the detector collimator. If one is interested only in the 

change of radiation intensity, a simple ion chamber could be used, but if 

photon spectral changes are to be observed, ~ detector such as a water cooled 

alph~ stabilized Nal(Tl) detector could be employed. 

The detector system would be bolted to the side of the reactor head 

~see Figure 1), and could be rotated in a vertical direction about an axis 

through the centroid of the detector. This detector system is similar to 

the directional scanners used in nuclear medicine. Existing manufacturers 

of this type of equipment should be able to construct reliable instruments 

for this type of level gauging system. 
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'When the detector is only looking diagonally through a water phase, 

the radiation being detected would come from the crud on the bottom side of 

the reactor head, the radioactive material in the water, the crud on the 

far side walls, and the crud on any control rod drive equipment that may 

be alo~g the viewing line of sight. The water will partially attenuate 

:··,_ ;-:.~· ::_s originating below the surface of the lo>C!ter. When the litle 

of sight-of the detector is through an air bubble, the detector will see 

the spectral composition produced by the gaseous fission products. In 

addition, there will be considerably less attenuation of the radiation from 

the crud deposits, 

As the line of sight passes through the gas-liquid interface, there 

should be visible a dramatic change in radiation intensity and composition. 

This interface change would be further enhanced by the presence of suspended 

radioactive materials floating or entrained at the interface by the system 

turbulence. 
0 

thus one could use a small micro computer to continually monitor 

the intensity and/or spectral composition profile as a function of detector 

vertical angle and compare this profile with computer averaged profiles 

recorded in previous scans made under similar operating conditions. Such 

an averaging p~ocess would normalize out tne presence of localized hot spots 

which could give false low level readings. The resulting normalized profile 

curve should clearly and rapidly show the operating personnel a discontinuity 

at the gas-liquid interface. 

In addition, th:ts device would quickly pinpoint the presence of non-

typical fission products in the water and follow changes in their composition. 

It would be the authors' intent to set up such a system on the test fixture 

and determine the sensitivity of such a device to small bubbles and progressively 

larger level changes. 
fVfl1Hi:1l TEXT I 0VTUlll!v'6 THE /JVPGET, 15 0/11T7El> 
IN /HtJ Pl5TRl/3VT1DN C<>PY. 
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A. (PAUL) RAPTIS' PRESENTATION 

Dr. Ned Kondic 
U.S. Nuclear Regulatory Commission 
Safety Research 
Willste Building 
Washington, D.C. 20555 

Dear Ned: 

CT/IC3491 

November 17, 1980 

The meeting on level measurements for LWR's that you chaired in Washington 
was very informative. The nuclear techniques presented looked good, but I 
am not an expert in the field and therefore 1 cannot make an accurate judge­
ment of their value and feasibility. The microwave technique presented by 
Davco sounds impressive and the presenter knew his subject very well. I am, 
however, very skeptical about its application to LWR's for level measurement 
for two reasons. First, I think coupling will be difficult if not impossible 
to accomplish and second, microwave propagation in media such that inside the 
reactor are not as straight forward as in wave·guides or air. I feel that 
due to the variations in the speed of light in such media the distinction of 
the reflected pulses will be difficult to accomplish. 

As far as acoustics I leave it to the other participants to express their 
thoughts. My feedback from the people there was good and gave encouragement 
to continue the work. Please let me know if there is any chance to fund 
some work on level measurements via acoustic techniques. If yes, I would 
like to submit a proposal. 

Enclosed are copies of the three viewgraphs that I presented at the meeting. 
You will also be receiving a letter from Dr. W. W. Durgin inviting you to 
participate as a panelist, on the session of two-component flow measurement 
in the 2nd Symposium on Flow in St. Louis on March 25, 1981. 

ACR:nh 

Enclosure 

cc: R. S. Zeno 
G. S. Rosenberg 
P. R. Huebotter 
T. P. Mulcahey 
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Regards, 

~ 
A. C. Raptis 
Components Technology Division 
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Frequencyl kHz) 

100 

200 

300 

400 

100 

200 

300 

400 

ATTENUATION COEFFIQENT .~(dB/cm) 

j_n_J!ater (multiply all values by lo-5 ) 

0°C 

3.45 

13.80 

31.00 

55.20 

80°C 

0.86 

1.84 

4.11 

7.36 

in .steel at 23 C, 73F (multiply all values by 10-2) 

0.872 

1. 75 

2.61 

3.49 

o<. in steel is almost independent of temperature within an interval 
()f + 20 c. 

At SMHZ., where scattering predominates,o( is more temperature sensitive. 
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ULTRASONIC RANGING SYS'l'EM 

-:DR. S. BANERJEE, UNIV. OF CALIF. -

'l'o shorten the transmit pulse : 

An inte%1Dediate board is needed betWeen the 

Ultrasonic PR:>NTO! Boar~ and the EDB board. Construct the 

board as shown usinq the sug~ested components or equivalents. 

I; ~c '1£·u's : 

-----~ 
t f.....,.,. , JA< r. ... r 

"---pl~s+1'c. o.,. 

c:t.- ( c....-r a' u ...._ tc. J.,. f 1 c.-r 

You can build the circuit called 11 Fixed Gain Tester Circuit" in 
notes and use an oscilloscope to read time difference between 
transmit and out. Gain of amplifier might have to be reduced. 
This can be done by changing the 240 K resistor to a lower value 
maybe as low as 5 K or 10 K. 
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ULTRASCNIC RANGING SYSTEM 

Modifying for finer resolution than one-tenth of a foot. 

'lbe EDB board has gates that are unused. No additional IC packages 

are necessary. The conversion requires that conductors be -c;ut and that 

wires be added. Refer to Figures 21 and 23 of the instruction manual. 

Pin 12 is the "CL" input of IC6. IC6 is a binary-coded decimal 

counter that counts the "CL" input. In Figure 21 A7 is used in the "CL" 

input. In Figure 21-M2 the "CL" input is changed to A4 (Note that pin 

5 of ICB is disconnected from pin 10 of ICB and is reconnected to pins 

3 and 4 of ICB and pin 6 of IC6. Follow the procedure below to convert 

to the 9. 25 TIMES FINER resolution. The new display will indicate cycles 

of A4 up to 999 cycles. (If one uses it for measurement, note that A4 is 

only approximately 1/8" • ) 

Make the ·7 cuts and lift the one jumper and the one resistor CR.i> 

as indicated in Figure 23-M2. Have available a 300k ohm + 5% resistor 

and a ceramic .001 ufd capacitor. See also Figure 21-M2. 

Rewire as follows : 

1. ·Connect pin 5 of ICB to pins 3 and 4 of·ICB. (Pin 6 of IC6 is also 
connected with pins 3 and 4 of ICB.) 

2. Connect pin 12 of IC6 to pin 5 of IC9. 
3. Connect one end, of the . 001 ufd capacitor to pin 3 of IC6 and the 

other end to pin 4 of IC6. 
4. Connect pin 3 of IC3 to pin 2 of IC2. Connect pin 8 of ICB to pin 

2 of IC2. 
5. Connect pin 4 of IC3 to one side of tlie 300k ohm resistor. Connect 

the other side of the resistor to pins 1 and 2 of IC8 (Note: pins 
1 and 2 of ICB are already connected together.) 

