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LECTURE NOTES ON IN-CORE INSTRUMENTATION FOR THE 
MEASUREMENT OF HYDRODYNAMIC PARAMETERS 

IN WATER-COOLED REACTORS 

by 

Glenn F. Popper 

I. INTRODUCTION 

To begin with and to help clarify the type of instrumentation being 
discussed in this ser ies of lectures , a definition of the te rm "in-core 
instrumentation" should be given. The te rm usually refers to any instru­
ment system used to measure and record or indicate any parameter 
within the core of a nuclear reactor or within the p ressure vessel that 
contains the core. 

One may then ask, why is this " in-core instrumentation" needed? 
Instrumentation in the core of a nuclear reactor is necessary to gain a 
better understanding of reactor behavior. The information obtained from 
the measurement of core parameters has severa l valuable applications. 
Fi rs t , the information obtained will be used to check the validity of r e ac ­
tor performance calculations. These reactor performance calculation 
techniques a re reported in the l i tera ture . ' Second, this information 
will be used to help evaluate the stability of the reactor by providing a 
direct measurement of a portion of the power-to-react ivi ty feedback 
transfer function. Further information on the dynamic behavior of 
reac tors can also be found in the literature.-^''* And third, this informa­
tion may be used to extrapolate the reactor performance to higher power 
operation and, hence, to provide information to design improved and 
more efficient cores . 

Flinn, W. S., and Patrick, M., Performance and Potential of Natural 
Circulation Boiling Reactors , ANL-5720 (1957). 

Lottes, P. A., Patrick, M., and Marcha ter re , J. F., Lecture Notes on 
Haat Extraction from Boiling Water Power Reactors , 
ANL-6063 (1959). 

3 
DeShong, J. A., J r . , and Lipinski, W. C, Analyses of Experimental 
Powar-Reactivi ty Feedback Transfer Functions for a Natural 
Circulation Boiling Water Reactor, ANL-5850 (1958). 

4 
Akcasu, A. Ziya, Theoretical Feedback Analysis in Boiling Water 
Reactors . ANL-6221 (i960). 



What are some of the problems that must be solved before it will 
be possible to make these reactor core parameter measurements? F i r s t , 
instrumentation capable of effectively measuring p re s su re s , t empera tures , 
flow ra tes , steam void fractions, s team-water interface level, and neutron 
and gamma fluxes within the reactor core during static, dynamic, and 
transient operation must be developed. These instruments must be able to 
withstand the severe environment of nuclear radiation, high tempera ture , 
and high pressure within the reactor core and vessel . One of the nuclear 
effects which must be considered is the damage to mater ia ls by neutron 
bombardment. This tends to limit the life of instruments used in the core 
of a reactor. Another is the damage and heating produced by gamma 
emission. These nuclear factors limit the choice of mater ia ls that can be 
used for these instruments. This is part icularly true when one considers 
the rather poor electrical character is t ics exhibited by most insulating 
materials after short exposures to nuclear radiation. 

The instruments must be small enough to be used with the standard 
reactor fuel assemblies . They also must not al ter , to any great extent, the 
parameters which they are measuring. Means must be found to bring the 
instrument signals out of the reactor vessel without interfering great ly 
with normal fuel-handling procedures. It also appears desirable to group 
the instrumentation in subassemblies that may be moved to many locations 
within the core. This grouping of the instruments will allow one to extract 
the maximum amount of information from the reactor with the minimum 
investment in instrumentation. 

What reactor hydrodynamic parameters must be measured? The 
parameters that must be measured depend on the type of reactor being 
instrumented. For a natural-circulation boiling water reactor , such as is 
the Experimental Boiling Water Reactor (EBWR), the following hydro-
dynamic parameters are of interest and should be measured: 

1. recirculation water flow rate in the downcomer; 
2. inlet water velocity to the reactor fuel assembly; 

exit steam void fraction of the reactor fuel assembly; 
4. fuel plate heat flux and power generation; 
5. steam void fractions in the r i se r above the core; 

steam entrainment and void fractions in the downcomer; 
7. water carryover into the steam line; 
8. steam-water interface level above the core; 
9. system pressure noise. 

Instruments which will measure all of these parameters will be installed 
in the core and vessel of EBWR. 

It should now be stated that the major portion of this lecture ma te ­
r ial will concern the techniques and instruments developed for use in the 
EBWR. Therefore, a brief description of this plant will be given, and the 

3 

6. 



in-core instruments will be shown positioned in the core and vessel . The 
EBWR is a complete, direct-cycle boiling water reactor power plant which 
can produce 5,000 kw of electr ici ty from reactor steam at 41.8 atm. 
This electr ici ty is fed into the Argonne National Laboratory distribution 
system. The reactor fuel is a mixture of natural, slightly enriched, and 
highly enriched uranium. Light water serves as a moderator and coolant. 
The reactor is designed to be cooled by boiling heat t ransfer to water 
circulating through the core by natural convection. A more detailed de­
scription of this plant can be found in the l i tera ture .^ 

Power generation itself is not the pr imary objective in the EBWR 
plant. The EBWR is pr imar i ly an experimental plant intended to provide 
as much information as possible for future use in designing larger plants. 
A part of this experimental program includes the measurement of the 
hydrodynamic paramete rs of the core. Figure I- l shows a schematic 
view of the reactor vessel and the planned positions of the in-core or 
"in vesse l" measuring instruments . A Pitot tube (A) and 2 Stauschiebe 
tubes ( B ) a re placed in the downcomer to measure the recirculat ion flow 
rate of the reactor water. Static p ressu re taps (C) in the downcomer and 
r i s e r will measure the mean mixture density at these points, from which 
the void fractions can be calculated. P r e s s u r e t ransducers (D) in the 
steam zone and downcomer will measure the p ressure noise from which 
reactor stability will be studied. P re s su re t ransducers ( E ) , external to 
the core, will determine the s team-water interface level. Several ins t ru­
mented fuel assemblies will also be installed in the core (see Figure 1-2). 
Thermocouples ( F ) a re placed at the inlet of a fuel assembly and in the 
steam zone to measure the inlet subcooling from which the water r e c i r ­
culation flow rate or steam entrainment in the downcomer can be calcu­
lated. Turbine flowmeters (O), placed at the inlet and exit of a fuel 
assembly, will measure the inlet and exit liquid velocities. From these 
two measurements and a knowledge of the inlet subcooling and exit quality, 
the steam void fraction at the fuel assembly exit can be calculated. Ioni­
zation chambers (H) in the fuel assembly channels will measure the 
thermal and epithermal flux from which the steam void fraction at that 
point can be calculated. Thermocouples in a special fuel plate (l) of one of 
these assembl ies , will measure the centerline fuel temperature from 
which the heat flux of and power generated in the fuel plate can be 
determined. 

All of these instruments and techniques, along with others being 
considered for other reactor types, will be described fully in later sections, 
and this brief description is presented now only to give an overall picture 
of the measurements that will be made in the core of EBWR. 

Experimental Boiling Water Reactor, ANL-5607 (1957). 
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EBWR Vessel Showing In-Core Instrumentation 
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Fig. 1-2 

Instrumented Fuel Assembly for EBWR 
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II. PRESSURE MEASUREMENTS 

A. Introduction 

Normally, the system pressure of a water-cooled reactor is m e a s ­
ured by using t ransducers which are connected to a water column some 
distance away from the core . The differential p r e s s u r e s developed across 
flow nozzles and orifices are also measured in a s imilar manner. When 
p res su re measurements a re made in this manner, conventional t ransducers 
can be used and the problenns associated with in-core instruments are of 
little concern. If the system p res su re of a reactor can be measured so 
easily, one may then ask why are in-core p re s su re measurements needed 
at all. Several applications are apparent at the present time and others 
will develop over the yea r s . 

DeShong has shown that the randonn variations appearing in the 
flux of a boiling water reactor a re related to the pressure-dependent por­
tions of the theoretical model and that the so-called "boiling noise" in a 
reactor originates in the random variation of the rate of steam generation. 
He has also shown that the s team-water interlayer can be considered a 
"white" noise source over a frequency range from 0.7 to 20 rad ians /sec . 
This range includes the frequency spectrum of interest when studying r e ­
actor stability. Therefore, if a "white" noise source exists as an input 
signal to the p ressu re vessel steam dynamics system, the measured p r e s ­
sure noise signal or output should yield its t ransfer function. The pressure 
signal that is used for this analysis must , however, be unaltered by the 
effects of connecting lines and must, therefore, be obtained inside the r e ­
actor vessel . 

The measurement of the p re s su re drop ac ross reactor fuel elements 
is also an important application. This measurement would help analyze the 
performance of reactor fuel assemblies and would help set c r i te r ia for the 
design of more efficient fuel elements . 

We shall now investigate several p ressu re t ransducers which show 
great promise of being adapted to in-core applications. 

B. Unbonded Strain Gage P r e s s u r e Transducers 

The unbonded strain gage p ressu re t ransducer exhibits desirable 
features which make it suitable for in-core applications. It is a small in­
strument and is a t ransducer capable of withstanding the severe environment 

°DeShong, J. A., J r . , Flux, Reactivity, Steam Void, and Steam-Water 
Interlayer Noise Spectrums in the EBWR, Reactor Sci. 1_0, 147-156 
(Sept 1959). 
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within the reactor vessel. Its compatibility with corrosive media is excel­
lent and it is highly accurate. It is also suitable for both static and dynamic 
measurements. 

Strain gage transducers^ are electromechanical devices which 
translate minute mechanical displacements of a diaphragm into propor­
tional resistance changes of a Wheatstone bridge. The t ransducer is con­
structed so that it is electrically and mechanically symmetr ical . In the 
center of a stationary frame (F), an armature (A) is supported rigidly in 
the plane perpendicular to the longitudinal axis. Wound between rigid in­
sulators mounted in the frame and armature are four filaments, "G," "H," 
"I " and "J," of strain-sensit ive resistance wire, as shown in Figure I l - la . 
These four resistance elements are bridge connected internally as shown 
in Figure II- lb. 

(a) 
(b) 

Fig. II-1 

(a) Transducer Mechanical Arrangement 
(b) Bridge Connection 

As the armature is caused to move longitudinally to the right, for 
instance, by an external force (see Figure I l - la ) , elements "H" and "I" 
increase in length while elements "G" and "J" decrease in length. The 
change in the resistance of these filaments is proportional to the change 
in their length. This resistance change al ters the electr ical balance of 
the bridge and produces an electric signal in the output circuit . Sufficient 
initial tension is applied to the strain-sensit ive resis tance wires during 
assembly to keep them under some residual tension when the armature is 
in either extreme position. The armature is usually limited mechanically 
at either extreme to protect the wires from excessive overload. 

This transducer becomes a pressure pickup when a metallic dia­
phragm is connected to the armature . The transducer now measures the 
displacement of the center of the diaphragm, which is proportional to the 
applied pressure . The strain-sensit ive wires will contribute comparatively 
little to the stiffness of the moving system. This effect is important when 
the t ransducers are used for dynamic measurements . 

Descriptions taken from Stathum Instrument Notes. 
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One of the pa ramete r s of pr imary interest to the user of a p ressu re 
t ransducer is its natural or resonant frequency. The resonant frequency of 
any network is that frequency at which the driving source sees a pure r e ­
sistive load. The natural frequency of the p ressu re t ransducer is given by 

CDn = V / K / M (II. 1) 

where 0)^ is the natural frequency, K is the spring constant, and M is the 
mass of the moving system. The damping of the t ransducer has nothing to 
do with the natural frequency, but does affect the period at which oscil la­
tions will occur. 

P r e s s u r e t ransducers are not normally damped by any means other 
than internal friction and have ra ther high natural frequencies in air around 
20 kc. Some damping will be introduced by the fluid on which the measu re ­
ments are being made. However, as far as the amplitude response is con­
cerned, the response will be flat up to about 0.2 of the natural frequency, 
even though the damping is negligible. In estimating the frequency response 
of a system, the length and size of the connecting tubing and the effect of 
the cavity volume is usually the controlling factor. 

By applying p ressu re to one side of the diaphragm and venting the 
other to the a tmosphere , gage p re s su re is measured. If the t ransducer is 
evacuated, absolute p re s su re is measured. Another modification can be 
made so as to provide two p res su re connections, one to each side of the 
diaphragm, for the measurement of differential p r e s su re . 

As the electr ic circuit of the t ransducer is a complete and balanced 
bridge, the power supply requirement is generally quite simple. A dry 
battery is usually adequate, although for in-core use an alternating current 
or a c a r r i e r system may be needed. The reason for using a c a r r i e r or 
a-c system, when making in-core measurements is that very often the con­
necting cable itself generates a d i rec t -cur ren t signal when exposed to 
nuclear radiation. This signal could be interpreted as a p re s su re change 
if direct current was used as the exciting source. A c a r r i e r or a-c system 
will reject this extraneous d-c signal. 

Ambient tempera ture variations are one of the major sources of 
e r r o r in this instrument. These e r r o r s are of two kinds. F i r s t , the zero 
setting may shift with temperature because of unequal mechanical expan­
sion of instrument m e m b e r s . Second, the calibration factor, span, or 
sensitivity, as it is variously called, may also vary with the ambient tem­
pera ture . This could be caused by the changes in the modulus of elasticity 
of the gage m e m b e r s . As the ambient tempera ture of a reactor vessel 
may vary from 20 to above 300°C, these e r r o r s must be reduced to a point 
where they are negligible. 
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SERIES ZERO COHPEKSATIOH 

To minimize zero shifts with temperature , the first requirement is 
that the differential expansion of the mechanical system must nearly bal­
ance out This expansion cannot normally be eliminated but can be reduced 

until the total effect is a small fraction of the full-
scale output of the t ransducer over a moderate tem­
perature range. The remaining zero-shift e r r o r can 
be compensated for electrically. 

This electrical compensation can be accom­
plished by connecting a temperature-sensi t ive res i s tor , 
R^, in ser ies with one arm of the bridge, as shown in 
Figure ll-2a. Since most wire res is tor mater ia l s have 
positive temperature coefficients, the tempera ture -
sensitive res is tor is placed in the arm which would 
cause an output change in the opposite direction to 
the zero shift with increasing temperature . 

A second method of zero compensation is known 
as shunt compensation. In this case , a tempera ture-
sensitive res is tor is connected across appropriate 
corners of the bridge, as shown in Figure II-2b. When 
using this type of compensation, the tempera ture -
sensitive network is placed across an arm which will 
produce a zero shift in the same direction as the drift 
with decreasing temperature. 

Each of these methods of temperature com­
pensation has a slight effect on the span and, hence, 
the calibration. The calibration of a p ressure t r ans ­
ducer should always be carr ied out after both zero 
and span compensations are made. 

SERIES SPAK COMPENSATION 

Fig. II-2 

Temperature Com­
pensation Circuits 

The second cause of e r r o r s in p ressu re 
transducers are the variations in sensitivity with 
temperature. These changes in span are usually 
caused from the changes in the modulus of elasticity 

of the materials . Regardless of the source of e r r o r , t ransducers usually 
give a larger output with increasing temperature so that the thermal co­
efficient of sensitivity is positive. Electr ical compensation must also be 
used to correct for these temperature effects. 

Although there are a variety of methods which can be used for this 
compensation, the most common is the ser ies span method. In this the 
voltage to the transducer is held constant and the current to the bridge is 
made to vary automatically by placing a temperature-sensi t ive res i s tor in 
series with the transducer input, as shown in Figure II-2c. With this vary­
ing current, the span will remain fairly independent of temperature . 
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Unbonded strain gage t ransducers have been proven to be unaffected 
by radiation° and, hence, they will be used to measure the p ressure noise in 
the vessel of the Experimental Boiling Water Reactor. Figure II-3 shows 
a drawing of the t ransducers supplied by Consolidated Electrodynamic 
Corporation. 

^^-
<l CONDUCTOR. HIQH TEMP. 

IMCONEL SHIELDED CABLE 

DIAPNRtGM RECESSED 

Fig. II-3 

In-Core P re s su re Transducer 

All of the electr ical compensations are provided by the transducer manu­
facturer. Listed below are the more important specifications of these 
t ransducers . 

1. Environmental Specifications 

1.1 Compensated Temperature Range: -54°C to 260°C. 

1.2 Zero Shift with Temperature: +0.005% of full range/°C. 

1.3 Thermal Coefficient of Sensitivity: +0.05% of full range/°C. 

1.4 Neutron Flux: To withstand 4 x lO'^ nv. 

1.5 Gamma Flux: To withstand 1 x lO' r / h r . 

2. Physical Specifications 

2.1 Insulation Resistance: 10 megohms minimum at 
45 volts d-c over compensated temperature range. 

2.2 Cable: 10 meters in length, outside diameter not larger 
than 0.8 cm. 

3. Materials 

3.1 Structural, External: Type 304 stainless steel. 

3.2 Structural, Internal: Insulators will be nonorganic low 
boron type. 

Har r i s , S. P . , and Bumpus, C. F . , J r . , P r e s su re and Temperature 
Instrumentation for Dynamic Measurements in the KEWB Program, 
NAA-SR-4709. 
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3.3 Cable Insulation: Aluminum oxide. 

3.4 Cable Sheath: Inconel. 

3.5 All materials to be operative in nuclear radiation 
environment. 

C. Quartz-Piezoelectric Pressure Transducers 

Another type of transducer which shows promise for in-core appli­
cation is the quartz piezoelectric transducer. The advantages of this 
transducer are its inherent properties of accuracy, repeatability, high 
strength, stability, and small size. They are undamaged by nuclear radia­
tion doses and can be operated at temperatures up to 300°C. They a re , 
however, unsuitable for static measurements and are not available for 
measuring differential p ressures . It is also very difficult to reduce the 
effects from radiation-induced signals in the connecting cable. 

This instrument is also an electromechanical t ransducer. P re s su re 
applied on the diaphragm end of the transducer s t r e s ses two quartz c r y s ­
tals which generate an electrostatic charge proportional to the applied 
pressures . An electrostatic amplifier is then used to couple this t r an s ­
ducer to the readout instrument. 

Figure 11-4 shows the actual and simplified equivalent circuits of a 
piezoelectric transducer." The simplified circuit will be used for the pur­
pose of explaining the t ransducer 's behavior. The transducer can be thought 
of as a capacitor (Cp) which is also a coulomb generator generating a spe­
cific charge (q) across its electrodes. The voltage (E) out of the t r ans ­
ducer is equal to 

q/c^ 11.2 

The simplified circuit shows that the transducer and the input impedance 
of any associated electronics are equivalent to a high-pass filter with a 
low-frequency cutoff point determined by the combined RC time constant 
of the amplifier and transducer system, and this is the reason that this type 
of transducer is not suitable for static measurements . 

Fig. II-4 

Equivalent Circuit of Piezo­
electric Transducer 

Mason, W. P., Piezoelectric Crystals and Their Application To 
Ultrasonics, D. Van Nostrand Company. 
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D. Nomenclature 

E Output voltage (volts) 

Cp Capacitance of transducer and cable (farads) 

K Spring constant of diaphragm (Newton/meter) 

M Mass of the moving system (kilogram) 

q Specific charge generated (coulombs) 

CDj^ Natural frequency of transducer in air (radians/second) 
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111. WATER F L O W R A T E S 

A. In t roduc t ion 

Befo re d i s c u s s i n g the i n s t r u m e n t s tha t could be u s e d to m e a s u r e 
w a t e r flow r a t e s , s e v e r a l of the s p e c i f i c a t i o n s tha t m u s t be p l a c e d on t h e s e 
f l o w - m e a s u r i n g i n s t r u m e n t s should be r e l a t e d . T h e s e i n s t r u m e n t s for u s e 
in the EBWR m u s t be capab l e of o p e r a t i n g in an e n v i r o n m e n t hav ing t e m ­
p e r a t u r e s as high as 252°C, p r e s s u r e s a s high a s 81.8 a t m , and n e u t r o n 
f luxes as high as lO '^nv. They m u s t be s m a l l enough to fit wi th in the ou t ­
s ide d i m e n s i o n s of a s t a n d a r d fuel a s s e m b l y and m u s t not s u b s t a n t i a l l y 
r e d u c e the flow th rough the fuel a s s e m b l y . The output s i g n a l should pref­
e r a b l y be e l e c t r i c a l so that it can be e a s i l y b r o u g h t out of the r e a c t o r 
v e s s e l . 

A r ev i ew of ava i l ab le flow i n s t r u m e n t s was m a d e to s e e which 
s t a n d a r d f l o w m e t e r s f i t ted t h e s e s p e c i f i c a t i o n s . D i f f e r e n t i a l - p r e s s u r e -
p roduc ing , v a r i a b l e a r e a , and t u r b i n e - t y p e f l o w m e t e r s w e r e thought to be 
the m o s t p r o m i s i n g . The hot w i r e a n e m o m e t e r and m a g n e t i c f l o w m e t e r 
w e r e a l so c o n s i d e r e d . Heat ba l ance t e c h n i q u e s w e r e a l s o i n v e s t i g a t e d . 

B . Heat Ba l ance Techn iques 

One way that the r e c i r c u l a t i o n w a t e r flow r a t e in a "pot" type 
boil ing wa t e r r e a c t o r can be m e a s u r e d d i r e c t l y i s by p l a c i n g a d i f f e r e n t i a l -
p r e s s u r e - p r o d u c i n g dev ice in the d o w n c o m e r . The r e c i r c u l a t i o n w a t e r flow 
r a t e th rough the c o r e can a l so be d e t e r m i n e d by a hea t b a l a n c e m e t h o d if 
the s t e a m e n t r a i n m e n t in the d o w n c o m e r is z e r o . E s s e n t i a l l y , t h i s flow is 
d e t e r m i n e d if the d i f fe rence be tween the out le t and inlet t e m p e r a t u r e of 
the r e a c t o r c o r e is m e a s u r e d , a long with s o m e of the u s u a l p lan t p a r a m ­
e t e r s (as f eedwate r flow r a t e and t e m p e r a t u r e , s y s t e m p r e s s u r e , ion 
exchange flow r a t e and t e m p e r a t u r e , and to ta l s t e a m flow r a t e ) . 

The EBWR flow s y s t e m is shown s c h e m a t i c a l l y in F i g u r e I I I - l ; it 
h a s been a s s u m e d that al l of the e n e r g y p r o d u c e d , Qj , i s a b s o r b e d by the 
w a t e r in the c o r e , and none is t r a n s f e r r e d to the w a t e r in the d o w n c o m e r . 
Heat l o s s e s f rom the r e a c t o r a r e c o n s i d e r e d n e g l i g i b l e , and it i s f u r t h e r 
a s s u m e d that hio^t = hf and h ^ = h ^ l + hiin-

The following p a r a m e t e r s a r e def ined: 

xe = Ws /Wt 

is the a v e r a g e c o r e exi t qua l i ty ; 

^D = Ws^/Wt 

is the s t e a m e n t r a i n m e n t in the d o w n c o m e r . 



19 

0 
" . , [>,i->^:r" • " . i ( » , ) 

o 
- • (l-X,)l»,(h 

Kt I 1 

(i>,,.) 
". (».) - 0 Fig- ni-1 

EBWR Schematic Flow Diagram 

-<£) 

:©, 

From an energy balance on the system within boundary (l) , 

Qt = Wgihg - w ^ h ^ + Wi(hf - h ^ ) . ( in. i ) 

Then, from an energy balance on boundary (2), 

Qt = Wt(xehfg +hf - hi J • (III. 2) 

Then, combining Equations (III.I) and (III.2), the recirculation water flow 
rate is 

W, 
(Wm + Wi)(hf - h ^ ) 

(hf - hin) + XQhfg 
(III.3) 

The feedwater flow rate W^, ion exchange flow rate Wj, feedwater enthalpy 
hj„, and p ressu re are known from plant measurements . Steam entrainment 
in the downcomer, xj), is assumed to be zero. Equation (III.3) then r e ­
duces to 

(Wm + Wi)(hf - hm) 
hf - hin 

(III.4) 

and, therefore, only the reactor subcooling need be measured to calculate 
the recirculat ion water flow rate . How valid the approximation that the 
steam entrainment in the downcomer is zero is discussed later . 
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Since the s t e a m e n t r a i n m e n t in the d o w n c o m e r is a s s u m e d to be 
z e r o , the c o r e exi t qua l i ty can be d e t e r m i n e d f rom the equa t ion 

W, n/Wt (III.5) 

T h e r m o c o u p l e s p l aced a t the in le t of s e v e r a l r e a c t o r fuel a s s e m ­
b l i e s and in the s t e a m dome of the r e a c t o r wil l be u s e d to m e a s u r e the 
d i f ference be tween the out le t and in le t t e m p e r a t u r e , which i s the s o - c a l l e d 
r e a c t o r subcool ing; a s igna l ind ica t ing th i s va lue can be ob ta ined d i r e c t l y . 
B e c a u s e the subcool ing will n o r m a l l y be l e s s than 6°C, a t h e r m o p i l e a r r a n g e ­
men t wil l be used to amplify th i s subcool ing s i g n a l . An e x t e r n a l swi tching 
a r r a n g e m e n t a l so p r o v i d e s a m e a n s to m e a s u r e the a b s o l u t e va lues of both 
the inlet and s t e a m dome t e m p e r a t u r e s . 

Heat ba l ance m e t h o d s for d e t e r m i n i n g r e c i r c u l a t i o n flow r a t e s in 
boil ing s y s t e m s a r e qui te c o m m o n . To show, h o w e v e r , the a c c u r a c y that 
would be expec ted f rom subcool ing m e a s u r e m e n t s , t h e r m o c o u p l e s of the 
type to be used in EBWR w e r e i n s t a l l e d in a t e s t loop . Subcool ing m e a s ­
u r e m e n t s w e r e t aken and r e c i r c u l a t i o n w a t e r flow r a t e s c a l c u l a t e d . The 
wa te r flow r a t e was a lso m e a s u r e d s i m u l t a n e o u s l y with a c a l i b r a t e d 
tu rb ine f lowmete r . F i g u r e III-2 shows the e r r o r plot ob ta ined by c o m ­
pa r ing the two flow r a t e s . F r o m th i s f igu re , it can be s e e n tha t the 
expected a c c u r a c y of the heat ba l ance me thod is about + 10%. 

F i g . III-2 

E r r o r Plo t of the F low R a t e 
D e t e r m i n e d f rom Subcool ing 
M e a s u r e m e n t s C o m p a r e d to 
the F low Ra te M e a s u r e d by a 
C a l i b r a t e d T u r b i n e F l o w m e t e r 

FLOW R*TE CALCUHTED FROM SUBCOOLING MEASUREMENT. 

k l l o i r . » . / i , c 

The r e c i r c u l a t i o n flow r a t e s of the EBWR have b e e n d e t e r m i n e d 
us ing a hea t ba lance method . lO m both c a s e s , the s t e a m e n t r a i n m e n t was 
a s s u m e d z e r o . F i g u r e III-3 shows the da ta t aken by B e r n s e n and by 

' ° E B W R Tes t R e p o r t s , ANL-6229 , pp . 2 9 3 - 3 0 3 . 
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REACTOR POWER, megawatts 

Fig. Ill-3 

Recirculation Flow Rate at Various Reactor Powers 
and System P re s su re of 41.8 Atmospheres 

The recirculation water flow rates and average exit qualities have been 
calculated by Viskanta and Weatherhead, 11 who assumed zero steam 
voids and about 12% average steam voids in the downcomer. The two 
calculated recirculation flow rates differed by 30%, most of which was due 
to the presence of or absence of voids in the downcomer. Tests run by 
Bernsen^ indicated the possibility of such steam entrainment in the down­
comer of EBWR, but this parameter was not investigated at that t ime. 
Table III-l l ists the calculated and measured values of recirculation flow 
rate, subcooling, and exit quality at a power of 20 Mw. It can be seen 
that the values listed vary radically, indicating the need for more refined 
measurements . If, for instance, a differential-pressure-producing device 
is placed in the downcomer, then the recirculation flow rate is determined 
directly and the heat balance will indicate the presence or absence of 
steam entrainment in the downcomer. 

11 Weatherhead, R. J., and Viskanta, R., EBWR Performance at 20 Mw, 
Personal Communication (May 1958). 

l^Bernsen, S. A., et al. . Reactor Engineering Quarterly Report, 
Oct 1, 1954 through Dec 31, 1954, ANL-5371, p. 197. 
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T a b l e I I I - l 

COMPARISON OF C A L C U L A T E D AND MEASURED 
P E R F O R M A N C E OF EBWR AT 20 Mw 

R e c i r c u l a t i o n flow ra te , k g / s e c 

Inlet subcool ing, °C 

Average c o r e exit qual i ty 

A 

550 

2.6 

0.0140 

B 

425 

3.9 

0 . 0 I 8 I 

C 

572 

2.9 

0.0134 

D 

364 

4.2 

0.0213 

A. Opt imum p e r f o r m a n c e ca l cu l a t i on 

B. Voids in the downcomer 

C. B e r n s e n subcool ing m e a s u r e m e n t 

D. Suther land subcool ing m e a s u r e m e n t 

C. T u r b i n e - t y p e F l o w m e t e r 

The tu rb ine type f lowmete r a p p e a r s to be the m o s t a d a p t a b l e 
i n s t r u m e n t for i n - c o r e appl ica t ions and w a s , t h e r e f o r e , s e l e c t e d to m e a s ­
u r e the r e a c t o r c o r e inlet wa t e r ve loc i ty in the EBWR. A t y p i c a l t u r b i n e -
type f lowmete r is shown in F i g u r e I I I -4 . It c o n s i s t s of a body, a t u r b i n e 
with a s m a l l two- or fou r -po le Alnico m a g n e t c a s t into it , and a co i l 
mounted on the body adjacent to the t u r b i n e . 

When the liquid flows th rough the m e t e r body, the t u r b i n e r o t a t e s 
at a speed d e t e r m i n e d by the ve loc i ty of the l iquid p a s s i n g the r o t o r b l ad es 
and the blade angle . As the m a g n e t s r o t a t e , an a - c vo l tage is induced in 
the coi l . The f requency of th is vol tage is equal to the s p e e d of the t u r b i n e 
or twice the speed, depending upon the n u m b e r of po les to the m a g n e t . 
This a -c voltage is connected to the m e a s u r i n g i n s t r u m e n t , in which it is 
conver t ed to a d i r e c t c u r r e n t p r o p o r t i o n a l to the input f r e q u e n c y . 

PICK-UP COIL 

TURBINE 

ALNICO MAGNET 

BODY 

F i g . III-4 

E l e c t r o n i c F low Sens ing E l e m e n t 
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Anothe r v a r i a t i o n of the t u r b i n e f l o w m e t e r u s e s a v a r i a b l e - r e l u c t a n c e 
type of co i l . In t h i s c a s e the t u r b i n e is c o n s t r u c t e d of a m a g n e t i c m a t e r i a l 
and, a s the t u r b i n e r o t a t e s , e a c h b l ade p r o d u c e s a change in the i m p e d a n c e 
of the c o i l . T h e s e i m p e d a n c e c h a n g e s p r o d u c e a f r e q u e n c y s i g n a l which is 
equa l to the r o t o r s p e e d t i m e s the n u m b e r of b l a d e s . T h i s a - c s igna l i s then 
a l so c o n n e c t e d to the m e a s u r i n g i n s t r u m e n t , in which it i s c o n v e r t e d to a 
d i r e c t c u r r e n t . 