6. Connect pin 9 of ICB to pin 4 of IC5 (Same as E-9). 
7. Connect pin 16 of IC9 to pin 14 of ICB. 
8. Connect pin 8 of IC6 to pin 11 of IC6. 
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POL·\ROID ELECl ROSTATIC TRANSDUCER 

Tcchnic:il Spccific=i t ions 

111is instrum!.!nl zrad.:: clcctrost:ilic transducer is spt:dfic.::.illy intcm.kd for Op!.!ration in air :it llltr:hOllii; 
fn:qucncics. The u~scmbly comt:s tornp!d1.: with a p1.:rforatcd protct:tivc covcr and slip-on co;111·:c.:tor.;. 

l+l 

Specifications: 

Us:ible Transmitting Frequency Range 

Usable Receiving Frequency Range 

Beam Pattern 

Minimum Transmitting Sensitivity at 50 kHz 
300 vac pJ...-pk, 150 vdc bias · 
(db re 20 uPa at I meter) 

Min.imum Receiving. Sensitivity at 50 kHz 
150 vdc bias (dB re I v/PJ) 

Sugg.ested DC Ilias Voltage 

Suggest_ed AC Driving Volcag.e (peak) 

Maximum Combined Volc:ig~ 

Capacitance :it I kHz (Typical) 
150 \'de bi:ls 

Oper:iti11g Comlitions 
Tcmpl.'r;1t un: 
Rd;itiH' llu111iJity 

Stanll:ml Finish 
Foil 
Housing 

100 

A 

1.51 J 
DIA. 

See Graph 

See Graph 

See Graph 

110 dB 

- 42dB 

150 v 
150 v 
400V 

.400- 500 pf 

32° -140° F 
5%- 95% 

Go Ill 
fl;1t Ul:1ck 

l 
t 

1.690 
DIA. 
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Fi:_;llrc 17 is a !i:..:ctl g:.iii1 test cirCllit. It is :1 sim· 
pie cin:uit that 111:iy be built from rc:.nlily av:.iil· 
able parts. The circuit produces a sint;ll: frequency 
transmit burst of s·. 16, 32 or 64 cydcs and 
rcpe-ats at re-gular intcrv:ils of :ibout 200 ms. It 
features adjustabh: blanking, a fixct.l gain ampli­
fier, ii detector and complcmenl:li"y, buffered, 
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Drive Circuit Suggestions: 

CMOS works nicely as a drive circuit. Three circuits are shown. The first 
is a symmetrical drive suitable for one to five repetitions per second. The 
second is asymmetrical and may be used as rapidly as 10 rps with long 11 on 11 

symmetry and as long as four repetitions per minute with long 11 off 11 symmetry. 
The third circuit is a digital system for very slow rep-rates and may also 
be used to drive up to eight modules sequentially. 
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ft ra cxtcnsi vu evt~luation of variation in <iimor~t ior. 0r: ult r; •. :.~ou~d b7 air 
~Sit pertains to ~onil~ echo arnpliluJc n.)1 g~in iz diGcusscd in this 

r ~;:>ort. · J\nnlytic~1l c:~xpressions which alJ.'-1·.v cA..i. n~c t. -='• lcula ticr1 of ti~c . 
o.h~-;orption coefficient for any tcrapcraturc/l{. i!. C' .• !"!1i: in~tion nre used to 
present the effect of variation in tabular· and. gr~pbic:-.1 form for near· 
&incl far gain curves as well as the ef~:nct on trans11uccr recei·.·r:: volt 
l~vcl.. It will be shown th~t earlier ob!;crvat:ions c>f system g~in L!r·.d 
tr~~r;d\!Ce~ receive volt VCJ.riation wi t.h 'I' n:•u R. II. C<in l::c accountcc! for 
by absorption var.i.eition with rmch b~tter ngrec;mr~rit th Lin cnrli~r· bclicvccl. 
The impoct of. such pr~dictnbility i::; appurcnt when one consiciers th(~ 

. great difficulty a~ld c>~pC!)!3•3 involved with tightly controllin~ T anc l~. n. 
'J'he effect is also discussed in terms of guin measurcccnt in the f icld. 
(CPS) as well as ~nin as it exists in the field for extreme user condi­
tinns and how manu.:acturing IT.:1i ts sl10uld be set to provide ~ufiicicnt. 
qunli ty. Al thoug!"l it is true that th2 c:dsting specif icat.ion for gain 
is fairly well established, a new, ·im:provca gain r;icasurc:n-.ent method as 
well as revisio!l. of kitting zones is currer.tly bcinq devclo:.;ed (cooper-.:i­
tive effort with J. Rc~nard, ~t. al.) The informil~ion ~resented here 
will have impact in that area as well. 

i\NALYTIC.7\L EYPRESSIONS FOP TOTAl, A'l'T:C~W~]-'IO~ COEFrICIENT 

:::n a 1976 National Physical Laboratory l»coustics R~port (Ac74) E.N. Bazley 
derives expressions which may be used to calculate the total attenuation 
coefficient at any frequency, temperature, pressure and relative humidity. 
He inclu~c5 direct comparison of calculated coefficients with numerous 
cxpcrimc~tal observations mado througho~t the tirne period 1930 to the 
pres2nt by a r.umbcr of active experts in the field. 

Given as inputs the sound frequency, f Hz, 
temperature, t °C, 
pressure, P atm, 

one c~r. 

steps. 

and relative hu:nidity, RH% 

find the intensity attenuation coefficient using the following 
Calculate the percentage of water molecules, h: 

h ~ entiloG (20.5318 - 29'39/T) 
[
Rl.PIJT-4. 922 

vhcre T = t + 273.15 

:ext, Chlcule.te moleculo.r nttcnUEltlc..n due to oxygen, m!'\ : . 
~ 

u 

Md - = 
1'mo..x 

c" 

r 

r i-·o 
·-+-po r 

.. 
h.21,25 x rn-6 + a.s1G8 x 10-0 

t + 5.4534 x 10-10 t 2 
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~d~ogen also attcnuntcs sound significantly due to tranvcrse molecular 
u1b.cation. Attenuation due to nitrogen, mN, is calculated by: 

·\ 
. -8 

1.71 x 10 

·'inally, thc;.·re are classical and rotational effects,. mer: 

-11 ) 2, = 3~6 x 10 (1 + 0.001 t f p 

~he total i nt-.P.nsi tv attenuation coefficient m is therefore: 

-1 metre 

.·he factor, m, appears in the well known expression for absorption of 
J1e intensity of sound: 

I = I e -rnx 
0 

1here 1 0 = initial intensity 

x = distance in meters for m in meter -1 

n the li tcrature one also finds the attenuation c:1nstan t A0 \·1here 
~0 . = m. 4 ._343 to yield Ao in dB/meter \.;hen m is expressed in ~eter -1 

(5) 

(6) 

(7) 

(B) 

·~he English version for Ao {dB/ft) is found by straightforward conversion 
>t length uriits: · 

Ao (dB/ft) = Ao (dB/meter) 
3.282 

~hus far we have found an expression for the intensi t'.\' attenuation 
:ocfficient, m, and the attenuation constant, A0 • 'l'o obtain the sound 
>re:,sure coefficient one simpl,y realizes that sound pressure is propor­
:ional to the square root of sound intensity. Equation ( B) becomes 

p2 = p 0 2·e -mx 

>olving for P: 