The p a r t i c u l a r t u r b i n e - t y p e f l o w m e t e r s used in our app l i ca t i on 
w e r e s e l e c t e d for the fol lowing r e a s o n s . F i r s t , l o n g - t e r m p e r f o r m a n c e 
d a t a had a l r e a d y b e e n r u n at Argonne at p r e s s u r e s a s high as 69 a tm and 
t e m p e r a t u r e s up to 260°C. T h e s e t e s t s i nd i ca t ed tha t t h i s f l o w m e t e r wil l 
p e r f o r m s a t i s f a c t o r i l y in th i s e n v i r o n m e n t for o v e r 250 h r without the 
need of m a i n t e n a n c e . Second, a s t a n d a r d co i l was a v a i l a b l e for u s e at 
t e m p e r a t u r e s up to 538°C without the need for a i r o r w a t e r coo l ing . T h i r d , 
the f loat ing d e s i g n of the t u r b i n e would m i n i m i z e b e a r i n g f r i c t ion and w e a r . 
And, f ina l ly , the p r e s s u r e d r o p a c r o s s the m e t e r was the lowes t of al l 
c o m m e r c i a l l y a v a i l a b l e t u r b i n e - t y p e f l o w m e t e r s . Th i s l a s t i t e m is p a r t i c ­
u l a r l y i m p o r t a n t when one c o n s i d e r s the s m a l l d r iv ing head ava i l ab l e in a 
n a t u r a l - c i r c u l a t i o n boi l ing w a t e r r e a c t o r . 

/ 

In o r d e r to be able to u s e the t u r b i n e f l owmete r in the r e a c t o r to 
m e a s u r e the in le t w a t e r ve loc i ty , s e v e r a l mod i f i ca t i ons to the s t a n d a r d 
h i g h - t e m p e r a t u r e m e t e r s w e r e n e c e s s a r y . F i r s t , the r e l a t i v e l y l a r g e 

s t a n d a r d h i g h - t e m p e r a t u r e coi l had to be r e d u c e d in 
^ s i ze so that the e n t i r e f l o w m e t e r and coi l would be 

ML s m a l l e r than the ou t s ide d i m e n s i o n s of the fuel a s s e m -
^ S b ly . The e l e c t r i c a l l e ads had to be an i n t e g r a l p a r t of 

the co i l a s s e m b l y so that the coi l and l eads would wi th­
s tand the p r e s s u r e and t e m p e r a t u r e in the r e a c t o r 
v e s s e l . And, l a s t , the e n t i r e f l o w m e t e r had to be 
c o n s t r u c t e d of m a t e r i a l s tha t would be c o m p a t i b l e with 
the n u c l e a r e n v i r o n m e n t of the c o r e . F i g u r e II1-5 
shows a d r a w i n g of a s t a n d a r d h i g h - t e m p e r a t u r e coi l . 
T h i s co i l i s about 6.0 c m in height and s c r e w s into 
the m e t e r body . It i s not d e s i g n e d to be i m m e r s e d in 
h i g h - t e m p e r a t u r e w a t e r and is not s e a l e d to conta in 
the s y s t e m p r e s s u r e . The e l e c t r i c a l lead is only about 
30 c m long and is a l so not i m m e r s i b l e in w a t e r . 
F i g u r e III-6 shows the co i l a s r e d e s i g n e d for u s e on 
the i n - c o r e f l o w m e t e r s . Th i s co i l is only 2.54 cm in 
he igh t and affixes to the m e t e r body by m e a n s of a 
f l ange . The co i l i s wound with a c e r a m i c - i n s u l a t e d 
w i r e . The c a b l e , which is m a d e long enough to extend 

C u t a w a y of S t a n d a r d out of the r e a c t o r v e s s e l , i s we lded to the co i l a s s e m -
High T e m p e r a t u r e b ly . The two n i c k e l w i r e s that a r e e n c l o s e d in the 
P i c k u p Coi l Inconel s h e a t h and i n s u l a t e d by a l u m i n u m oxide a r e 

F i g . n i - 5 



then welded to the ends of the c o i l . The e n t i r e a s s e m b l y is po t ted wi th a 

c e r a m i c cemen t and a plug is then we lded to the co i l hous ing to m a k e it 

p r e s s u r e t ight . 

HELIARC W E L D — 
AFTER POTTING 
WITH SAUEREISEN 

TWEEZER WELD 

* 4 0 A W G 
CERAMATEMP 
CERAMACITE 
MAGNET WIRE 

SOLID 2 CONDUCTOR 
LEAD * 16 AW G 
NICKEL WIRE ALUMINA 
OXIDE INSULATED 
INCONEL SHEATH 

F i g . 111-6 

Cu taway of R e d e s i g n e d High 
T e m p e r a t u r e P i c k u p Coi l 

The f lowmete r that is be ing used to m e a s u r e the in le t w a t e r ve loc i ty 
in the EBWR is shown in F i g u r e I I I -7 . It i s m a n u f a c t u r e d by the P o t t e r 
Aeronau t i ca l Company. The s t a i n l e s s s t e e l body of t h i s f l o w m e t e r was 
spec ia l ly des igned so that it would r e p l a c e the n o s e p i e c e of a s t a n d a r d 
EBWR fuel a s s e m b l y . The body and coi l do not e x c e e d the a p p r o x i m a t e l y 
10 cm by 10 cm d i m e n s i o n s of the fuel a s s e m b l y . The guide b e a r i n g s and 
t h r u s t s tops a r e m a d e of g r a p h i t a r No. 30 and s a p p h i r e , r e s p e c t i v e l y , and 
the magne t s a r e of Aln ico . 

F i g . I l l -7 

Inlet Turb ine F l o w m e t e r 

During a por t ion of an ou t -o f -p i l e e x p e r i m e n t a l p r o g r a m , the flow 
r a t e m e a s u r e d by a tu rb ine f lowmete r was cont inuous ly c o m p a r e d wi th the 
flow r a t e d e t e r m i n e d by a c a l i b r a t e d v e n t u r i m e t e r . The a c c u r a c y of the 
tu rb ine f lowmete r , us ing fac to ry c a l i b r a t i o n da ta , was found to be wi th in 
+ 1% and r epea t ab l e to within i 0.5% of the flow r a t e d e t e r m i n e d by the 
ven tu r i m e t e r . This f lowmete r h a s o p e r a t e d s a t i s f a c t o r i l y for o v e r 350 h r 
in an env i ronmen t of 252°C and 41.8 a t m . 

In o r d e r to be able to ana lyze the d y n a m i c c h a r a c t e r i s t i c s of a flow 
s y s t e m , the f requency r e s p o n s e of the o v e r a l l f l o w - m e a s u r i n g s y s t e m 
m u s t be known. The f requency r e s p o n s e r e p r e s e n t i n g the coupl ing b e t w e e n 
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the f l o w m e t e r t u r b i n e and the fluid is known to be flat to about 10 c p s , but 
d e p e n d s on the m e t e r s i z e and flow r a t e . 13 

The f r e q u e n c y r e s p o n s e of the f r e q u e n c y c o n v e r t e r r e m a i n e d to be 
d e t e r m i n e d . A f r e q u e n c y - m o d u l a t e d c a r r i e r was n e e d e d for t h i s p u r p o s e . 
The f r e q u e n c y s p e c t r u m of i n t e r e s t i s f r o m about 0.1 to 10 c p s . A s t a n d ­
a r d i n s t r u m e n t c a p a b l e of p r o d u c i n g t h i s type of s igna l was not a v a i l a b l e 
and one had to be i m p r o v i s e d . The i m p r o v i s e d i n s t r u m e n t c o n s i s t e d of an 
audio o s c i l l a t o r equipped with a m e c h a n i c a l d r i v e m e c h a n i s m tha t would 
s i n u s o i d a l l y v a r y the f r e q u e n c y about a b a s e f r e q u e n c y . Using th i s a p ­
p a r a t u s , the t r a n s f e r funct ion of the c o n v e r t e r was d e t e r m i n e d . The 
f r e q u e n c y r e s p o n s e was found to be flat to 5 c p s , the 3-db poin t , as shown 
in F i g u r e I I I - 8 . The f r e q u e n c y r e s p o n s e of the o v e r a l l f l o w - m e a s u r i n g 
s y s t e m i s , t h e r e f o r e , p r e s e n t l y l i m i t e d by the c o n v e r t e r . Methods of in­
c r e a s i n g the r e s p o n s e of the o v e r a l l s y s t e m a r e now being s tud ied . 

T 

FREQUENCY - C . P . S . 

F i g . III-8 

F r e q u e n c y R e s p o n s e of F r e q u e n c y C o n v e r t e r 

In o r d e r to be able to p r e d i c t a c c u r a t e l y the h y d r o d y n a m i c p e r f o r m ­
ance of a fuel a s s e m b l y which is i n s t a l l e d in a n a t u r a l - c i r c u l a t i o n s y s t e m , 
the s i n g l e - p h a s e p r e s s u r e d r o p a c r o s s the t u r b i n e f l o w m e t e r s m u s t be 
e x a c t l y known. The s i n g l e - p h a s e p r e s s u r e d r o p can u sua l l y be ob ta ined 
f r o m the f l o w m e t e r m a n u f a c t u r e r . Howeve r , e x p e r i e n c e h a s shown that 
t h e s e p r e s s u r e d r o p s apply only to m e t e r s of s t a n d a r d c o n s t r u c t i o n . If the 
m e t e r body con f igu ra t i on is changed , the a c t u a l p r e s s u r e d r o p a c r o s s the 
m e t e r m u s t be m e a s u r e d . F i g u r e III-9 shows a t y p i c a l dev ia t ion f rom the 
m a n u f a c t u r e r ' s v a l u e s of s i n g l e - p h a s e p r e s s u r e d r o p . 

13(3rey, J. Transient Response of the Turbine Flowmeter, Jet Propulsion (Feb 1956). 
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A s m a l l - s i z e t u r b i n e f l o w m e t e r and 
a p ickup coi l c o n s t r u c t e d of m a t e r i a l i d e n t i c a l 
to the type be ing u s e d on the i n s t r u m e n t e d 
fuel a s s e m b l i e s was i r r a d i a t e d in the C P - 5 r e ­
a c t o r . The m a i n p u r p o s e of t h i s i r r a d i a t i o n 
t e s t was to o b s e r v e the p e r f o r m a n c e of the 
p ickup co i l and the Alnico m a g n e t s , which 
g e n e r a t e the output s i g n a l , in a h igh 
t e m p e r a t u r e , n u c l e a r e n v i r o n m e n t . 

B e c a u s e of l i m i t a t i o n s i m p o s e d by 
the i r r a d i a t i o n fac i l i ty , a c a r b o n d ioxide gas 
jet had to be u s e d to d r i v e the t u r b i n e of the 
f l owmete r u n d e r t e s t . T h i s gas j e t d r i v e 
was u n d e s i r a b l e b e c a u s e the t u r b i n e b e a r ­
ings would not be l u b r i c a t e d with w a t e r as 
they w e r e d e s i g n e d to b e . A l s o , b e c a u s e of 
the gas je t d r i v e , t u r b i n e i n s t a b i l i t i e s w e r e 
no t i ced . T h e s e i n s t a b i l i t i e s w e r e m i n i m i z e d 
by ca re fu l ly pos i t ion ing the j e t n e a r the 
t u r b i n e b l ades and by c a r e f u l l y c o n t r o l l i n g 
the gas flow and s y s t e m p r e s s u r e . 

Fig. III-9 

Single-Phase Pressure Drop Across a 

Potter Aeronautical Model 2 -1 /2 -760 

Turbine Flowmeter 

In o r d e r to ob ta in the 250°C e n v i r o n ­
men t , an e l e c t r i c a l h e a t e r was i n s t a l l e d 
around the f l owmete r and the e n t i r e a s s e m b l y 
was t h e r m a l l y i n su l a t ed wi th a s b e s t o s powder . 

This provided a r e l a t i ve ly uni form f lowmete r t e m p e r a t u r e t h roughou t the 
t e s t . F i g u r e III-10 shows the f lowmete r i r r a d i a t i o n a s s e m b l y . 

F i g . I l l -10 

Turb ine F l o w m e t e r I r r a d i a t i o n A s s e m b l y 

After 1,000 hr of ope ra t ion at 250°C in a t h e r m a l n e u t r o n flux of 
a p p r o x i m a t e l y 3.5 x lO ' nv, the t e s t was t e r m i n a t e d . Th i s c o r r e s p o n d s 
to an i n t eg ra t ed flux of about 1.26 x lO'^ nvt . The output s igna l a m p l i t u d e 
f rom the f lowmeter was m e a s u r e d p e r i o d i c a l l y th roughou t the t e s t and w a s 
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found to be unaf fec ted by th i s e n v i r o n m e n t . The b e a r i n g s a l s o p e r f o r m e d 
s a t i s f a c t o r i l y even without t h e i r n o r m a l w a t e r l u b r i c a n t . Al though the 
n e u t r o n flux a t the f l o w m e t e r was a p p r o x i m a t e l y four d e c a d e s lower than 
the flux e x p e c t e d in EBWR and was a l l t h e r m a l , the r e s u l t s ob ta ined w e r e 
added a s s u r a n c e tha t the f l o w m e t e r and p ickup co i l h a s an e x c e l l e n t 
c h a n c e of p e r f o r m i n g s a t i s f a c t o r i l y in the EBWR. A m o r e d e t a i l e d a n a l ­
y s i s of the p i ckup co i l and b e a r i n g p e r f o r m a n c e wi l l be m a d e when the 
f l o w m e t e r a s s e m b l y can be v i s u a l l y e x a m i n e d and i n s p e c t e d . 

D. D i f f e r e n t i a l - p r e s s u r e - p r o d u c i n g D e v i c e s 

The ve loc i t y of a fluid s t r e a m m a y be m e a s u r e d by us ing the effect 
of d y n a m i c p r e s s u r e . The m o s t f r equen t ly u s e d i n s t r u m e n t i s the s o - c a l l e d 
P i t o t - S t a t i c tube shown in F i g u r e I I I - l 1. The wal l of the P i to t tube po r t i on 
of the p r o b e is c o n s t r u c t e d in the f o r m of an a n n u l a r p a s s a g e , in the o u t e r 
s u r f a c e of which the s t a t i c - p r e s s u r e h o l e s a r e put . The d y n a m i c p r e s s u r e 
p lus the s t a t i c p r e s s u r e of the s t r e a m i s c a r r i e d t h rough the c e n t e r p a s ­
s a g e , and only the s t a t i c p r e s s u r e is t r a n s m i t t e d th rough the o u t e r p a s s a g e . 
T h e s e two p a s s a g e s m a y be connec t ed to oppos i t e ends of a d i f f e ren t i a l 
p r e s s u r e t r a n s m i t t e r which wi l l i nd i ca t e the d y n a m i c p r e s s u r e A P . 

S T A T I C P R E S S U R E HOLES 

F i g . I l l -11 

S imple P i t o t - S t a t i c Tube 

F r o m B e r n o u l l i ' s t h e o r e m . 

V = 101.6 y 2 g A p / p (111.6) 

With t h i s type of i n s t r u m e n t , i n t e r f e r e n c e and m i s a l i g n m e n t p r o ­
duce e r r o r s in the m e a s u r e m e n t . The e r r o r s in s t a t i c and to ta l p r e s s u r e , 
h o w e v e r , tend to c o m p e n s a t e each o t h e r , and th i s type of p r o b e is l e s s 
s e n s i t i v e to m i s a l i g n m e n t than is the s i m p l e P i to t t u b e . B e c a u s e of t h e s e 
i n t e r f e r e n c e e f fec t s , the p r o b e m u s t be c a l i b r a t e d , and Equa t ion (III.6) 
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m u s t be modif ied by a c a l i b r a t i o n coef f ic ien t s u c h tha t 

V = 101.6C ^ 2 g A p / p 

w h e r e C is a c a l i b r a t i o n coeff ic ient . 

( n i . 7 ) 

The Ventur i m e t e r is ano the r dev ice which is wide ly u s e d for m e a s ­
ur ing liquid v e l o c i t i e s . This i n s t r u m e n t c o n s i s t s of a tube c o n s t r u c t e d a s 
shown in F i g u r e I I I -12. It has an in le t s e c t i o n which is t a p e r e d , a s h o r t 
c o n s t a n t - d i a m e t e r sec t ion ca l l ed the t h r o a t , and a t a p e r e d out le t s e c t i o n . 
Again, f rom B e r n o u l l i ' s equa t ion . 

101.6 
(n ' - 1)P 

(III.8) 

P r e s s u r e taps a r e p laced at the inlet and t h r o a t of the m e t e r and the dif­
fe ren t i a l p r e s s u r e is m e a s u r e d by a p r e s s u r e t r a n s m i t t e r . 

THROAT SECTION 

F i g . 111-12 

Ventur i M e t e r 

Again, for a c c u r a t e r e s u l t s , the m e t e r should be c a l i b r a t e d and a 
coefficient d e t e r m i n e d . This coefficient c o r r e c t s for nonun i fo rm ve loc i t y 
d i s t r i bu t ion and e n e r g y l o s s e s . Equat ion III.8 then b e c o m e s 

101.6 K 
(n^ - l )p (I1I.9) 

whe re K is a ca l ib ra t i on coeff icient . 

The S tausche ibe tube , shown in F i g u r e I I I -13 , i s a m o d i f i c a t i o n of 
the Pi tot s t a t i c tube . This p robe is d i f ferent only b e c a u s e of i t s c o n f i g u r a -
lon and h igher c a l i b r a t i o n coefficient - 1 . 5 . The S t ausche ibe tube is a l s o 

l e s s s ens i t i ve to m i s a l i g n m e n t e r r o r s but , as in the c a s e of the P i to t s t a t i c 
tube , m u s t be c a l i b r a t e d . The equa t ions u s e d to d e t e r m i n e the v e l o c i t y 
a r e , however , the s a m e . ' 
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C O O L I N G WATER 

i f i 
\ 
\ 
\ 
V 

fc 
ACTUAL OVERALL APPEARANCE 

F i g . I l l - 1 3 

S t a u s c h e i b e Tube 

PLOW 

D I R E C T I O N 

Both the P i t o t - S t a t i c tube and S t ausche ibe tube a r e be ing u s e d at 
the p r e s e n t t i m e to d e t e r m i n e the r e c i r c u l a t i o n flow r a t e in the EBWR 
d o w n c o m e r . F u t u r e p l ans c a l l for the i n s t a l l a t i o n of a Ven tu r i m e t e r . 

D i f f e r e n t i a l - p r e s s u r e - p r o d u c i n g d e v i c e s a p p e a r to be idea l ly 
su i t ed for i n - c o r e u s e . The p r e s s u r e tubes tha t a r e u s e d to t r a n s m i t the 
p r e s s u r e s i g n a l s out of the r e a c t o r v e s s e l a r e of a " c o n c e n t r i c w a t e r -
c o o l e d " d e s i g n and enab le us to con ta in the h igh - and l o w - p r e s s u r e t a p s 
in a s ing le l a r g e r t u b e . T h i s g r e a t l y s i m p l i f i e s the i n s t a l l a t i o n . The 
ind iv idua l t u b e s f rom the p r e s s u r e t a p s a r e m o u n t e d in s ide a l a r g e r tube 
c a r r y i n g coo l ing w a t e r f r o m a c e n t r a l c o n n e c t o r box . T h i s box is moun ted 
on the i n s ide wa l l of the r e a c t o r v e s s e l above the c o r e . The p r e s s u r e t a p s 
a r e s e p a r a t e d f r o m the cool ing w a t e r tube on the ins ide of the c o n n e c t o r 
box and a r e led t h r o u g h the v e s s e l p e n e t r a t i o n to a c o n n e c t o r head . At 
th i s po in t , t h e y a r e i s o l a t e d f rom the r e a c t o r s y s t e m and connec t ed to 
d i f f e r en t i a l p r e s s u r e t r a n s d u c e r s . The e l e c t r i c a l s i gna l s f rom the t r a n s ­
d u c e r s a r e then t r a n s m i t t e d to s t r i p c h a r t r e c o r d e r s moun ted in a 
c o n t r o l r o o m . 

One p r o b l e m tha t was e n c o u n t e r e d du r ing our o u t - o f - p i l e t e s t i n g 
was the p r o p e r cool ing of the p r e s s u r e tubes as they p a s s up th rough the 
s t e a m zone . If the t u b e s a r e not cooled p r o p e r l y , the w a t e r i n s ide the 
p r e s s u r e t a p s wi l l r e a c h the s a t u r a t i o n t e m p e r a t u r e of the boi l ing s y s t e m 
in which they a r e i m m e r s e d . When th i s o c c u r s , the s a t u r a t e d w a t e r can 
f lash to s t e a m as soon as head p r e s s u r e in the tube b e c o m e s l e s s than the 
s y s t e m p r e s s u r e o u t s i d e the t u b e . T h i s wil l e s s e n t i a l l y d e s t r o y the dif­
f e r e n t i a l p r e s s u r e s i g n a l . 
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It was o r ig ina l ly felt tha t the b e s t a p p r o a c h to th i s p r o b l e m w a s 
to inject feedwater into the cool ing tube at r a t h e r high r a t e s . By doing 
t h i s , a low t e m p e r a t u r e could be m a i n t a i n e d in the cool ing j a c k e t r e l a t i v e 
to the s y s t e m t e m p e r a t u r e . T h i s a p p r o a c h was d i s c a r d e d b e c a u s e of the 
s e v e r e axia l t e m p e r a t u r e g r a d i e n t s tha t e x i s t e d a long the p r e s s u r e t u b e s . 
The inabi l i ty to m e a s u r e or even to c a l c u l a t e t h i s g r a d i e n t r e s u l t e d in 
l a r g e e r r o r s in the p r e s s u r e d i f f e r e n t i a l s . 

The final app roach to th i s p r o b l e m was to u s e a v e r y low r a t e of 
coolant wate r flow. By us ing th i s m e t h o d , the cool ing w a t e r n e a r l y r e a c h e d 
the s a tu r a t i on t e m p e r a t u r e of the s y s t e m s h o r t l y af ter e n t e r i n g the cool ing 
j acke t , and r e m a i n e d at a f a i r ly cons tan t t e m p e r a t u r e o v e r the length of 
the cooling tube . The t e m p e r a t u r e d r o p s t h r o u g h the wa l l s of the c o n c e n t r i c 
tubes and the cooling wa t e r l aye r a r e suff icient to m a i n t a i n a s l igh t s u b ­
cooling up the en t i r e length of the p r e s s u r e t u b e s , e l i m i n a t i n g the f lash ing 
p r o b l e m and the diff icul t ies caused by l a r g e ax ia l t e m p e r a t u r e g r a d i e n t s . 

F i g u r e 111-14 shows the tubing manifold a s it looked b e f o r e the 
connec tor box was ins ta l l ed in the r e a c t o r . F i g u r e I I I -15 shows a c l o s e u p 
of the connec tor head, which s e r v e s as an ou te r j unc t ion box for the dif­
fe ren t i a l p r e s s u r e s i g n a l s . P i c t u r e s of the Pi to t and S t a u s c h e i b e t u b e s 
a r e unavai lab le at th is t i m e . 

F i g . I I I -14 

C l o s e - u p of 
Tubing Manifold 
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Fig. III-15 

Connector Head 

E. Electromagnetic Flowmeters 

The electromagnetic flowmeter could also be used for measuring 
in-core flow ra te s . Some of the advantages of this type of instrument are 
obstructionless flow, hence no pressure loss, calibration unaffected by 
density or viscosity, linear flow signal, bi-directional measurement, and 
straightening vanes, piping runs, or purges not required. The major dis­
advantages of the flowmeter are its large size due to the coils and iron, 
which produce the magnetic field, and the selection of liner materials for 
the flow tube, which will withstand the high-temperature, nuclear radiation 
environment. The liner must also be noncorrosive to the flowing fluid, 
nonmagnetic so as not to affect the uniform magnetic field, and an elec­
t r ica l insulator to prevent the grounding of the flow signal. 

The electromagnetic flowmeter operates as a simple a-c generator 
in which the flowing liquid is the armature and the electrodes act as brushes . 
Figure 111-16 shows the essential par ts of the pr imary element. Faraday 's 
law of electromagnetic induction states that the movement of a conductor 
at right angles through a magnetic field produces a voltage in a plane 
mutually perpendicular to the field and to the direction of movement. An 
a-c electromagnet, consisting of two coils, produces a vertical flux. A 
nonmagnetic flow tube, whose inner surface is lined with a electrical 
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i n s u l a t o r , conveys a conduct ing l iquid a t v e l o c i t y V a c r o s s t he m a g n e t i c 
field of flux dens i ty B . At oppos i t e ends of the tube of d i a m e t e r D a r e 
e l e c t r o d e s th rough the pipe wa l l , which d e t e c t a vo l t age E due to the flow, 
which is equa l to BVD. Since , for a g iven p ipe s i z e , the v o l u m e t r i c flow 
r a t e i s dependent so le ly on flow ve loc i ty , t h i s induced vo l tage is a l s o d i ­
r e c t l y p ropo r t i ona l to the v o l u m e t r i c flow r a t e . F u r t h e r d e t a i l s on the 
des ign of e l e c t r o m a g n e t i c f l o w m e t e r s can be found in the l i t e r a t u r e . i * 

F I E L D C O I L 

F i g . I l l -16 

E l e c t r o m a g n e t i c F l o w m e t e r 

T h e r e has been c o n s i d e r a b l e p r o g r e s s in deve lop ing s u i t a b l e l i ne r 
m a t e r i a l s l 5 and h i g h - t e m p e r a t u r e , r a d i a t i o n - r e s i s t a n t i n s u l a t e d w i r e i s 
ava i lab le for the field c o i l s . It a p p e a r s , then , tha t the m a j o r p r o b l e m in 
adapt ing the e l e c t r o m a g n e t i c f lowmete r for i n - c o r e u s e i s the r e d u c t i o n in 
s ize of the co i l s used to g e n e r a t e the m a g n e t i c f ie ld . If t h i s d e s i g n p r o b l e m 
could be solved, the e l e c t r o m a g n e t i c f l owmete r would be an e x c e l l e n t 
i n - c o r e i n s t r u m e n t . 

F . Hot Wire A n e m o m e t e r 

The hot w i r e a n e m o m e t e r has been s u c c e s s f u l l y u s e d to m e a s u r e 
the flow r a t e of g a s e s and has only r e c e n t l y been appl ied to the m e a s u r e ­
ment of liquid flow r a t e s . A hot w i r e a n e m o m e t e r i s a th in w i r e m o u n t e d 
on s u p p o r t s , as shown in F i g u r e I I I -17, th rough which an e l e c t r i c c u r r e n t 
is p a s s e d . The vol tage a c r o s s the w i r e depends on the w i r e r e s i s t a n c e , 
which depends on i t s t e m p e r a t u r e , which in t u r n depends on the cool ing 
effect or veloci ty of the flowing fluid. 

E l r o d , H. J . , J r . , and F o u s e , R. R. ,An Inves t iga t ion of E l e c t r o ­
magne t i c F l o w m e t e r s , T r a n s a c t i o n s of the ASME, 74, 5 8 9 - 5 9 4 ( 1 9 5 2 ) . 

15 Wichner , R. P . , S l u r r y F l o w m e t e r s and Dens i ty M e t e r s for 
Homogeneous R e a c t o r s , O R N L - C F - 5 7 - 9 - 9 6 . 
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Fig. Ill-17 

Hot Wire Anemometer 

Two types of circuits are normally used with a hot wire probe. 
One is called a "constant current" system and the other a "constant tem­
pera ture" system. With the constant-current system, the heating current 
is kept constant and the voltage across the hot wire is examined. The 
response of the hot wire to velocity fluctuations is modified by the heat 
capacity of the wire when a constant current is maintained. In the constant-
temperature system, a feedback circuit maintains a constant wire res i s t ­
ance and, hence, its t empera ture . The input energy to this system must 
go entirely into the fluid and the heat capacity of the wire becomes of 
little importance, as its temperature is constant and the input energy is a 
measure of the instantaneous velocity. 

The hot wire anemometer was also seriously considered for in-core 
use. Its small size and simple construction were particularly attractive. 
A design study was undertaken to determine the optimum size, mater ia l , 
and operating conditions of a solid wire probe which would have maximum 
sensitivity for a given set of system paramete r s . Because of its improved 
response t ime, a constant- temperature probe was investigated. 

Empirically, for circular cylinders operated at constant tempera­
ture , velocity and current can be related by the following equation; 

V = 
rK4 - K1K3 

- 1 1 . 9 2 3 

K2(Ki - I^), 
(III.10) 

where 
Ki = (14.82) Dg {K^/p^){t - t j 

K2 = 0.47 Kf(pfDo/0.lMf)°'" (0.1 Cpw/Kf)° 

K3 = (0.35)Kf(0.I CpMf/Kf)°-' 

K, + 6K„ 
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To obta in the g r e a t e s t s e n s i t i v i t y , d v / d l should a p p r o a c h z e r o . 

F r o m Equat ion 111.10, 

_HV 3.847 IK. [K4 - K3] [1^K4 - K,K,f-'" ^ ^^^^^^^^ 

dl " 1.923K2(Ki - l ' ) ' - ' " 

It can be seen f rom th i s equat ion that for m a x i m u m s e n s i t i v i t y , Kj^/p'^n 
and At m u s t be a s l a r g e a s p o s s i b l e . The s e n s i t i v i t y c a n a l s o be i n c r e a s e d 
by us ing a l a r g e - d i a m e t e r w i r e , DQ, and l a r g e hea t ing c u r r e n t I. 

A s a m p l e ca l cu la t ion is now p r e s e n t e d to i l l u s t r a t e the u s e of t h e s e 
equa t ions . A p robe wil l be d e s i g n e d with the fol lowing s y s t e m p a r a m e t e r s 
given: 

Sys tem P r e s s u r e - 41.8 a tm 

Maximum Water T e m p e r a t u r e - 249.5' 'C 

Max imum Water Veloci ty - 1.52 m e t e r s / s e c 

Power Avai lable - 2 wa t t s at 0.5 a m p 

Length of P r o b e not to Exceed 0.635 c m . 

Since it is d e s i r a b l e to have At as l a r g e a s p o s s i b l e , t wi l l be fixed 
at the s a t u r a t i o n t e m p e r a t u r e c o r r e s p o n d i n g to the p r e s s u r e of the s y s t e m . 
Now a m e t a l m u s t be s e l e c t e d that wil l not c o r r o d e in w a t e r , wi l l not change 
r e s i s t a n c e with t i m e , wil l be s t r o n g and r i g i d enough to w i t h s t a n d the flow 
without b r e a k i n g , and which will have a l a r g e K m / P m r a t i o . T u n g s t e n a p ­
p e a r s to be a good cho ice . The wa t e r t e m p e r a t u r e i s 249.5°C and the s a t ­
u r a t i o n t e m p e r a t u r e c o r r e s p o n d i n g to 41.8 a tm i s 252.3°C; t h e r e f o r e , the 
m i n i m u m At will be 2.8°C. Now DQ can be c o m p u t e d by fixing I = 0.5 a m p 
and V = 1.52 m / s e c . The w a t e r p r o p e r t i e s a r e eva lua t ed at tf, the f i lm 
t e m p e r a t u r e , which is now a s s u m e d equal to •̂ •(t + t^^), and the m e t a l p r o p e r ­
t i e s a r e eva lua ted at t . F o r the s y s t e m and p r o b e m e n t i o n e d above Kj, Kj, 
K3, K4, I, and V a r e e i t he r given or can be c a l c u l a t e d . 

Subst i tut ing the va lues ob ta ined in Equa t ion (III. 10), and so lv ing 
for Do, 

Do = 0.028 m m . 

Knowing the d i a m e t e r and length of the p r o b e , the m a x i m u m p o w e r d i s s i ­
pa ted in the p r o b e can now be compu ted . 

R = p„, L / A = 1.285 o h m s 

P m a x = I ' R = (0.5)^ (1.285) = 0.321 wa t t . 
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It had b e e n a s s u m e d that j ( t + t^) i s a good a p p r o x i m a t i o n to tf, which is 
a c t u a l l y equa l to •^(to + t^^)- T h i s a s s u m p t i o n can now be ve r i f i ed . 