P P -Jll P e-r<x = oe 7X=.o 

>ince m - Ao/4.343 it is clear that 
fl = Ao/8. 6 06 (.!t-1 for 1\0 i.n dB/ft) 

ro illu5tr<:1te how t."1c attenuation constant, A0 (dD/ft) varies 
d t-.h T & R.H. a tublP. ~nd graph in included in this report for 
>oth 50kll~ and 60 kllz. See f igurcs l and 2. 
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CT/IC3497 

November 19, 1980 p. KEHLER Is PRESEllTATIOIJ 

Dr. N. N. Kondic 
RSR Division, Willste Bldg. 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555 

Dear Ned: 

Subject: Measurement of Water Level.in Power Plants, Using Nuclear 
Techniques 

References: 1. Paul Kehler, "Water Level Measurement in PWR Cores by 
Pulsed Neutron Activation Techniques," in Proc. of the 
USNRC Review Group Conference on Advanced Instrumentation 
for Reactor Safety Research, Edited by A. L. Hon and 
T. Weber, NUREG/CP-0007, November 1979. 

2. · D. N. Fry et al., "Advances in Noise Analysis for Nuclear 
Plant Surveillance.and Diagnostics," Paper presented at the 
Eight Water Reactor Safety Research Information Meeting, 
Gaithersburg, Maryland, October 1980. 

3. EPRI, "Summa::-y of EPRI and Utility Sponsored Research in 
Non-Invasive Reactor Vessel Water Level Monitoring," Paper 
presented at the Eight Water Reactor Safety Research Infor­
mation Meeting, Gaithersburg, Maryland, October 1980. 

Fully realizing that the NRC has already chosen the most promising level 
measuring technique (heated thermocouples), as well as two backup systems 
(Ap - measurement and external neutron ratio method), I still would like to 
forward to you some comments on two nuclear methods that, I believe, warrant 
further study by the NRC. These methods can be considered to be combinations 
of techniques proposed by me last year (Ref. 1) with two new techniques 
proposed this year by ORNL (Ref. 2) and EPRI (Ref. 3). Details of the two 
proposed level measuring techniques are as follows: 

Level Measurement by Attenuation of Neutrons in Water 

I have shown previously (Ref. 1) that enough D,T neutrons will penetrate 
the thick walls of reactor vessels to interact measurably with the core of 
the reactor. This fact could be used to enhance the very low counting rates 
found in the technique being proposed by EPRI. EPRI now must use counting 
times in the order of 1,000 sec to get statistically meaningful numbers of 
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2 
Dr. Ned Kondic November 19, 1980 

Level Measurement by Attenuation of Neutrons in Water (Contd.) 

counts. A pulsed D,T neutron source, positioned at locations on the reactor 
that do not permit direct irradiation of the two EPRI-counters, will most 
likely increase the number of counts and thus make the EPRI technique faster 
and more reliable. It should not take too much additional effort to install 
a pulsed neutron source-and irradiate the LOFT core during the EPRI test 
planned at the LOFT for December, 1980. 

Level Measurement by Measuring the Reactivity of the Core 

In Ref. 1, I have also suggested that the water level in reactors be measured 
by measuring the reactivity of the core. This technique has the advantage 
that only the water in the core, but not the water level in the downcomer 
will effect the reading. In Ref. 1, I have suggested several ways in which 

.the reactivity of cores could be measured using a pulsed neutron source and 
specially developed detectors. Now, during the last RSR meeting, ORNL has 
presented a novel technique for reactivity measurements, involving relatively 
simple detectors and a steady-state capsule neutron source. This equipment 
is much simpler and more rugged than the .equipment proposed by me in Ref. 1, 
and its feasibility for measuring water levels should, in my opinion, be 
looked into. ANL has the capability to assess, analytically, the effects of 
control rod position and boron content of the coolant on the water level 
reading, using the core reactivity method. Using this capability, we would 
be willing to support ORNL's experimental work by expanding their new 
reactivity measuring technique to water level detection in reactors. 

Pau.l Kehler 
Components Technology Division 

PK:nh 

cc: Y. Y. Hsu, NRC 
A. L. Hon, NRC 
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IN-VESSEL WATER LEVEL GAUGE 

BASED ON NEUTRON THEMALIZATION 

V. Orphan 

Science Applications, Inc. 
Instrumentation/Experimental Programs Department 

4030 Sorrento Valley Blvd. 
San Diego, CA 92024 

October 30, 1980 



PROPOSED APPROACH 

• Use proven neutron thermalization moisture gauge - small (l-20 µg 
252

cf) 

d 
235 l' d f. . t neutron source an U- ine ission coun er. 

• Gauges permanently installed in existing guide tube(s) (ID~ 2.5 in) 

about two feet apart from top of core to top of vessel. 

• Alternatively, gauge can be translated along guide tube. 
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"SCHEMATIC OF NEUTRON THERMALIZATION WATER 
LEVEL INSTRUMENT 

Assume: 
252 

o 1 µg Cf source 

o Fission Counter 

- 2.0 in x 7 1/8" long (sens. length) 

- 0.7 cps/nv 

o 60 sec counting time 

2 
4 .. OxlO counts 

3 ~ c3 1. 5xl0 counts f -3-

1. 0 ft 

c2 
4 

l.6xl0 counts ~ -2-

cl 
4 = l.6xl0 counts 

fission counter 

123 

Ci 

f 
2 ft 

counts with water nearby 
counts with air 

(typically) 
Water Level 

(thermal neutron collimator) 



ADVANTAGES 

• Semi-intrusive - gauge protected from vessel environment by guide tube. 

• Excellent water level accuracy - ± 1 inch possible. 

• Uses proven components - fission counter qualified for reactor applications 

(source range monitor). 

• Accuracy not strongly affected by time after shutdown. 

252 
• Response time quite good (~2 min for 1 µg Cf). 

• Relatively insensitive to local thermal hydraulic phenomena. 
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DISADVANTAGES 

• Does not function when reactor at power (may be able to work near 

vessel top). 

• Less sensitive just above core because of high thermal neutron back­

ground (from photoneutrons). 

• Difficult to implement in core region . 

• Change in lOB concentration in coolant could affect accuracy . 
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R. DUFFEY 

SUMMARY OF EPRI AND UTILITY SPONSORED RESEARCH IN 
NON-INVASIVE REACTOR VESSEL. WATER LEVEL MONITORING 

September 1980 

l. INTRODUCTION 

Following the incident at Three Mile Island, National Nuclear 
Corporation (NNC) was directed by EPRI to investigate the pos­
sibility of measuring water level within a PWR vessel using 
non-invasive radiation measurement techniques. Since that 
time, several tests have been made using various neutron 
detector assemblies in experimental tes.ts and at commercial 
reactor plants. 

Th is summary presents a review of the tests that have bee;1 
conducted, the details of the detector assemblies used, and dis­
cusses the experimental results obtained. A status report on 
current and planned future research in this area is also included. 

2. PAST TES'!'S 

A. NCC Laboratory Tests 

During June and July 1979, NCC conducted several experi­
mental feasibility tests of the ability of 3He neutron 
detectors to measure water level in an experimental water 
tank facility. Both top and side detectors were used in 
the tests. 