The w i r e hea t flux, q", i s g iven by 

q" = 6 K ^ ( ^ - to)/TrD„ 

and a l so 

q" = I ^ R I / T T D Q L 

Equa t ing the above e q u a t i o n s , 

I - to = l ' R i / 6 K n , L 

to = t - I ^ R i / 6 K m L 

to = T - 0 .054°C. 

It c a n be s e e n tha t the in i t i a l a p p r o x i m a t i o n that T = to was a good 
one and would not s ign i f i can t ly affect the va lue of the w a t e r p r o p e r t i e s 
a p p e a r i n g in Equa t ion (III. 10). The m a i n c o n c e r n is to keep to j u s t s l igh t ly 
unde r t he s y s t e m s a t u r a t i o n t e m p e r a t u r e in o r d e r to p r e v e n t loca l bo i l ing . 

We have now enough i n f o r m a t i o n to plot the v e l o c i t y - c u r r e n t c u r v e s 
for the g iven p r o b e . F i g u r e I I I -18 shows th i s plot and the effect of va ry ing 
At . 

F i g . 111-18 

C u r r e n t - V e l o c i t y R e l a t i o n s h i p s for 
a 0 . 0 2 8 - m m Tungs t en Wire Opera t ing 
at an A v e r a g e T e m p e r a t u r e of 252°C 
with Vary ing Water T e m p e r a t u r e s 

CURRENT. I . Mperes 
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F r o m F i g u r e I I I -18 , it can be s e e n tha t a s t i s he ld c o n s t a n t and 
t v a r i e s , an u n d e s i r a b l e f ami ly of c u r v e s r e s u l t s . If At i s he ld c o n s t a n t 
by some m e a n s (see F i g u r e I I I -19) , the s p r e a d in the f ami ly of c u r v e s 
i m p r o v e s , but s t i l l does not r e s u l t in a c o n s t a n t 1-V l o c u s . To ob t a in a 
cons tan t I-V locus , s o m e s o r t of w a t e r t e m p e r a t u r e c o m p e n s a t i o n m u s t 
be u sed . The effects of s y s t e m p r e s s u r e can be n e g l e c t e d . 

F i g . I I I -19 

C u r r e n t - V e l o c i t y R e l a t i o n s h i p s for a 
0 . 0 2 8 - m m T u n g s t e n Wire O p e r a t i n g 
with a Cons t an t 2.8°C At with Vary ing 
Water T e m p e r a t u r e 

F o r a given s y s t e m and p r o b e , the only v a r i a b l e tha t can b e 
m a n e u v e r e d for compensa t i on is At. Since At a p p e a r e d only in the 
t e r m K^, it can be solved for in t e r m s of the o the r v a r i a b l e s , ho ld ing 
I and V cons tan t . If the ope ra t i on is p e r f o r m e d for d i f fe ren t w a t e r 
t e m p e r a t u r e s , a r e l a t i onsh ip involving At and t^^ can be found which wi l l 
yield a p a r t i c u l a r I-V locus . The following r e l a t i o n y ie lds a c o n s t a n t I-V 
locus good to within 20T for a v a r i a t i o n of 260°C in w a t e r t e m p e r a t u r e 
for th is s a m p l e s y s t e m and p robe : 

A t 1.87 - 2.01 X 10"^ tw + 2.35 x lO"^ tj„ (III.12) 

The reduc t ion in v a r i a t i o n s due to t ^ by m e a n s of Equa t ion (III. 12) 
i s shown in F i g u r e III-20 for t „ rang ing be tween 37.8°C and 315.6°C. F o r 
wa t e r t e m p e r a t u r e v a r i a t i o n s of 37.8°C o r l e s s , the e r r o r in V for a c o n ­
s tant I i s under 5% if t ^ is g r e a t e r than 93.3°C. Methods of a c h i e v i n g t h i s 
compensa t i on will be d i s c u s s e d l a t e r . 
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F i g . III-20 

C u r r e n t , Ve loc i ty R e l a t i o n s h i p 
for a 0.028 m m T u n g s t e n Wire 
Ope ra t i ng wi th AT V a r y i n g a s 

1.87-2.01 X 
2.35 X 10"^ 

10" 

To t e s t the va l id i ty of Equa t ion (i l l . 10), 
a s i m p l e e x p e r i m e n t a l loop was bui l t . The 
e x p e r i m e n t was p e r f o r m e d at a t m o s p h e r i c 
p r e s s u r e with o r d i n a r y t ap w a t e r , and no 
a t t e m p t was m a d e to ob ta in m a x i m u m probe 
s e n s i t i v i t y . The p r o b e u s e d was m a d e of a 
p l a t i n u m w i r e , 0.127 m m in d i a m e t e r and 
6.35 m m in length , mounted on a 1 . 0 l 6 - m m -
d i a m e t e r m a n g a n i n w i r e . The l e a d s f rom 
the p l a t i n u m w i r e w e r e i n su l a t ed f rom each 
o t h e r by us ing c e r a m i c tub ing , and they 
cons t i t u t ed one leg of a Whea t s tone b r i d g e . 
The Whea t s tone b r i d g e was w i r e d with 
m a n g a n i n w i r e w h e r e v e r p o s s i b l e in o r d e r 
to k e e p the r e s i s t a n c e s cons t an t ove r a 
l a r g e c u r r e n t r a n g e . The w a t e r t e m p e r a ­
t u r e dur ing the t e s t was held cons t an t , and 
t h e r e f o r e no t e m p e r a t u r e c o m p e n s a t i o n was 
n e c e s s a r y . By m e a s u r i n g the c u r r e n t r e ­
qu i r ed to keep the b r i d g e b a l a n c e d and by 
m e a s u r i n g the fluid ve loc i ty with ano the r 
flow m e t e r , a cur r e n t - v e l o c i t y r e l a t i o n s h i p 
was ob ta ined . Data w e r e t aken for two dif­
f e r e n t subcoo l ings and for ve loc i t i e s r a n g ­
ing f rom 0.152 to 1.52 m / s e c . D i a g r a m s of 
the loop and p robe a r e shown in F i g u r e I I I - 2 1 , 
and the da ta a r e plot ted and c o m p a r e d with 
p r e d i c t i o n s of Equat ion (III. 10) in F i g u r e I I I -22. 

SCHEMATIC OF LOOP CROSS SECTION OF PROBE ENSEMBLE 

PLATINUM HIRE 
DIA. = 0.127 m 
L = 6.35 Ml 

RUBBER STOPPER 

MANGANIN WIRE 

TO BRIDGE 

F i g . III-21 

S c h e m a t i c of Loop and C r o s s Sec t ion of P r o b e E n s e m b l e 
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F i g . I II-22 

C o m p a r i s o n of E x p e r i m e n t a l and 
T h e o r e t i c a l C u r r e n t - V e l o c i t y R e ­
l a t i onsh ip for Hot Wi re A n e m o m e t e r 

CORRENT I . aap 

It was found that the p robe was v e r y s e n s i t i v e to any fo re ign m a ­
t e r i a l that fo rmed on i t . E r r a t i c m e t e r f luc tua t ions and d r i f t s w e r e 
not iced , indica t ing a s e r i o u s need for s c r e e n i n g . It was a l s o no t i ced tha t 
when a c lean p robe was used , t h e r e w e r e a b n o r m a l d r i f t s to z e r o on the 
a m m e t e r . This difficulty was o v e r c o m e by t u r n i n g the power off and then 
on again af ter a s h o r t pe r iod of t i m e . Hubbard 16 a t t r i b u t e s t h i s p h e n o m e n a 
to po l a r i za t i on effects but offers no final so lu t ion . 

When cons ide r ing the d i s c r e p a n c y be tween the t h e o r e t i c a l and ex ­
p e r i m e n t a l c u r v e s , it m u s t be r e a l i z e d tha t the hea t t r a n s f e r coe f f i c i en t ! ' ' 
u sed in Equat ion (ill .10) i s only an e s t i m a t e good to within 20%. A l s o , 
c e r t a i n p a r a m e t e r s m a r k e d l y affect the r e s u l t i n g I-V r e l a t i o n s h i p . As an 
e x a m p l e , for I = 0.5 a m p and V = 1.52 m e t e r s / s e c , a 1% e r r o r in e i t h e r 
tw or T would r e s u l t in a 2% e r r o r in V at a cons tan t I. A 1% e r r o r in I 
would c a u s e a 4% e r r o r in V, and an e r r o r of only 0 . 1 % in the d i a m e t e r 
of the hot w i r e would cause an e r r o r of 2.4% in V. The r e s i s t a n c e of the 
p la t inum probe was s m a l l c o m p a r e d with the r e s i s t a n c e of the top leg of 
the b r i d g e ; th i s caused poor s ens i t i v i t y , e s p e c i a l l y at the h i g h e r c u r r e n t s . 
The f lowmete r used was a c c u r a t e to within 1%, and the a m m e t e r was good 
to within 1%. 

Even with the e x p e r i m e n t a l e r r o r s men t ioned above , t he e x p e r i m e n t 
was enl ightening b e c a u s e it showed, f rom F i g u r e I I I -22 , that the p e r f o r m a n c e 
of a solid hot wi re a n e m o m e t e r p robe for l iquid s e r v i c e can be a p p r o x i m a t e l y 
p r e d i c t e d . The diff icul t ies e n c o u n t e r e d d e m o n s t r a t e d the need for m o r e 
ref ined a p p a r a t u s and m e t h o d s of c o n t r o l . In view of the t h e o r y p r e s e n t e d 
e a r l i e r and the knowledge gained f rom the l o w - t e m p e r a t u r e e x p e r i m e n t s , a 
m o r e ref ined and efficient i n s t r u m e n t could now be d e s i g n e d . 

l ° H u b b a r d , P . G., Cons tan t T e m p e r a t u r e Hot Wire A n e m o m e t e r with 
Appl ica t ions to M e a s u r e m e n t s in Wa te r , P h . D . T h e s i s , U n i v e r s i t y 
of Iowa (June 1954). 

1 ' M c A d a m s , W . H . , H e a t T r a n s m i s s i o n , M c G r a w - H i l l Book C o . , I nc . , 
New York 2nd Edi t ion, (1942) Ch . 8, p . 222. 
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A hot wire probe ensemble for loop testing must be portable and 
must be capable of withstanding p re s su res as high as 81.8 atm and tem­
pera tures as high as 252°C. The problem of sealing, insulating, and mount­
ing this probe in a test loop is not a difficult problem, as a conventional 
sealing gland can be converted for use with a probe.18 

The mount mater ia l must possess a low thermal conductivity, a 
low resist ivi ty, a low tempera ture coefficient of resis tance, and must be 
noncorrosive in water. These propert ies a re desirable so that the mount 
does not conduct heat away from the wire probe, does not contribute much 
resis tance in ser ies with the wire, and does not change resis tance due to 
temperature and velocity fluctuations. Inconel possesses all of these 
propert ies and would, therefore, make a good mount mater ia l . The mounts 
must also be designed to minimize local turbulence near the hot wire and 
be rigid enough to prevent vibration in the fluid s t ream. These desired 
design c r i t e r ia can be accomplished by tapering the mounts to a point, 
bending them up s t ream, and welding the hot wire to them under tension. 1" 

The probe ensemble, shown in Figure III-23, was designed for a 
41.8-atm system with an approximate flow range from 0.03 to 0.61 m / s e c . 
Insulation was achieved by using ceramic tubing and Teflon which was 
enclosed in the stainless steel tube. The Inconel mounts were machined 
on a lathe to approximately 0 .0763-mm-diameter points and were then 
bent to the desired shape. Tungsten wire, 0.0254 mm in diameter and 
0.546 cm in length, was then welded under tension across the mount t ips. 
The portion of the probe exposed to the s t ream was held rigid by sealing 
the Inconel rods to the stainless steel tube with glass . 

It was known in advance that, in the system to be used for this 
study, there would be variations of water temperature . A method of water 
temperature compensation had to be devised which would maintain a 
particular I-V plot. There are two ways in which this compensation can 
be achieved. 

x^m 

Fig. IU-23 

Hot Wire Anemometer Probe Assembly 

l^Conax Catalog of Thermocouple Assemblies and P res su re Sealing Glands. 

19Lowell, He rmann . , Design and Applications of Hot-Wire Anemometers for 
Steady State Measurements at Transonic and Supersonic Airspeeds, NACA, 
TN-21I7. 
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The f i r s t way would be to i n s e r t a s e c o n d leg of the o r i g i n a l 
Wheats tone b r idge in the w a t e r s t r e a m . By choos ing a leg on the h i g h -
r e s i s t a n c e s ide of the b r i d g e , the power d i s s i p a t e d would be s m a l l , and 
the r e s i s t a n c e of t h i s leg would only be s e n s i t i v e to a c t u a l t e m p e r a t u r e 
changes in the w a t e r and not to the ve loc i ty of the s t r e a m . T h i s m e t h o d 
of c o m p e n s a t i o n can be b e t t e r u n d e r s t o o d by d i s c u s s i n g the s a m p l e 
Wheats tone b r idge shown be low. 

^ P o w e r Supply 

Ri V e l o c i t y - s e n s i n g p r o b e 

R3 T e m p e r a t u r e - c o m p e n s a t i n g leg 

In d i s c u s s i n g the s a m p l e s y s t e m and p r o b e e a r l i e r , it was found 
that a cons tan t I-V plot could be obta ined by e x p r e s s i n g At as a funct ion 
of t ^ . F r o m Equat ion (i l l . 12), 

At f(tv 

Since 

At = T - t^ 

it follows that 

t = tw + f(tw) • 

The r e s i s t a n c e of the v e l o c i t y - s e n s i n g e l e m e n t i s a funct ion of 

Rl = f(t) = fi(tw) . 

The d e s i r e d At function is now e x p r e s s e d in t e r m s of the p r o b e 
r e s i s t a n c e . In m o s t b r idge c i r c u i t s , Ri and Rj a r e v e r y m u c h l e s s t h a n 
R3 and R4, so that the c u r r e n t th rough R3 is s m a l l and t h e r e is no s igni f icant 
heat ing effect. R e s i s t a n c e R3 m u s t now be c h o s e n so tha t when i t i s i m ­
m e r s e d in the wa te r s t r e a m i t s _ r e s i s t a n c e wil l v a r y wi th t ^ in s u c h a way 
a s to yield a b r idge ba lance at R; = {,(t^) which c o r r e s p o n d s to a p a r t i c ­
u l a r I-V plot . F o r the b r idge shown, 

R3 = R1R4/R2 , 
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w h e r e R4 and R^ a r e c o n s t a n t . T h e r e f o r e , 

R3 = f i ( tw)R4/R2 . 

The e a s i e s t way to a c h i e v e t h i s c o m p e n s a t i o n i s to m a k e Rj and R3 out of 
the s a m e m a t e r i a l . 

The s e c o n d m e t h o d of c o m p e n s a t i o n would be to connec t a r e l a t i v e l y 
l a r g e - d i a m e t e r w i r e in s e r i e s wi th the p r o b e , both be ing i m m e r s e d in the 
w a t e r s t r e a m . 1° B e c a u s e of the l a r g e d i a m e t e r , the h e a t i n g i s s l igh t and 
the r e s i s t a n c e would only depend on the w a t e r t e m p e r a t u r e . 

The f i r s t m e t h o d of w a t e r c o m p e n s a t i o n was t r i e d . A p p r o x i m a t e l y , 
36 c m of 0 . 0 2 5 4 - m m t u n g s t e n w i r e w a s w r a p p e d a r o u n d a t h r e a d e d c e r a m i c 
tube which was s e a l e d in the s a m e way a s the ve loc i t y e l e m e n t . 

A W h e a t s t o n e b r i d g e was u s e d to k e e p the p r o b e at a c o n s t a n t 
r e s i s t a n c e , i . e . , a c o n s t a n t t e m p e r a t u r e . A c o n t r o l s y s t e m c o n n e c t e d to 
the b r i d g e e r r o r s i g n a l w a s u s e d to ad jus t a u t o m a t i c a l l y the hea t ing c u r ­
r e n t t h r o u g h the p r o b e . P r o b e c u r r e n t was m e a s u r e d by not ing the vo l tage 
d r o p a c r o s s a 1-ohm r e s i s t o r which c o n s t i t u t e d a second leg of the 
Whea t s tone b r i d g e . 