The tests were conducted in a large 9 foot diameter, 11 
foot high cylindrical tank filled with water (9,000 gallons). 
Another identical tank was placed nearby to store the 
water as the water level in the first tank was lowered 
during the experiments. 

. . 9 . . 
A l.6mg (4 x 10 neutron/sec) Cf-252 source was used as 
the neutron source and was located in a thimble in the, 
center of and three feet above the bottom of the tank. 

The neutron detectors used in these tests consisted of 
~welve Reu~er Stokes 3He proportional counters, 1 inch 
in diameter, 24 inches active length, jacketed in .alumi­
num,· filled to 4 atmospheres p+essure. The ·tubes were· 
contained in a plast~c moderator assembly 30 irtches long, 
24 inches wide, and 12 inches deep. The detector assembly 
was mounted on the top of the water tank above a 4 inch 
thick steel plate, used to simulate a PWR vessel head. 
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Plastic and boronated plastic was placed above and to the 
sides of the detector assembly to simulate the concrete 
shielding above a PWR vessel head. 

The side detector consisted of one 3He proportional counter, 
1 inch in diameter, and 4 inches active length. 

Tests were conducted by observing the top and side count­
ing rates using 100 second counting intervals for various 
water levels. 

The tank test results indicate that the side detector 
response is relatively insensitive to the water level. The 
top detector response is weakly sensitive for water level 
above lOOcm above the source (3.3 feet) and strongly sen­
sitive fot-water levels below lOOcm. The ratio of side-
to-top counting rates appears to give a more clear indi­
cation of water level measurement. The results indicate 
measurement trends and are not intended for detailed 
evaluation or application. In addition, it is felt that 
the proximity of the second water storage tank with its 
changing water level may have adversely affected these results. 

B. Tests at Prairie Island 

During the winter of 1979, tests were made using unshielded 
3He detectors at the Prairie Island nuclear ·plant in 
Minnesota under Northern States Power sponsorship. The 
measurements were taken two months after shutdown. Defi­
nitive results were not obtained as Co-60 gamma rays 
from the vessel completely obliterated the signals in 
the unshielded detectors. 

c. Tests at Rancho Seco 

During March 1980, tests were conducted at the Rancho Seco 
reactor plant in California under EPRI sponsorship. 

A single BF3 neutron detector two inches in diameter, 
24 inches active length, with a 30 mil aluminum jacket 
was used in the tests. The cylinderical detector assem­
bly consisted of the detector surrounded by 3/8 inches 
of polyethelene and then ~ inches of lead, to shield 
against gamma rays. 

The te~ts were conducted about three months after shut­
down. The detectors measured only a few counts above 
background, leading to large error~ in the counting 
statistics. . 
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D. Tests at Trojan 

During April 1980, tests were conducted at the Trojan 
reactor plant in Oregon under EPRI sponsorship. 

The same identical detector asse~bly used in the Rancho 
Seco tests was used in the Trojan tests to measure neutron 
flux at the top of the reactor vessel. 

Count rate intervals of 1000 seconds were used during 
these tests. Measurements indicated the background radia­
tion to be 55 counts per 1000 seconds inside the contain­
ment on the refueling ledge, and 69 counts per 1000 seconds 
at the measurement location above the vessel head when 
the vessel was full of water. The gamma radiation at the 
detector location was measured to be 200 mr per hour. 
Background radiation outside the containment mea_~rnred 
222 counts per 1000 seconds. 

Side detector data was also taken from the Trojan source 
range detectors, but these data were found to be too 
erratic for use. 

The results substantiate the detector response of increased 
counting rate with decreasing water level above the core 
as seen in the NNC laboratory tests. The results do, 
however, indicate significant differences: the slope of 
the corrected results in the Trojan tests is found to be 
-0.00115±_0.00016 cps per foot (in the 8 to 20 foot range 
above the core} as compared to a slope of -0.589 cps per 
foot (in the 4 to 9 foot range above the source} as measured 
in the NNC tank tests. In ·addition, the attenuation lengths 
derived from these results after subtracting background 
counts are also different: approximately 12.0 feet from 
the Trojan results and approximately 4.8 feet from the NNC 
laboratory tests. These differences have not yet been 
fully explained. 

3. PLANNED TESTS 

Two testing programs are being planned to further test the 
ability of lead shielded BF3 neutron detectors to measure 
water level above a reactor core. A test program similar 
to the one performed at the Trojan plant is planned to be 
conducted at the Farley Unit Two nuclear plant in Alabama in 
November. Additional tests are Qlso planned to be conducted 
at the NRC LOFT facility in Idaho in late 1980. 

129 

l 



A. Tests Planned at Farley 

A testing program is planned at the Farley Unit Two 
reactor plant under EPRI sponsorship during a normal 
refueling shutdown currently scheduled for early 
November 1980,and during subsequent shutdowns. The 
tests during refueling will inv"ol ve four detector 
assemblies temporarily placed upon the top of the 
vessel head while counting measurements are made for 
various water levels. These tests are planned to be 
conducted approximately three to four days after 
reactor shutdown. 

/ 

Each of the detector assemblies for use in these tests 
will consist of two BF3 neutron detectors two inches in 
diameter, two foot active length, jacketed in 30 mil 
stainless steel, each placed in a 2-1/8 inch ID and 3 
inch OD lead pipe, and surrounded· ~y polyethelene. Each 
of these detector assemblies measures approximately 6 x 
10 x 30 inches, contains a 1/2 inch thick 8-1/2 x 30 inch 
lead plate on the bottom, and is housed in a 14 gage steel 
jacket. Each assembly weighs approximately 250 lbs. A 
drawing of the assembly including all measurements and 
details of the mounting brackets_ is given in Figure 1. 

After these tests are performed, the four detector 
assemblies will be installed in the containment by sus­
pending the~ from support ducts existing above the vessel. 
In addition to the top detector assemblies, a bottom director 
assembly has also been constructed and will be placed on 
the subpile room floor. This assembly consists of eight 
BF3 tubes in an arrangement similar to the top detectors, 
all housed in one case. In addition, two B-10 high flux 
neutron counters will also be ·inst~lled one above the 
vessel and one in the subpile room in order to monitor 
neutr6n flux during normal operation. The BF3 detector 
assemblies will be operated only after complete reactor 
shutdown. The arrangement of these detectors is shown 
schematically in Figure 2. 

Testing all these detectors in their installed locations 
is not ~xpected to be accomplished until an anticipated 
future outage. Such an outage may be expected to occur 
before 1981. During such an outage, both top and bottom 
detector count rates will be recorded for various water 
level positions above the core. Both the top detector 
count rates and the ratio of top-to-bottom count rates 
will be examined as a function of water level above the 
core. Data from the source range neutron detectors lo­
cated on the sides of the vessel will also be obtained 
for comparisons in the analyses. 
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B. Tests Planned at LOFT 

An additional top detector assembly identical to those 
used in the Farley tests has been constructed for use in 
the NRC LOFT facility at EG&G, Idaho. Through mutual NRC 
and EPRI interest, a testing program is being planned to 
test the response of the detector assembly at the LOFT 
facility during low power operation and during a planned 
vessel blowdownand core uncovery test, expected in Decem~ 
ber 1980. 