The r e s u l t s of t h i s e x p e r i m e n t w e r e not v e r y e n c o u r a g i n g . No 
mean ing fu l d a t a could be ob t a ined d u r i n g the t i m e a l l o t t ed for t e s t i n g . 
The m a j o r d i f f icul ty w a s the c o n s i s t e n t b r e a k i n g of the w i r e p r o b e . F u r ­
t h e r i n v e s t i g a t i o n r e v e a l e d tha t the s t r e s s e s in the t u n g s t e n w i r e w e r e 
high enough to c a u s e f r a c t u r e s when the flow r a t e was a s low as 
0.5 m / s e c if t he t e m p e r a t u r e of the w i r e was 252°C. 

The p r o b l e m r e m a i n i n g , then , i s to i n v e s t i g a t e o t h e r m a t e r i a l s for 
the w i r e e l e m e n t s at h igh t e m p e r a t u r e s . If t h i s p r o b l e m can be so lved , 
the h o t - w i r e a n e m o m e t e r , b e c a u s e of i t s s m a l l s i z e and fas t r e s p o n s e , 
m a y be a use fu l d e v i c e for m e a s u r i n g flow r a t e s in a n u c l e a r r e a c t o r . 
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G. N o m e n c l a t u r e 

A W i r e c r o s s - s e c t i o n a l a r e a ( s q u a r e m e t e r s ) 

A l I n l e t f l o w a r e a ( s q u a r e m e t e r s ) 

A2 T h r o a t f l o w a r e a ( s q u a r e m e t e r s ) 

C C a l i b r a t i o n c o e f f i c i e n t 

C p S p e c i f i c h e a t of w a t e r e v a l u a t e d a t tf ( w a t t - s e c / k g - ° C ) 

Do W i r e o u t s i d e d i a m e t e r ( m e t e r s ) 

g G r a v i t a t i o n a l c o n s t a n t ( m e t e r s / s e c ) 

hf E n t h a l p y of s a t u r a t e d l i q u i d ( w a t t - s e c / k g ) 

h£ E n t h a l p y c h a n g e d u r i n g v a p o r i z a t i o n ( w a t t - s e c / k g ) 

h E n t h a l p y of d r y s a t u r a t e d v a p o r ( w a t t - s e c / k g ) 

hj j^ E n t h a l p y of i n l e t w a t e r ( w a t t - s e c / k g ) 

hj^jj E n t h a l p y of w a t e r i n t o i o n e x c h a n g e r ( w a t t - s e c / k g ) 

I ' l o u t E n t h a l p y of w a t e r o u t of i o n e x c h a n g e r ( w a t t - s e c / k g ) 

h m E n t h a l p y of m i x e d f e e d w a t e r ( w a t t - s e c / k g ) 

h j ^ E n t h a l p y of f e e d w a t e r ( w a t t - s e c / k g ) 

I C u r r e n t ( a m p ) 

K C a l i b r a t i o n c o e f f i c i e n t 

Kf T h e r m a l c o n d u c t i v i t y of w a t e r e v a l u a t e d a t tf ( w a t t s / m e t e r - ° C ) 

K m T h e r m a l c o n d u c t i v i t y of w i r e m a t e r i a l e v a l u a t e d a t t ( w a t t s / m e t e r - " C ) 

L W i r e l e n g t h ( m e t e r s ) 

n A r e a r a t i o A 1 / A 2 

P m a x M a x i m u m p o w e r d i s s i p a t e d i n w i r e ( w a t t s ) 

q " H e a t f l u x ( w a t t s / s q u a r e m e t e r ) 

Q^ T o t a l p o w e r g e n e r a t e d ( w a t t s ) 

R j W i r e r e s i s t a n c e e v a l u a t e d a t T ( o h m s ) 

- / 2 t i - t„ \ , , 
t A v e r a g e t e m p e r a t u r e of w i r e ! ^ 1 (°C) 

tf F i l m t e m p e r a t u r e ! 5 ) (°C) 

t W a t e r t e m p e r a t u r e (°C) 
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ti Center l ine t emperature of w i r e (°C) 

to S u r f a c e t e m p e r a t u r e of w i r e (°C) 

V W a t e r v e l o c i t y ( m e t e r s / s e c ) 

Wj Ion exchange flow r a t e ( k g / s e c ) 

Wj^ F e e d w a t e r flow r a t e ( k g / s e c ) 

Wg T o t a l s t e a m flow r a t e ( k g / s e c ) 

Wsi S t e a m d i s c h a r g e flow r a t e ( k g / s e c ) 

Wg2 E n t r a i n e d s t e a m flow r a t e ( k g / s e c ) 

W T o t a l r e c i r c u l a t i o n flow r a t e ( k g / s e c ) 

Xjj S t e a m e n t r a i n m e n t in the d o w n c o m e r 

Xg A v e r a g e c o r e exi t qua l i ty 

A P Di f fe ren t i a l p r e s s u r e (a tm) 

At T - t ^ (°C) 

fl£ Wa te r a b s o l u t e v i s c o s i t y e v a l u a t e d at tf (poise) 

p W a t e r d e n s i t y ( k g / c u b i c m e t e r ) 

P£ Water density evaluated at tf (kg/cubic meter) 

^ Wire resistivity evaluated at t (ohm-meter) 
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IV. MODERATOR STEAM VOID F R A C T I O N 

A. In t roduct ion 

The s t e a m void f r ac t ion is defined a s the vo lume p e r c e n t a g e of 
s t e a m p r e s e n t in a unit vo lume of coo lan t . The s t e a m void f r ac t ion is 
ac tua l ly m o r e i m p o r t a n t than the in le t ve loc i ty when p r e d i c t i n g the s t a t i c 
and dynamic behav io r of the boi l ing w a t e r type of r e a c t o r . As t h e r e w e r e 
no c o m m e r c i a l i n s t r u m e n t s ava i l ab le to m e a s u r e th is p a r a m e t e r in the 
c o r e , su i table t echniques and i n s t r u m e n t s had to be d e v e l o p e d . 

B . T u r b i n e - t y p e F l o w m e t e r s 

Fo r a s y s t e m , as shown in F i g u r e IV - 1, w h e r e l iquid e n t e r s at the 
bot tom of a fuel e l e m e n t and a t w o - p h a s e m i x t u r e l e a v e s the top, the two-
phase cont inui ty equat ions can be w r i t t e n as fo l lows . 

(1 - xg) Wt W fe Pf( l c) Ae V 

and 

W t 

fe (IV.1) 

(1V.2) 

f , , = FREQUENCY 

PHOPORTIONiL ro E i i r 
WtTER VELOCITY 

I 

r \ l t t t f tl-^ " ' ^ " " " VELOCITY 

F i g . IV-1 

S c h e m a t i c of Tu rb ine F l o w m e t e r s 
Appl ied to a Boi l ing S y s t e m 

Upon combina t ion of Equa t ions ( l l l . l ) and (III.2), the void f r a c t i o n is ob ta ined 

- P- A-in -^m 
^f Ae Vfe ; (IV.3) 

^I^^Zf£_ l^ in^inV,„( l -x , ) 
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which can be s i m p l i f i e d a s f o l l o w s . The flow a r e a s Ag and Ajjj can be m a d e 
equa l by e m p l o y i n g two i d e n t i c a l m e t e r s . Now, if we n e g l e c t the effects of 
subcoo l ing and qua l i ty , the void f r a c t i o n i s equa l to 

« c = 1 - ^ . (IV.4) 

* f e 

With equa l flow a r e a s . E q u a t i o n (IV.3) can be r e a r r a n g e d a s fo l lows: 

P i „ ( l - Xg) V ,„ P( V f Vfe 
IV.5 

The subcoo l ing and qua l i t y ef fec ts can be n e g l e c t e d in s o m e boi l ing s y s t e m s 
b e c a u s e they a r e s m a l l . In o t h e r s y s t e m s , they can be n e g l e c t e d b e c a u s e , as 
the qua l i ty Xg i n c r e a s e s , ( l - Xe) d e c r e a s e s . As qua l i ty i n c r e a s e s , the s u b ­
cool ing should a l so i n c r e a s e if it m a y be a s s u m e d that t h e r e is no s t e a m 
c a r r y - u n d e r into the d o w n - c o m e r ; hence the r a t io '^i^/ '^f ^1^° i n c r e a s e s . 
T h e r e f o r e , the p r o d u c t of (1 - Xg) and ' - ' in/^f ^^ Equa t ion (IV.5) r e m a i n s 
v e r y c l o s e to un i ty . At a t y p i c a l loop o p e r a t i n g condi t ion , for e x a m p l e , the 
exi t m i x t u r e qua l i t y , Xe, i s 0.08 and the subcool ing is 18.3°C. With t h e s e 
v a l u e s of qua l i t y and subcoo l i ng , the e r r o r in comput ing void f r ac t ion by 
m e a n s of E q u a t i o n (IV.4) i s only about 4%. 

T h i s m e a n s tha t if only the in le t and ou t l e t l iquid v e l o c i t i e s a r e 
known, the void f r a c t i o n can be d e t e r m i n e d with a fa i r a c c u r a c y . However , 
the in le t subcoo l ing is m e a s u r e d and, f r o m E q u a t i o n (III.5), the a v e r a g e 
exi t qua l i ty is c a l c u l a t e d , and hence the ex i t void f r ac t ion can be c a l c u l a t e d 
m o r e e x a c t l y . 

It a p p e a r e d tha t a t u r b i n e - t y p e f l o w m e t e r m i g h t m e a s u r e th i s exi t 
l iquid v e l o c i t y , so an a n a l y s i s was m a d e of the t u r b i n e r e s p o n s e when a 
t w o - p h a s e m i x t u r e was p a s s e d by i t . Th i s a n a l y s i s was b a s e d on an a d a p ­
ta t ion of G r e y ' s a n a l y s i s for the t r a n s i e n t r e s p o n s e of a t u rb ine f l o w m e t e r . 

F o r a t u r b i n e r o t a t i n g in i n c o m p r e s s i b l e , n o n v i s c o u s fluids with 
neg l ig ib l e b e a r i n g f r i c t ion , the r o t o r t o r q u e can be w r i t t e n as 

(IV. 

d T " 

^ '^Grey, J . T r a n s i e n t R e s p o n s e of the T u r b i n e F l o w m e t e r , J e t P r o p u l ­
s ion ( F e b 1956) . 
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d0 
h e r e T is ro to r t o r q u e , I the m o m e n t of i n e r t i a of r o t o r , and j " is a n g u -

dT l a r a c c e l e r a t i o n . Now f r o m F i g u r e IV-2 , 

dT = F r d r 

F o r s t eady s t a t e , however , 

dT = 0 

and 

F = 0 

Now 

F = - F ' f cos 6f + F ' cos 6 = 0 , 

(1V.7) 

(IV.8) 

whe re F ' is the fo rce pe r unit blade length p e r p e n d i c u l a r to effect ive ve loc i ­
ty U. 

F i g . IV-2 

H y d r o d y n a m i c F o r c e s on a 
Blade Subjec ted to a T w o -
phase M i x t u r e 

By definit ion, 

Cj^' = lift coefficient 

2 F ' cos^6 

2 F ' / C p U ^ (IV.9) 

CPV^ 

a^ C 

C . = (1 - a ) c 
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F o r a b lade of f inite length , the effect of induced d r a g m u s t be i n t r o d u c e d 
and 

C L ' = K s in (3 ' 

T h e r e f o r e , f rom Equa t ion (IV.8) 

sin ji'^p^VJH-a^) s i n / 3 g P g V | 5 
g c 

OS 6f c o s 6g 

where 

> ' is effect ive ang le of a t t a c k = ^ - 6 

-1 / R de 
6 is tan / / V 

p is fluid d e n s i t y 

^ is b lade angle with pipe ax i s 

V is flow v e l o c i t y 

R is m e a n r a d i u s 

de 
-;— - (i^ = r o t o r speed , 
dT 

and s u b s c r i p t s f r e f e r s to w a t e r and g to g a s . Now 

6f)pfV^(] - a^ ) 

cos 6f 

A c c o r d i n g l y 

dS tan a 
17="^= R 

Pf^f ' -4= 

s i n ( / 3 - 6 g ) P g V | a g 

cos 6„ 

p V2 a 
^g g _ ^ 

p V a^ P f V f d - ^ c ) 

w h e 
t a n 

is a m e t e r c o n s t a n t . 

(IV.10) 

(IV.11) 

(IV.12) 

(IV. 13) 

Now by def in i t ion , 

V / V ^ - S = s l ip r a t i o . 
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T h e r e f o r e , 

(1 "o-g) Pf + ttg P ^ S ^ 

tc) Pf + o-g p S 
(IV.14) 

The e r r o r in m e a s u r i n g the loca l l iquid ve loc i ty i s the t e r m 

(1 - a ) Pf + ct P 

_(1 - a^) Pf + a ^ p S_ 

If p <<Pf, the e r r o r is s m a l l . If S a p p r o a c h e s uni ty , the e r r o r is s m a l l . 

To use the tu rb ine m e t e r for m e a s u r i n g loca l l iquid ve loc i ty , a 
knowledge of the s l ip r a t io is n e c e s s a r y or the gas d e n s i t y m u s t be m u c h 
l e s s than the liquid d e n s i t y . F o r a 4 1 . 8 - a t m s y s t e m , Pg ~ 0.028 P f, and if 
the s l ip is l e s s than 2 and the void f rac t ion of l e s s than 0 .5 , the e r r o r is 
a m a x i m u m of 5%. 

It can be seen f rom this a n a l y s i s that the t u r b i n e wil l r e s p o n d v e r y 
c lose ly to the wa t e r ve loc i ty even w h e n t h e flowing m e d i u m i s c o m p o s e d of 
a m i x t u r e of a i r and w a t e r o r s t e a m and w a t e r . Th i s i m p o r t a n t d i s c o v e r y 
led to a new use for th is type of m e t e r : the m e a s u r e m e n t of exi t s t e a m 
void f rac t ion within the r e a c t o r c o r e . 

To show that t u r b i n e - t y p e f l o w m e t e r s could be u s e d s u c c e s s f u l l y to 
m e a s u r e the exit void f rac t ion , an e x p e r i m e n t a l o u t - o f - p i l e flow s y s t e m was 
bui l t . This flow s y s t e m is shown s c h e m a t i c a l l y in F i g u r e I V - 3 . 

AIR L I N E — ^ [ > < J 

TO DRAIN LINE 

l>'<l-^« 

F i g . IV-3 

Schemat i c of A i r - W a t e r Flow S y s t e m 
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One turbine-type flowmeter was placed in a water line just after a valve 
that was used to regulate the inlet water velocity. A mixing section, which 
blended air into the flowing water, was then inser ted into the system. A 
second flowmeter was placed several feet ups t ream of the mixing section. 
Great care was exercised to prevent expansions or contractions in flow area 
in this section of the piping. Expansions or contractions in flow area will 
disturb the two-phase mixture and will a l ter the void fraction. The a i r -
water mixture was then discharged to a drain. A gamma- ray densitometer 
was placed just below the upper flowmeter to measure the actual void 
fraction. This technique for measuring void fraction is based upon the 
principle that, as gamma rays pass through mat ter , the photons are absorbed 
and the intensity decreases exponentially with the distance t raversed. In 
present practice, gamma rays emanating from a radioactive source are 
beamed through and attenuated by the a i r -wate r mixture contained in the 
test channel. The attenuated radiation then impinges on a scintillation 
crystal which is mounted on the face of a photomultiplier tube. The crystal-
tube assembly is enclosed to prevent the entrance of extraneous light. The 
current output of the photomultiplier tube is amplified and recorded on a 
strip chart recorder . The al l -water and a l l -a i r radiation intensities are 
used as calibration points for void fractions of zero and unity, respectively. 
As the radiation intensity is exponentially attenuated between these two 
points, intermediate values of void fraction can be determined. A more de­
tailed description of this densitometer can be found in the l i terature.^1 

The flow system was run to obtain void fractions ranging from 0.11 
to 0.71. The range of inlet water velocity was varied from 0.61 to 
2.13 m / s e c . The void fraction was measured with the densitometer and 
simultaneously calculated from the two flow measurements by means of 
Equation (IV.4). The use of Equation (IV.4) is justified because the sub­
cooling was zero and the quality was less than 0.01. 

The densitometer is considered the standard for these measurements . 
Figure IV-4 shows the e r r o r plot of the void fractions obtained. Here a j 
is the void fraction determined by the densitometer and EQ is the void frac­
tion calculated from the two flow measurements . The dashed lines indicate 
an e r ro r of +10%. It is apparent from this figure that the void fractions 
compared, in most cases , to within this i l0%. These resul ts were encour­
aging enough to proceed with s imilar tests where the temperature and p r e s ­
sure conditions would duplicate those of the reactor: 252°C and 41.8 atm. 

An existing natural-circulat ion flow "loop" was utilized for these 
s team-water tes t s . This "loop" is normally used to obtain information about 
natural circulation. The system, slightly modified to include the two flow­
mete r s , is shown schematically in Figure IV-5. 

^iHooker, H. H., and Popper, G. F . , A Gamma-ray Attenuation Method 
for Void Fract ion Determinations in Experimental Boiling Heat Trans -
fer Test Faci l i t ies , ANL-5766 (1958). 
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F i g . IV-4 

E r r o r P l o t of Void F r a c t i o n s 
f r o m A i r - W a t e r T e s t s 
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OT-VOIO FRACTION DETERMINED BY GAMMA ATTENUATION METHOD 

r-cSj-' 

F i g . IV-5 

Schemat ic of Na tu ra l 
C i r cu la t ion Flow 
S y s t e m 

WATER 
FROM M A K E - U P 

SYSTEM 

SCINTILLATION DETECTOR 

- D S 3 - STEAM TO CONDENSER 

. GAMMA SOURCE 

It c o n s i s t s b a s i c a l l y of the n a t u r a l - c i r c u l a t i o n s y s t e m , a m a k e u p w a t e r 
s y s t e m , and a s t e a m c o n d e n s e r . P o w e r is appl ied to the r e s i s t a n c e - h e a t e d 
t e s t channel , and boi l ing b e g i n s . The t w o - p h a s e m i x t u r e p a s s e s t h rough 
the upper tu rb ine f lowmete r , up th rough the r i s e r to the s t e a m d r u m w h e r e 
the s t e a m is s e p a r a t e d f rom the w a t e r . The wa t e r then flows down th rough 
the d o w n c o m e r , up th rough the lower t u r b i n e - t y p e f l o w m e t e r , and back into 
the t e s t channe l . The g a m m a - r a y d e n s i t o m e t e r u s e d in the a i r - w a t e r t e s t 
was placed jus t below the upper f lowmete r to d e t e r m i n e aga in the s t e a m 
void f r a c t i o n s . The s t e a m was wi thdrawn f rom the s t e a m d r u m , condensed , 
and pumped back to the m a k e u p s y s t e m . Makeup w a t e r is added to the s y s ­
t e m to keep the wa t e r level at e q u i l i b r i u m . 
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The need for an instrument capable of displaying the void fraction 
directly became apparent while running the a i r -wa te r t e s t s . An electro­
mechanical computer that would calculate the void fraction from Equa­
tion (IV.4) was designed and built before the s team-water tests were run. 
A bridge technique was used for the computer because this is a simple and 
accurate way of obtaining an output that is proportional to one input divided 
by a second input. This bridge method, however, has the disadvantage that 
some means of balancing, such as a servo, is required. This could seriously 
limit the frequency response of the computer. The computer was found to 
have an accuracy of +1% and digitally displayed void fraction reliably. Be­
cause of its rather poor dynamic charac ter i s t ics , it will be used only when 
obtaining steady-state void information. 

A ser ies of tests were run with this "loop" to obtain void fractions 
ranging from 0.24 to 0.70. The e r r o r plot of the void fractions obtained is 
shown in Figure IV-6. Here again ttrp is the void fraction obtained from 
the densitometer and O.Q is the void fraction calculated from the two veloc­
ity measurements ; however, in this case, the computer performed the cal­
culation. Again, the void fractions compared to within 110% in most cases . 

(t 1 '-̂  
H 09 
UJ 

£ aa 
s 
3 0.7 

^ S 06 

IL 0-5 z 
CD 

% 04 

>-
(0 2 °-̂  
z 
S 

1 -

Q 0.2 
z 
o 
y 
a: 

a o > 

— 
— 
— 
— 

— 

/ // 
/ / 

/ 
/ 

/ / y 

^/ / 

/ 
/ 

/ 
/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ y 

/ / ^ // ^ ^ /^ /^/^ .'V.f 
/-/ / / Ji / 

.'rS' / w ^ 
/// >" / ^ //^ 

/ 

1 1 1 1 1 1 1 
1 1 1 1 1 1 1 

Fig. lV-6 

E r r o r Plot of Void Fractions 
from Steam-Water Tests 
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-VOID FRACTION DETERMINED BY GAMMA ATTENUATION METHOD 

There are several limitations that must be pointed out when one 
uses these flowmeters to measure exit steam void fraction. First , the 
system in which they are used must not exceed 41.8 atm. This limitation 
may be removed if tests now in progress show that the meters can be used 
to measure void fractions in systems of higher p ressure . Second, contrac­
tions or expansions in flow area between the exit of the assembly and the 
exit flowmeter must be minimized to prevent void fraction changes. And 
last, the flowmeters will introduce a pressure drop which depends upon 
mete r size, flow rate, and void fraction. 
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The t w o - p h a s e p r e s s u r e d r o p a c r o s s a t u r b i n e f l o w m e t e r can be 
p r e d i c t e d by the use of a v e r y s i m p l e flow m o d e l . In th i s flow m o d e l , it i s 
a s s u m e d that the a i r o r s t e a m p h a s e c o n t r i b u t e s nothing to the p r e s s u r e 
d r o p . The i n c r e a s e d p r e s s u r e d r o p is so le ly p r o d u c e d by the i n c r e a s e d 
w a t e r ve loc i ty th rough the m e t e r . Making th i s a s s u m p t i o n , it can be shown, 
by combining Equa t ion (IV.4) with the equa t ion of the c u r v e shown in 
F i g u r e III-9, that the t w o - p h a s e p r e s s u r e d r o p is equa l to 

A P 
A P 

T W P 
S P 

(1 - SJ^ 
(IV.15) 

whe re A P ^ p is the p r e s s u r e d r o p a c r o s s the m e t e r when the void f r ac t ion 
is z e r o and a ^ is the void f rac t ion at the f l o w m e t e r . 

F i g u r e IV-7 shows the c lo se c o r r e s p o n d e n c e be tween the p r e d i c t e d 
and m e a s u r e d p r e s s u r e d r o p s . As t he se da ta r e p r e s e n t the r e s u l t s f r o m 
only one p a r t i c u l a r tu rb ine f l owmete r , no g e n e r a l s t a t e m e n t can be m a d e 
as to the val id i ty of Equat ion (IV.I 5) to p r e d i c t the t w o - p h a s e p r e s s u r e 
d r o p s a c r o s s m e t e r s of different s i z e s or c o n f i g u r a t i o n s . 

F i g . IV-7 

The Ratio of T w o - P h a s e to S m g l e - P h a 
Drop for a P o t t e r A e r o n a u t i c a l Model 2-1- -760 
Turb ine F l o w m e t e r . 

' r e s s u r e 
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The exit flowmeter that is being used in the EBWR is shown in 
Figure lV-8. This flowmeter is attached to the top of a standard fuel assem­
bly in place of the normal top piece. The normal top piece is fastened on 
top of the flowmeter so that this subassembly can be handled with standard 
fuel-handling tools. 

Fig. lV-8 

Outlet Turbine Flowmeter 

To further check the ability of the turbine-type flowmeters to de­
termine exit void fractions, another ser ies of out-of-pile tests were run 
on the actual EBWR instrumented fuel assembl ies . One of these assemblies 
is shown in Figure IV-9. 

--^^t^l5*^,>.5^>: :.r.- *.r..:.i^;*.>!fSr.,->' 

Fig. IV-9 

Instrumented Fuel Assembly 

This fuel element was placed in an a i r -water loop. The system was run 
to obtain void fractions ranging from 0.10 to 0.40 and inlet velocities from 
0.76 to 1.22 m / s e c . The void fraction at the exit of the fuel channels was 
again measured by means of the gamma-ray densitometer. The e r ror 
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•plot of the void f r ac t ions ob ta ined by the two "methods is shown in 
F i g u r e IV-10 . Again the vo ids c o m p a r e d to wi thm +10%. 

; , - VOID FRACTION OETERMIHEO BY G A W l iTTENUATION METHOD 

F i g . IV- 10 

E r r o r Plo t of Void F r a c t i o n s Obtained F r o m 
A i r - W a t e r T e s t s on i n s t r u m e n t e d Fue l A s s e m b l y 

C. E l e c t r o m a g n e t i c F l o w m e t e r s 

The e l e c t r o m a g n e t i c f lowmete r can be u s e d to m e a s u r e s t e a m void 
f r ac t ions in the s a m e way the tu rb ine f lowmete r i s u s e d . 

Since the e l e c t r o m a g n e t i c f lowmete r r e s p o n d s only to the l iquid 
veloci ty (see Section I I I -E) , the void f r ac t ion can be c a l c u l a t e d f rom E q u a ­
tion IV.3 . The advan tages gained when us ing th i s type of f l o w m e t e r a r e 
tha t t h e r e is a low p r e s s u r e d r o p a c r o s s the m e t e r and no c o r r e c t i o n is 
needed to account for the m o m e n t u m of the gas p h a s e . 

One of the ques t ionab le a s p e c t s of u s ing the e l e c t r o m a g n e t i c flow­
m e t e r in this appl ica t ion is whe the r the e l e c t r o d e s wi l l be c o v e r e d with 
l iquid at al l t i m e s . If the e l e c t r o d e s become in su l a t ed f rom the l iquid , 
say by s t e a m o r a i r pocket , the induced vol tage wil l not be c o m m u t a t e d 
and the output s ignal will d rop to z e r o . Th i s effect i s p r e s e n t l y be ing 
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i n v e s t i g a t e d in an a i r - w 
at th i s t i m e . 

a t e r loop, but no c o n c l u s i v e r e s u l t s a r e ava i l ab le 

D . P r e s s u r e - d r o p Techn iques 

If two s t a t i c p r e s s u r e t aps s p a c e d by a d i s t a n c e L, as shown in 
F i g u r e I V - I l , a r e p laced in a s y s t e m in which the f r i c t i o n a l p r e s s u r e d rop 
be tween the two poin ts is neg l ig ib le c o m p a r e d with the head p r e s s u r e , then 
the m e a s u r e d d i f f e ren t i a l p r e s s u r e b e t w e e n the t aps can be r e l a t e d to the 
m e a n fluid d e n s i t y be tween the t a p s . A l so , if the fluid be tween the t aps is 
a t w o - p h a s e m i x t u r e , the a v e r a g e void f r ac t i on a be tween the t aps can be 
d e t e r m i n e d . 

Il 
^ ^ 

_̂ _̂r i iP 

Stati 

F i g . IV-11 

P r e s s u r e Taps 

F o r the s y s t e m shown in F i g u r e I V - I I , 
the d i f f e r e n t i a l p r e s s u r e be tween the t aps is 
g iven by 

10,332 AP ( P L - P m ' l -
(IV.16) 

w h e r e Pj^ i s the fluid d e n s i t y of leg P2 and P ̂ ^ 
is the m e a n fluid d e n s i t y of s y s t e m . If A P is 
m e a s u r e d , and PT and L a r e known, then the 
fluid d e n s i t y i s g iven by 

Pl^ ^ - 10,332 A P 
(IV.17) 

F o r a t w o - p h a s e m i x t u r e , h o w e v e r . 

p ^ = P^ (1 - a ) + P g a , (IV.18) 

w h e r e Pr is the l iquid d e n s i t y and P is the vapor or gas d e n s i t y . 

Subs t i tu t ing E q u a t i o n (IV.18) into Equa t ion (IV.17) and solving for 

10,332 A P + (Pf - P j J L 

{Pi- P.) L 
(IV.19) 

It was a l s o a s s u m e d in th i s d e r i v a t i o n that the void f r ac t ion a r e m a i n s 
c o n s t a n t b e t w e e n the t aps and tha t t e m p e r a t u r e g r a d i e n t s be tween p r e s s u r e 
tubes a r e n o n e x i s t e n t . 

T h e s e a s s u m p t i o n s a r e va l id in the ca se of the EBWR r i s e r and 
d o w n c o m e r and, t h e r e f o r e , s t a t i c p r e s s u r e t aps a r e being used for 



56 

d e t e r m i n a t i o n s of void f r ac t i on . The p r o b l e m of b r i n g i n g the p r e s s u r e tap 
tubes up th rough the s t e a m zone was so lved in the s a m e m a n n e r as for the 
P i to t and S tausche ibe tubes m e n t i o n e d e a r l i e r . The d e n s i t y p of the fluid 
in the p r e s s u r e top P2 is d e t e r m i n e d by a t e m p e r a t u r e m e a s u r e m e n t . 

Ou t -o f -p i l e t e s t s w e r e conduc ted to d e t e r m i n e void f r a c t i o n s with 
p r e s s u r e t aps of the type i n s t a l l ed in E B W R . The void f r a c t i o n was d e t e r ­
mined by th is p r e s s u r e - d r o p me thod and c o m p a r e d wi th the void f r a c t i o n s de­
t e r m i n e d by the g a m m a - r a y d e n s i t o m e t e r . No s ign i f i can t d e v i a t i o n s 
be tween the two m e a s u r e d void f r ac t ions w e r e found. 

E . N u c l e a r Void M e t e r s 

S e v e r a l n u c l e a r void m e t e r s have been p r o p o s e d . ' Us ing the 
method p r o p o s e d by U n t e r m e y e r , the voids in a thin e n r i c h e d EBWR fuel 
e l e m e n t w e r e m e a s u r e d by Thie and B e i d e l m a n . 

In m u l t i g r o u p diffusion t h e o r y , the equa t ion r e l a t i n g the t h e r m a l 
flux 03 and the e p i t h e r m a l flux 0^ i s ; 

-VD3 V03 + S_̂ ^ 03 = 2 j ^ *2 • (IV.20) 

In typ ica l l ight wa t e r power r e a c t o r s , the f i r s t t e r m is s m a l l and the 
t h e r m a l to e p i t h e r m a l flux ra t io is the r a t io of r e m o v a l to a b s o r p t i o n 
c r o s s s e c t i o n s c o r r e c t e d for t h e r m a l l e akage : 

_X __ 
^ ' a j 

^Rz 
^-(Y-TX^py = K(Z,a) (1 - a ) . (iv.21) 

This equat ion i n t r o d u c e s the a l m o s t cons tan t K ( Z , a ) , by taking advan tage 
of the fact that S R J is v e r y n e a r l y p r o p o r t i o n a l to (l - a ) . O the r effects 
con t r ibu t ing a s l ight dependence of K upon Z c a m e f rom a , 2 as- L^. and B^ 

The c a d m i u m r a t i o of a m a t e r i a l having a t h e r m a l c r o s s s e c t i o n 
Oa3 (0.0253 ev) and an e p i t h e r m a l c r o s s s ec t i on . 

(IV.22) 

is given by 

A g e r - H a n s s e n , H., and Dy{derlein, J . M. A Method for M e a s u r i n g 
S team Voids m Boil ing Wate r R e a c t o r s , P r o c . 2nd UN I n t e r n . Conf. 
Peace fu l Uses Atomic E n e r g y , Geneva , S w i t z e r l a n d , U , 465 (1958). 