4. PROJECT MANAGEMENT 

The tests· planned at the Farley Unit Two nuclear plant and 
LOFT are part of EPRI research project RP 1611. Inquiries 
regarding further information, the status of these tests, 
and additional data should be formally addressed to Dr. 
Patrick G. Baiiey at EPRI. 
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Figure 1. Design of Neutron Detector Assemblies 
to be Used in the Planned Tests at Farley 
Unit One and LOFT Above the Core 
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Figure 2. Schematic Arrangement of Detector 
Locations for the Farley Unit One 
Test. 
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The Davco Microwave Liquid Level Gauge uses radar 

techniques to measure liquid level in a nuclear reactor 

environment. The use of a waveguide to propagate the 

signal allows the microwave circuitry to be located 

outside the reactor containment building. Since only 

the metal waveguide is located in the high radiation 

environment, long term trouble-free operation of the 

system is expected. The general layout of the system 

is shown above. The microwave signal enters the ~eactor 

vessel through a 3/8 inch or smaller glass seal. This 

seal uses a special radiation resistant glass that will 

operate properly in a 109 - lolO rad environment and 

will withstand the temperat~re and pressures required. 
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* Patent Application No. 174,133 
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The display and readout system uses a frequency 

domain output format with the expected oscilloscope 

display shown in the top portion of the figure above. 

The bottom portion of the figure shows the waveguide 

with a horizontal axis of the same scale factor as the 

top. Located along the waveguide are several discon-

tinuities marked (A) through (D). Shown in the top 

portion of the figure are the output signals corresponding 

to these discontinuities. The advantage of this display 

is that considerable information is available to the 

operator concerning the performance of the system under 

normal and abnormal reactor conditions. 
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1.0 INTRODUCTION 

Davco Manufacturing Co. has designed a Liquid 

Level Gauge (Patent Application No. 174,133) for use 

in a high radiation environment. The gauge operates 

in a manner similar to a radar except that the signal 

propagates down a waveguide imm~rsed in liquid rather 

than through the atmosphere. Since only the waveguide 

is located in the radiation environment, long term 

reliable operation is expected from the-system. 

Figure (1) shows a typical reactor installation. 

2.0 DISCUSSION 

Radar has been- used to measure the distance _to 

remote objects since the middle 1930's. These radars 

usually employed a short pulse of radio frequency 

energy which was bounced off of a distant object with 

the total travel time measured using electronic means. 

Since the radio frequency signal traveled at the speed 

of light (186, 000 miles/sec., approximately l x 109 ft./sec.), 

the distance to the object could be determined. The dif­

ficulty with a pulsed system is that the minimum 

range is determined by the pulse width. For example, 

a one microsecond pulse would require a o~e thousand 
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foot minimum round trip distance (1 x lo-6 sec. X 

1 x 10+9 ft./sec. = 1,000 ft.). such a radar would 

be impractical as a level gauge. There is another 

form of radar more readily adaptable to level measure-

ments called a swept frequency radar. The Liquid 

Level Gauge uses swept frequency radar techniques. 

2.1 TYPICAL SYSTEM SPECIFICATIONS 

(a) Range 

(b.) Accuracy 

( c) Measurement Time 

(d) Level Sensor 

( e) Display 

1 ft. to 500 ft. 

1% of range from 
known point 

Less than 1 second 

1 11 pipe waveguide 

Digital readout and/or 
spectrum analyzer/FFT 
presentation 

2.2 MICROWAVE LEVEL DETECTOR 

The block diagram of the microwave level 

detector is shown in Figure (2). The output 

of the swept.microwave oscillator\is a linear 

ramp function of frequency vs. time. This 

signal passes through a directional coupler 

and isolator to Port 1 of the Magic Tee. Here 

the signal is divided equally between the two 

colinear arms (Port 2, Port 3). Port 2 is 
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terminated in a matched load so that all the 

energy is dissipated without reflection. Port 3 

is connected to a waveguide which is immersed 

in the liquid whose level is to be measured. 

The signal propagates down the waveguide and is 

• reflected off the liquid level in the waveguide. 

'..... 

The signal travels back up the waveguide and re­

enters Port 3 ot the Magic Tee. The signal then 

divides equally between Port.; 1 and 4, with the· 

signal at Port 1 being absorbed by the isolator. 

The output of Port 4 is applied to the input of 

a mixer where it is compared to the reference 

signal (local oscillator) sampled from the.sweep 

oscillator via the directional coupler. The 

output of the mixer is a frequency proportional 

to the time delay experienced by the signal in 

the wavegu~de. The output frequency is amplified 

to a usable:level and applied to the signal 

analyzing circuitry of the system. 

2.3 TIME DOMAIN SIGNAL ANALYSIS 

The swept frequency vs. time waveform is 

shown in Figure (3). The (A) waveform is the 

output signal from the swept oscillator. As can 

be seen, this signal is a linear ramp of frequen­

cy vs. time varying between the limits of 9 and 

10 GHz. This signal propagates through the 
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Magic Tee down the waveguide, reflects off the 

liquid termination and back up the waveguide. 

Waveform (B) is this signal after it passes 

through ·the Magic Tee and is outputted on 

Port 4. The diagram shows that the waveforms 

(A) and (B) are identical except that (B) is 

delayed in time by (/J T) . If at time T2 

frequencies f 1 and f 2 are compared in the mixer, 

~ f is obtained as an output. A typical scale fac.for 

(.ti f/z) of 300 Hz/ft is obtained from the 

system. By placing a digital counter on the 

output of the mixer, the frequency/distance 

can be determined very accurately. 

2.4 FREQUENCY DOMAIN SIGNAL ANALYSIS 

A frequency domain signal analysis is ob­
.,,, 

tained by putting a time domain signal through a 

frequency spectrum analyzer or a software Fast 

Fourier Transform (FFT) program. The spectrum 

analyzer/FFT ,program produces a framing format 

with the vertical axis being signal amplitude and 

the horizontal axis frequency/distance. Figure (4) 

shows the expected output from the microwave 

level gauge. The top diagram in Figure (4) 

shows the amplitude of the output signal in (DB) 

vs. linear distance (frequency).. The bottom of 

the page shows the waveguide with a horizontal 

~ e.g. amplitude/vs. time, as displayed on the oscilloscope screen. 
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axis with the same scale factor as the linear 

distance of the top· figure. Located along the 

waveguides are several. discontinuities as follows: 

(a) Containment Pressure Seal 

(b) Reactor Pressure Seal 

(c) Steam 

(d} Liquid Surface 

Shown in the top of Figure (4) are the output 

signals corresponding to the discontinuities. 

The advantage of this type of output display 

from the microwave level gauge is that con­

siderable information is available to the 

operator concerning the performance of the 

system. 

3.0 PRESSURE VESSEL SEAL 

The penetration of the reactor is the most 

serious aspect of the level measuring system from 

the potential accident standpoint •. This section 

will address this situation and offer viable solutions. 

3.1 PRESSURE SEAL REQUIREMENTS 

The pressure seal must operate in the 

hostile reactor environment, insure 

reactor vessel integrity, and be transparent 

to microwave energy. The following is a list 
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of the requirements that must be met by 

the pressure seal. 

3.11 ENVIRONMENT 

NOMINAL MAXIMUM 

(a) Temperature 600° F 900° F 

(b) Pressure 2,500 PSI 4,000 PSI 

(c) Radiation 30 x 103 rad/hr. 40 x 103 rad/hr. 

3.12 SERVICE LIFE 

(a) Transparent to Microwave Energy** . 10 years 

(b) Retain Pressure Integrity . • • ·. 40 years 

3.2 PRESSURE SEAL DESIGN 

The pressure seal will be designed using a 

cerium optical glass which will meet the environ-

mental and service life requirements stated in 

Section 3.1 above. A 3/8 inch diameter penetration 

into the reactor will be used to simplify qualifi-

cation requirements. The' lowest usable microwave 

frequency with a 3/8 inch penetration is calculated 

as follows: 

** Seal may be .changed periodically (during t,he refueling 
operation)~ 
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E = Dielectric Constant ::::: 5 for glass 

D 3/8 inch diameter 

f . = 6. 92 
min .J:E. D 

= 6.92 = 8.25 GHz 
$ x 3/8 

The Microwave Liquid Level Gauge will use a 

10 GHz nominal center frequency. 

3.3 PRESSURE SEAL CONSTRUCTION 

The construction of the pressure seal is 

shown in Figure (5). The m_· :rowave signal enters 

the seal assembly via the rectangular waveguide 

on the right h~nd ~ide of Figure (5). The signal 

then propagates through the 3/8 inch d~ameter 

glass-filled circular waveguide to the glass-filled 
-

cone pressure seal. The signal emerges into the 

one-inch circular waveguide which acts as the 

liquid level sensor. 

3.31 CONE PRESSURE SEAL 

The cerium glass can withstand a -

stress in excess of 10,000 PSI in compression 

and shear. To distribute the stresses 

evenly, a soft graphite gasket is placed 

between the glass cone and.the stainless 

steel (S.S.) flange. 
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3.4 OPTICAL PENETRATION 

Since the pressure vessel seal will be fabri-

cated using an optical quality glass, it seems 

reasonable to consider an optical penetration into 

the vessel. If a fiber optic cable is used to in-

terface to a remote TV camera, a radiation resistant 

system will be realized. By splitting the fiber 

bundle into two sections, light can be transmitted 

· into the pressure vessel by one section and a TV 

image sent out by the other. The main benefit of 

the optical penetration is the capacity to continu-

ously monitor both the pressure vessel interior and 

the seal performance. For if the seal will pass an 

optical signal it will also pass a microwave signal. 

4.0 IONIZATION EFFECTS 

A microwave signal will pass through or be reflected 

by an ionized layer depending upon the microwave signal 

frequency and the level of ionization. The following 

formula determines the lowest frequency that will pass 

through an ionized layer: 

N = Free electrons/crn3 

£ = Frequency (Hz) 

1'. = 8979 JN" (1) 
T min 

(l)Plasma Diagnostics with Microwaves, M. A. Heald and 
C. B. Wharton; John Wiley and Sons, 1965. pp. 3,4. 
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The following table shows the ionization level for 

microwave signal frequencies from 10 GHz through 100 GHz. 

Below 10 GHz, the required penetration hole diameter into 

the reactor gets too large; above 100 GHz, the cost of 

microwave components gets prohibitively expensive. 

REACTOR 
PENETRATION 

FREQUENCY (GHz} IONIZATION (N} HOLE· DIAMETER (IN.} 

10 1.24 x 1012 0.309 

31.6 1. 24 x 1013 0.100 

100 1. 24 x 1014 0.0309 

The level of ionization in the reactor will depend 

on location within the vessel. The order of magnitude 

of ionization can be estimated by its visual effect. 

The following gives a general idea of the ionization 

level by this visual effect. 

COLOR 

Blue Glow 

Bright Yellow Flame 

FREE ELECTRONS/cm3 

109 

1013 

Since the operating reactor produces a blue glow, 

little trouble from ionization effects is expected 

from the Microwave Liquid Level Gauge. 
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5.0 CONCLUSIONS 

The Microwave Liquid Level Gauge offers a direct 

and radiation resistant method of accurately determining 

the ._liquid level in a nuclear reactor. Using a digital 

counter readout will give an accurate indication of 

liquid level in the reactor. A spectrum analyzer/Fast 

Fourier Transform display will give the operating 

personnel a measurement of the relative performance of 

the system to a given confidence level. The spectrum 

analyzer display offers considerable information to be 

used in a diagnostic sense during abnormal functioning 

of the nuclear reactor. 
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I. Introduction. 

In lhe weeks following lhe mishap al Three Mile Island, Unit 2, the initial analyses of the incident pointed 
lo the strong probability that a direct indication of the liquid level in the reactor vessel itself would have provided 
lhe operators with a clear indication lhal the core was being uncovered. Consequently, a stale of the art survey 
was begun at lhe request of the Research Branch of the U. S. Nuclear Regulatory Commission. Although lhe original 
su.rvey was made about 18 months ago, it is satisfying to note that, with minor exceptions, the original evaluation 
is still valid and has. indeed been confirmed by other independent surveys. 

NJ a result of the "Lessons Learned" report study of the TMI incident the Nuclear Regulatory Commission 
issued a requirement in revision 2 of RG 1S7 for "an unambiguous indication of the approach to indequate core 

cooling" . It. has generally been agreed that this requirement can be met by measuring the liquid level in the reactor 
vessel. There are some differing opinions which maintain that no additional instrumentation is needed, but that the 

requirements can be met by existing instrumentation, in particular the core-exit thermocouples. The validity of this 
claim is beyond the intended scope of this report which shall be confined to the the variety of means available 
or under development at this time for the measurement of in-vessel liquid level. 

II. The Scoping Survey 

Even a relatively quick survey of available· process instrumentation can uncover prehaps 25 to 30 different 
methods for the measurement of liquid level. One-half to two-thirds of these can be dismissed out-of-hand as 

inappropriate for use in a pressurized vessel • Level measurement methods which remained after this first stage 

sel~ction process are listed in Table I. 

Table I. 

1. Heated thermocouple 
· 2. Ultrasonic 

3. Differential pressure 

4. Neutron source & detector 
5. R. F. probe 
6., Floating . source 
7. 'Bouyant force 
8. External standpipe with float sensor 

9. Time-domain reflectometry 
10 .. Microwave resonant cavif!( 

11. Capacitance 

12. Conductance 

Qf these, those which include detection of mechanical motion (floats, etc.) were ruled out because over 
the. long term, wear of the moving part could either' result in bi riding ~r the release of,a float into the coolant system. 
Experience at both INEL and ORNL with conductance probes has been good, but only in experimental situations 
where long lifetimes did not have to be considered. An insulating material which can withstand immersion inside 
an operating reactor vessel for extend.ed periods has not yet been identified. Hence, the methods remaining to be 
evaluated are listed in Table II. 
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Table II 

1. -Heated thermocouyle 
2. Differential Pressure 

3. Ultrasonics 

4. Capacitance 

5. Microwave 
_ 6. Time-domain reflectometry 

To evaluate those methods remaining a set of weighted criteria was established. These are listed in Table 

Table Ill 

1. Reliability 

2. Ease of retrofit ? 
3. In-situ verification or calibration 
4. Probability of accident survival 

5. Lifetime or long-term survival 
6. Accuracy 

7. Additional penetrations ? 
8. Simplicity (vs complexity) · 

9. Versatility 

10. Performance History 

IL Cost 

Each of these factors will be discussed briefly below. 

10 

10 

10 

9 
8 

-s 
5 
4-

4 

6 

3 

1. Reliability. Reliability is really the overriding consideration and includes, in a general way, the 
remaining criteria. The highest reliability will be attained; not only through the traditional use of 

redundant detector systems~ but by including more than one principle of measurement, which 

complement each other and can be related to other measured plant parameters. It is imperative 
that the level detectors be capable of in-situ verification. 

2. ~ The method must be adaptable to existing reactors. This requires a certain amount 
of flexibility in the design, since most installations will be site specific. 

3. In-situ verification and calibration. As a minimum requirement the method should be capable 

of in-situ verification. The indications of at least one instrument which could have provided helpful 

information at_ TMI was disregarded because the operators considered the instrument unreliable, 
Under normal operating conditions,_ the reactor vessel will always be full, therefore, some means 

of verifying the level indication is needed so that confidence in the indication is maintained. A 
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system which can be calibrated in place as well is even more desirable. 

, 4. Accident survival. The level detectors must have a high probability of surviving even a serious 
accident to provide the operators with a .means for maintaining or regaining control of the plant 

5. Long-term survival. "Long-term" does not necessarily have to mean the lifetime of the reactor. 
As a minimum, this could be as short as the refueling cycle, typically eighteen months. This is 
a more realistic short term goal for the development of reactor vessel level detectors, until 
additional experience is accumulated. 

6. Accuracy. Under normal operating conditions, only a contirmatory measurement of coolant level 

is required, essentially a "go no-go" indication. Under accident conditions, resulting in voiding at 
the top of the reactor vessel, the detector must be sufficiently accurate so that the coolant level 
is maintained above the top of the core. 

7. Penetrations. Any method chosen should require a minimum of penetrations into the reactor 

vesseLln tact, a method would have to have some overwhelming advantage to warrant adding 
new penetrations to the reactor vessel. In older reactors, this might be impossible 

8. Simplicity. Simple systems have fewer things to go wrong. 

9. Versatility, Some types of sensors can sense. more than one plant parameter. One type of 
ultrasonic probe, for instance, can provide an indication of temperature profile as well as liquid 
level. 

10. Performance history. Methods employing well developed sensors, such as those based on 
thermocouples or differential pressure measurements have a history of performance, not only in 
reactor or nuclear use , .but also in the chemical process industry in general. Short term 
developments should concentrate on using these methods. 

11. Cost Cost of the method must, of course, be considered. This will include ·not only the cost 
of the instrumentation, but, in addition, the cost of installation and qualification. These costs must 
be considered relative to the cost which might be incurred should the systems fail. 

The above criteria were applied with their weighting factors. given in Table Ill to each of the level 
measurement methods listed in Table II. Each method was. rated on a scale of 1 to 10 tor each of the criteria. The 
overall rating was obtained by multiplying each rating by the weight of the individual criterion. The results were 

summed and normalized again to a scale of 1 to 10. The results of this evaluation are shown in Figure 1. 

Ill. Discussion of the Selected Methods 

Having eliminated all but what seem to be the most promising methods for in-vessel liquid level 

measurements, it remains to present a somewhat more detailed discussion of the six re.maining methods with 
somewhat more detail on the technical aspects. 

1. Heated Thermocouple. 

The above evaluation shows that the heated thermocouple appears to be. the most promising method for 
liquid level .measurement at least for the short term. Type K thermocouples have a significant history of successful 
use in the reactor environment (For experimental measurerryents, that is. Thermocouples have not actually been 
qualified for use as control elements in commercial plants.) Naval reactors have used l~vel sensors based on this 
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principle tor over twenty years. Exact details ot their application remains classified. Besides measuring level, it single 
junction heated sensors were used in an array, they could also .be used to measure temperature profiles. Finally, 
the units can be made the same size as existing thermocouples in many reactors which would considerably simplify 
the installation by utilizing existing designs tor penetrations, .etc. 

The -principle of the. heated junction thermocouple can be explained by reference to Figure 3. The ability 
of the surrrounding medium to ·conduct away the heat geriEfr.iited in the heater surrounding the measuring junction 

of the themiocouple is different by about a hictor of 30 depending on whether the medium is water or steam. This, 
of course, refers to static conditions. The effect of flowing media i.s more complicated. 

Earty experiments with a prototype sensor at room temperature in air and water showed that the heated 

thennocouple level sensor gave a clear indication of the presence of liquid or _gas with only a modest heater current 

In Figure 3, for example, a heat input of only two watts produced an eight~n degree C temperature rise when 
the sensor was immersed in water, but an eighty degree temperature rise when the sensor was raised into air. 

There are several disadvantages to the heated thermocouple level sensor. Each sensor senses only one 

discr~te level. To sense several levels requires a sensor for each and consequently an engineering judgement to 

locate ~he levels for which it is important tor the operator to have information. Depending on the installation, the 

sensor may be affected by film condensation and run-off. Finally, transient behavior may be affected by neutron 

induced noise in the sensor cables. 

Another method was tested which ·used ordinary thermocouples as sensors. In this method· the thermocouple 

wires were heated using an AC current and at the same time the thermocouple emf. read using a filtered circuit 
A simple schematic of this system is shown in Figure 4. A blocking capacitor is placed in the output of the Variac 

to prevent the DC emf from the thermocouple from being shorted through the windings of the Variac. The 
thennocouple emf is filtered to remove the AC, buffered, and may be displayed on a meter. Figure 5 is a plot of 

the difference in indicated temperature between the covered and the uncovered state, vs the AC heating current 

This method has both advantages and disadvantages. An ordinary thermocouple can be used as the sensor, possibly 
one· already in place. It may require some prior knowledge of the temperature rise in the covered and uncovered 

state· in the particular 1ocJ.tion where the thennocouple is installed. The method may have some use as a diagnostic 

tool and the instrumentation should be relatively inexpensive. 

The Heated Thermocouple as Flowmeter. 

One of the prototype heated junction thermocouple probes, ORNL II, was installed in a low . flow calibration 

loop and the change in the output recorded as a· function of flow rate. The results are shown in Figure 6. The 

minimium flow of 0.03 mis (0.09 ft/s) Produced a change in temperature from the static, no flow condition of about 

3 deg. C. At a higher flow velocity of about 0.8 m/s (2.6 ft/s}, the change in temperature was about 13 deg. C. The 

normal convection flow rate in a shut-down reactor is expected to be about 0.3 mis (1 ft/s). 

Summary 

Or the various methods considered, the heated thermocouple level probe seemed to be the most suitable, 

certainly for the short term since much of the manufacturing technology is well developed; installation designs and 
techniques would be similar to those used for in-vessel thermocouples now installed in PWR's could be used; and 
thf!! sensor gives a direct indication of inadequate cooling. An experimental program is under way to obtai11 basic 
intonnation about the behavior of heated junction thermocouple level sensors in pressurized, two-phase static and 

flowing systems. Part 2 of these reports summarizes the results of this program to date. 

2. Differential Pressure. 

Differential pressure, which uses the relationship between the hydrostatic head and liquid level, has been 
used for many years to monitor liquid level in tanks or vessels . The techniques are well known and differential 
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pressure i_nstrumentation is readily available. _In add_ition, a differential pressure system would be relatively easy to 
install, since it would require no -redesign of the reactor internals. It provides a measurement of the liquid level 

over the entire height of the reactor vessel. It is a technique widely use for liquid level measurement in the 
pressurizer in· many operating reactor _systems. In a less optimistic vein, none of the triply redundant differential 

pressure liquid level systems installed on the TMl-2 pressurizer survived the accident Another serious disadvantage 
of the differential pressure system is .the requirement .of. additional piping and penetrations which have to be added 
to the primary coolant system. Further disadvantages included: the differential pressure due to the liquid level in \ 

the reactor vessel is small compared with the normal operational drop across the coret due to flow of the coolant; 
pressure transients which might accompany a loss of coolant accident could damage the transducers; there will 

be errors in the measured hydrost!ltic head due to temperature gradients in the connecting lines; _and flashing could 

occur in the connectrhg lines between the reactor vessel and the transducers during a depressuriza~on. 

In summary, the differential pressure level measurement system has the advantages of simplicity, ease 

of installation and measurement of liquid level over the entire height of the reactor vessel. Against this must be 

weighed the relatively large ·errors which can occur because of flow across the core, potential damage which can 

occur to the measuring system during a loss of coolant or depressurization and the ambiguity in indication with 

voiding in the core region. 

3. Ultrasonic. 

Ultrasonic techniques have become increasingly popular as a means for measuring liqui~ and ·solid' levels 
and flow. There are a variety of ultrasonic techniques which in a first analysis might be proposed for liquid level 

measurement in a reactor vessel. pamped reflections and_ damped multi-reflections involve sensing the change in 

impedence th.rough the vessel wall when the ls liquid present opposite the ultrasonic transducer. With the large 
impedence mismatch between the steel of the inner reactor vessel wall and a gas phase, a large fraction of the 

ultrasonic signal would be reflected. In the presence of wa~er at the inner surface, however, a significant amount 

of the ultrasonic signal is t~ansmitted into the liquid and a smaller fraction reflected back to the transducer. With 
the ultrasonic transducer mounted so that the signal is propagated normal to the vessel wall interface, the system 

is essentially a level switch, and only indicates the presence or absence of liquid at a single point The transmission 
path can be angled with respect to the vessel wall interface and the reflection or damping of the refections can 

be sensed over a range of levels. In actual reactor· .vessel construction, h_owever, a stainless steel liner is fitted 

inside the steel pressure vessel, and the additional interface would introduce such strong reflections that it would 
be difficult to detect the reflections from the inner stainless steel wall exposed to the liquid. 

Ottier commercially used ultrasonic lev~I measurement techniques include liquid- and air-launched signals. 

Neither of these techniques was deemed suitable as they would sense refections from the internal ~tructure of 

the reactor as well as the liquid-vapor interface. 

A third catagory of ultrasonic level measurements employs wavegu11:les. Waveguide techniques can use either 

extensional or torsional waves. The reflection caused by a change in impedence when the waveguide goes from 
a vapor to a liquid is small but detectable with extensional waves. The torsional wave level sensor infers the liquid 

level by a change in the delay time for reflection from the end or from inscribed zone markers. A description of 
encoura.ging experimental work at ORNL over the past year on the torsion wave ultrasonic sensor is included as 

the third part these reports. 

t differential pressure due to level = 37 kPa (150 in H 0) 
differential pressure across the core due to flow = 4~3 kPa (1660 in H

2
0, 60 PSI) 
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4. Capacitance. 

Capacitance probes for level and interface detection have been fabricated tor use in the Advanced 
lnstrumention tor Reflood Studies <AIRS) Program at ORNL and at INEL other types ot capacitance level sensors 
are available. commmercially.and are used in the chemical process industry. A capacitance level sensor tor in-vessel 

use would require further development, since Insulators which can withstand prolonged exposure to the high 
temperature, high pressure water environment tound inside a reactor do not exist The electrical connections would 

-require muitiple _penetrations into the reactor vessei. On the whole the disadvantages appear to outweight the 
advantages for the· capacitance level detector. 

5. Microwave Level Measurements. 

Of the several microwave techniques avaUable, th,8 waveguide approach appears to be most adaptable to 
in-vessel use. There are at least two waveguide techniques which can be used: a resonant cavity waveguide and 

a time delay technique. In the resonant cavity, a standing wave is set up by sweeping the frequency in a waveguide 

open_ to the liquid level. The surface of the liquid in the waveguide changes the resonant frequency ot the waveguide 

cavity and the level is proportional to the resonant frequency, In the time delay method, a microwave signal is 

reflected off the surface of the liquid in a waveguide open to the liquid system. The time delay introduced by the 

additional path length is determined by comparison with a reference signal derived from the input to the waveguide. 
The output is a beat frequency which can be mapped into the time domain by calculating the Fourier transform 

- of the frequency signal. These types of measurements have been tested in laboratory _experiments, but considerable 
design and testing is required before _they can be made suitable tor reactor vessel use. Both methods require a 

means for introducing the ~icrowave signal into the reactor vessel This may require a ''window" which is transparent 

to microwave radiation, which has to be some kind of dielectric. It is not clear that a suitable window material can 

be found at this time. The methods require complex electronic signal processing equipment The versatility offered 

by these methods, however, makes further development and testing attractive. 
' 

6. Time-domain Reflectometry. 

Time-domain reflectometry is a well developed measurement method, although less so tor liquid level 

measurement A simple probe can be envisioned as a simple, long rod, possible shielded from ct>ntacting the internal 

components of the r~actor by a perforated shroud. This system is essentially self-calibrating and self-verifying. By 

comparing the delay times of pulses reflected trom the end of the sensor with the delays resulting from reflections 

caused by the change in impedence at the vapor-water interface, the liquid level is obtained. The probe can be 
activated by an electrical pulse, or magnetostrictively, In this respect it is similar to the extensional ultrasonic method. 

The. electronic hardware Is available off the shelf as oscilloscope plug-in modules. A serious disadvantage is that 

any contact along the length of the sensor will generate a reflection. At this time there appear to be several other 

methods with considerably more potential than time-domain reflectometry. The related torsional wave ultrasonic 

method described in part 3 of these reports has the advantage that it is relatively insensitive to light contact of 

the sensor with other objects. 

7. Externally Mounted Radiation Detectors 

Several methods fQr measuring reactor vessel liquid level have been proposed which use detectors mounted 
outside· the reactor vessel. Some methods would indicate level by detecting the position of a floating ball containing 
a radiatiQn source. Earlier we indicated that level detectors which required mechanical motion would not be acceptable 
due to the danger of the parts binding or getting loose inside the reactor. Another method has been proposed which 

utilizes. the interaction of the neutrons from the core with D O to produce gamma rays. The level of water above 
the core is inferred from the. counting rate. Tests of this me~hod have shown that it is relatively insensitive for 

liquid levels more than about 50 cm above the core. This may be inadequte warning to the operator that the core 
is in danger of being uncovered, A serious disadvantage is that the detectors which would be employed by this 
technique have not enjoyed a very favorable history of reliabiity. 
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Scoring of Level Detection Methods 
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