"f^T"X^\'^^"'" ^ ' " ° ' " ^^^^ '^"^^ R e p o r t s , ANL-6229 ( i 960 ) , pp . 284-
289. Or ig ina l work of J . A. Thie and J . B e i d e l m a n . 
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CdR . 0 ^ ^ a 2 + 0 3 ^ a 3 ( O . O 2 5 3 ) A ( Z , a ) ^ ^ ^ 0 ^ a a 3 ^^^^^^^^ ^^^^^^ _ 

02 ^32 ^̂ 2 az 
(IV.23) 

where A(Z,a) is a factor which takes the shape of the local thermal spectrum 
into account. Substitution of Equation (IV.23) into Equation (IV.21) makes it 
possible to determine a from the measured cadmium ratio: 

(CdR - 1) a 
a = 1 (IV.24) K(Z,a) Oas (0.0253) A(Z,a) 

If a = tto at Zj , then 

(CdR - 1) = K(Zo, g) A (ZQ, g) a.^,(0.0253) (1 - a p) , (IV.25) 

and substitution of Equation (IV.25) into Equation (IV.24) gives 

n - 1 (CdR- 1) K(Zo, g) A ( Z o , a ) 
(CdRo - 1) ^̂  '"»' K(Z,a) A(Z ,g ) • (̂ ^•'̂ ^^ 

Equation (IV.26) can be approximated as 

The te rm: 

K(Zo,g) A(Zo,g) 
K(Z,a) A(Z,a) 

can be determined by evaluating the cadmium ratios according to 
Equation (IV.23) by using the fluxes obtained from rigorous three-group, 
multiregion calculations. Since the voids are not experimentally known, 
at least two cases having different values of average void fraction must 
be assumed. The experimental cadmium ratios are then used in combina­
tion with the calculated correction te rm to determine the void fraction. 
It should be pointed out that no "vicious c i rc le" exists, for the assumption 
of a par t icular void distribution in computing the correction is only for 
the purpose of refining the method. 

Bare- and cadmium-covered cobalt wires were irradiated in the 
core of EBWR. The reactor was run at a steady power of 42.7 Mw for 
5.88 hr . The wires were then counted in I-in. increments by an automatic 
counting system. Since the boiling boundary was estimated at Z = 29.5 cm, 
ZQ was chosen as 21.8 cm in order to be sufficiently far away from the 
bottom reflector and boiling boundary. Some nucleate bubbles were present 
at this point, and this effect was taken into account by assuming tto = 0.044. 
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The c a d m i u m r a t i o s w e r e then u s e d in c o m b i n a t i o n wi th c o r r e c t i o n f a c t o r s 
ca l cu l a t ed for a va lue of 0.2125 for g as it was found to be m o r e c o n s i s t e n t 
with the void f rac t ions d e t e r m i n e d . 

F i g u r e IV-12 shows the void f r ac t i ons ob ta ined f r o m the e x p e r i m e n t 
c o m p a r e d to the void f r ac t ions p r e d i c t e d f rom p e r f o r m a n c e c a l c u l a t i o n s . 
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DISTANCE ABOVE BOTTOM OF FUEL, centimaters 

F i g . IV-12 

Void F r a c t i o n s Obtained F r o m M e a s u r e d C a d m i u m 
Ratio C o m p a r e d to P r e d i c t e d Void F r a c t i o n 

T h e r e a r e p lans to r e p e a t th is e x p e r i m e n t us ing m i n i a t u r e i n - c o r e 
flux m o n i t o r s in place of the cobal t w i r e s . Only one point a long the e l emen t 
length will be inves t iga ted , h o w e v e r . The advan tage of us ing c h a m b e r s is 
that the void f rac t ion can be s tudied a t m a n y r e a c t o r o p e r a t i n g cond i t ions , 
both s ta t ic and d y n a m i c . A b a r e - and c a d m i u m - c o v e r e d c h a m b e r will be 
p laced in a d iagonal ly opposi te c o r n e r of a fuel a s s e m b l y and in the s a m e 
ax ia l p l a n e . F r o m the m e a s u r e d c a d m i u m r a t i o , the void f r ac t ion a t th is 
point will be ca lcu la ted by m e a n s of the s a m e p r o c e d u r e a s for the w i r e s . 

F . N o m e n c l a t u r e 

CdR 

m 
2 

Constant 

Total exit flow a r e a ( s q u a r e m e t e r s ) 

Total inlet flow a r e a ( s q u a r e m e t e r s ) 

Buckling ( l / s q u a r e m e t e r s ) 

Chord length ( m e t e r s ) 

Lift coefficient 

C a d m i u m ra t io at pos i t ion Z 
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U 

C d R o C a d m i u m r a t i o a t p o s i t i o n ZQ 

D3 D i f f u s i o n c o e f f i c i e n t ( m e t e r s ) 

E N e u t r o n e n e r g y ( ev ) 

F F o r c e ( N e w t o n s ) 

F ' F o r c e p e r u n i t b l a d e l e n g t h ( N e w t o n s / m e t e r ) 

I M o m e n t of i n e r t i a of t u r b i n e r o t o r ( k g - s q u a r e m e t e r ) 

K C o n s t a n t 

L S p a c i n g b e t w e e n p r e s s u r e t a p s ( m e t e r s ) 

L D i f f u s i o n l e n g t h ( s q u a r e m e t e r s ) 

P i P r e s s u r e a t t a p 1 ( a t m ) 

Pz P r e s s u r e a t t a p 2 ( a t m ) 

r T u r b i n e b l a d e r a d i u s ( m e t e r s ) 

R M e a n t u r b i n e b l a d e r a d i u s ( m e t e r s ) 

S S l i p r a t i o - V / v ^ 

T T u r b i n e r o t o r t o r q u e ( N e w t o n - m e t e r s ) 

E f f e c t i v e v e l o c i t y ( m e t e r s / s e c ) 

V V e l o c i t y ( m e t e r s / s e c ) 

V jg L i q u i d e x i t v e l o c i t y ( m e t e r s / s e c ) 

Vj j j L i q u i d i n l e t v e l o c i t y ( m e t e r s / s e c ) 

Wfg L i q u i d r e c i r c u l a t i o n f l o w r a t e ( k g / s e c ) 

Wf T o t a l r e c i r c u l a t i o n f l o w r a t e ( k g / s e c ) 

Xg E x i t q u a l i t y 

Z A x i a l f u e l e l e m e n t p o s i t i o n ( m e t e r s ) 

Zo A x i a l f u e l e l e m e n t p o s i t i o n f o r s m a l l v o i d f r a c t i o n 

( m e t e r s ) 

g S t e a m v o i d f r a c t i o n a t a n y p o s i t i o n Z 

g o S t e a m v o i d f r a c t i o n a t p o s i t i o n ZQ 

a A v e r a g e s t e a m v o i d f r a c t i o n 

g ^ C a l c u l a t e d e x i t s t e a m v o i d f r a c t i o n 

gT-p T r u e s t e a m v o i d f r a c t i o n 

^ T u r b i n e b l a d e a n g l e w i t h p i p e a x i s ( r a d i a n s ) 

j3 ' E f f e c t i v e a n g l e of a t t a c k = ^ - 6 ( r a d i a n s ) 
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e 
p 

Pi 

^g 

Pin 

P L 

Pm 

"a 

a az 

^ a 3 

^Rz 

^ a 3 

T 

« 2 

03 

CD 

A P 

AP •^TWP 
APgp 

V 

Subscripts 

f 

g 

. 1 Rde / , , 
tan ^ ^ / V 

dT ' 

Angula r r o t a t i o n ( r a d i a n s ) 

Dens i ty ( k g / c u b i c m e t e r ) 

Sa tu ra t ed l iquid dens i t y ( k g / c u b i c m e t e r ) 

Dry s a t u r a t e d vapo r d e n s i t y ( k g / c u b i c m e t e r ) 

Inlet l iquid dens i t y ( k g / c u b i c m e t e r ) 

Liquid dens i t y of leg 2 ( k g / c u b i c m e t e r ) 

Mean m i x t u r e dens i t y ( k g / c u b i c m e t e r ) 

M i c r o s c o p i c c r o s s e c t i o n (b) 

E p i t h e r m a l m i c r o s c o p i c c r o s s e c t i o n (b) 

T h e r m a l m i c r o s c o p i c c r o s s e c t i o n (b) 

E p i t h e r m a l m a c r o s c o p i c c r o s s e c t i o n ( l / m e t e r s ) 

T h e r m a l m a c r o s c o p i c c r o s s e c t i o n ( l / m e t e r s ) 

Time (sec. ) 

E p i t h e r m a l n e u t r o n flux ( n e u t r o n s / c m - s e c ) 

T h e r m a l n e u t r o n flux ( n e u t r o n s / c m - s e c ) 

Angular ve loc i ty ( r a d i a n s / s e c ) 

Dif fe ren t ia l p r e s s u r e = P j - P2 (a tm) 

T w o - p h a s e p r e s s u r e d r o p (atm) 

P r e s s u r e d r o p at z e r o void f r ac t ion (atm) 

Lap lac ian o p e r a t o r 

l iquid 

vapor 
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V. STEAM ENTRAINMENT IN THE DOWNCOMER 

Steam entrainment in the downcomer, which is defined in Section III-A, 
adversely affects the performance of a boiling system by decreasing the 
net driving head available and by decreasing the subcooling. It is , therefore, 
important that this parameter be investigated and measured . 

In Section III-A, a heat balance method was used to determine the 
recirculation water flow rate , assuming zero steam entrainment existed 
in the system. If this recirculation water flow rate is measured directly, 
as with a Stauscheibe tube or Venturi meter , then Equation (III.3) can be 
used to calculate the steam entrainment. Rearranging Equation (III.3), the 
steam entrainment is equal to 

(W^ + Wi)(hf - h ^ ) (hf - hin) ,, , , , 

where W ĵyj is the recirculat ion water flow rate measured by the Stauscheibe 
tube. 

The average exit quality Xe]y[ of the reactor can be then determined 
from Equation (III.5) by substituting WfM ^o'' W't and adding X Q or 

W 
^eM = ^ + Xo . (V.2) 

The percent steam entrained is then equal to 

% steam entrainment = Xj^/Xgj,^ . (V.3) 

The steam entrainment in the downcomer of EBWR is presently being 
measured by this method. 
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VI. STEAM-WATER INTERFACE LEVEL 

A. Introduction 

The steam-water level of a boiling water reactor must be accurately 
known if methods are to be used to prevent substantial amounts of water 
from being carr ied over into the s team-discharge line. Usually the water 
level of the reactor is measured across a water column which does not take 
into account the voids inside the vessel and, therefore, represents only an 
equivalent water height. This equivalent water height is also usually main­
tained constant by means of a level controller. If the power of the reactor 
is increased, for instance, the voids in the vessel will increase , and if this 
equivalent water height is maintained constant, the actual interface level 
could increase to a point where it was above the s team-discharge line and 
substantial amounts of water would be carr ied over. 

Several techniques that will measure the true interface level will 
now be presented, and in most cases the probes will be discussed as if a 
single instrument was being used. A single instrument could be used only 
if it could be moved up and down inside the vessel to seek out the position 
of this interface level. As movable probes are difficult to real ize , several 
probes are usually connected at predetermined intervals , and the interface 
level is inferred from the measurements made at several adjacent points 
along the vessel height. If, for example, four ultrasonic probes, spaced at 
6-cm intervals, are being used, and the first three t ransducers indicate a 
wet condition and the fourth a dry condition, then the interface level lies 
between the third and fourth probe. If greater accuracy is needed, more 
probes spaced at closer intervals would have to be used. 

B. Ultrasonic Transducers^** 

The Acoustica ultrasonic liquid level t ransducer is an instrument 
to detect very accurately the presence or absence of liquid at a point. The 
system consists of two components, a probe and a control unit. 

The probe is a small, metal-housed transducer which is mounted 
inside of a tank or chamber in which the liquid is to be detected. The probe 
is approximately 2.54 cm in diameter and 5.08 cm in length, and is mounted 
with its liquid-sensing face parallel to the liquid surface at the desired 
monitoring level. 

Taken from Final Report on the Development of a High Temperature, 
High Pressure Ultrasonic Liquid Level Sensor, DO 5428, 
Acoustica Associates, Inc., 10400 Aviation Blvd., Los Angeles, 
California. 
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The control unit comprises a two-t ransis tor electronic circuit for 
exciting the t ransducer and monitoring the output. It is mounted external 
to the tank at any convenient point. A pair of e lec t r ica l leads connects the 
probe to the control unit. 

The probe contains an ultrasonic t ransducer of the magnetostrictive 
type, which is driven by the oscillator circuit in the control unit. This ex­
citation causes the sensitive face of the probe, which is coupled to the t r ans ­
ducer, to be vibrated. If the face of the probe is in contact with a liquid, 
the acoustic loading or damping action will cause a change in the electr ical 
impedance of the t ransducer . The oscil lator circuit in the control unit is 
designed to detect this impedance change and operates a relay when the 
change occurs . 

Sensors of this type have a number of advantages over other liquid-
level sensors . F i r s t , there are no moving par ts which can jam or wear out. 
Second, the system is accurate to about 1:0.4 mm limited only by the meniscus 
effect of the liquid. Third, the device is not affected by foam, vapor, or 
p ressure . And fourth, the sensor is small and rugged. 

In developing this sensor, the major problem was selection of suit­
able high- temperature ma te r i a l s , part icularly of the active transducer 
mater ia l . All magnetostr ict ive t ransducer mater ia ls lose their active 
propert ies above their Curie temperature . A transducer mater ia l must 
be used which has a Curie temperature above the maximum desired oper­
ating tempera ture and then it must be incorporated in a probe design which 
will withstand and operate in the required high-temperature, high-pressure, 
radioactive environment. 

Figure VI-I is a drawing showing the internal construction of the 
probe. The housing is of stainless steel and is made in two par ts . The 
lower portion includes the sensitive face which is a resonant diaphragm, 
0.254 cm thick. The ferr i te tube t ransducer is attached to the center of 
this diaphragm, as shown. This tube must be straight and attached at 
right angles to the center of the diaphragm. Ceramic cement is used to 
attach the ferr i te tube to the diaphragm. This cement can withstand tem­
pera tures to 1090°C. The upper portion of the sensor housing contains 
the e lect r ical coil and ferr i te shield. The upper and lower portions of the 
stainless steel housing are then welded together. 

The e lec t r ica l coil consists of 600 turns of nickel wire wound on a 
removable coil form. Ceramic cement is applied to the coil after winding 
to hold it in shape when the form is removed. 
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Fig. VI-1 

Sectional View of Acoustic High Temperature 
Sensor Model 120153 

The shield consists of a ferri te cylinder of the same type used for 
the transducer. It is secured, by means of the ceramic cement, into a 
machined recess in the upper portion of the housing. The coil is cemented 
into the shield and must be exactly centered by means of a jig while the 
cement is being fully cured. The coil is positioned so that its lower end 
coincides with the lower end of the shield. 

The probe is designed to be mounted by a clamp which should 
contact only the extreme upper portion of the housing. The sensor can 
operate at temperatures up to 480°C and pressures up to 170 atm. 

C. Thermal Conductance Probe (Heated Termocouple) 

The thermal conductance probe senses level by discriminating 
between the thermal conductivities of the liquid and vapor phases. The 
probe consists of a heater and a thermocouple enclosed in a swaged, in­
organic insulated, tube as shown in Figure VI-2. 

Fig. VI-2 

Thermal Conductance Probe 
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With a constant voltage applied to the heater , the output signal from the 
thermocouple depends upon the temperature necessary to dissipate the 
resulting heat to the environment. In the vapor phase, the probe tempera­
ture r i ses above ambient to the point where heat transfer equals heat input. 
In the liquid phase, the heat t ransfer is more efficient and a lower probe 
temperature resul t s . This probe can, therefore, be calibrated to yield the 
s team-water interface level. 

Such a probe has the following advantages over other possible level 
devices: 

1. It is independent of density. 
2. It is mechanically rugged. 
3. It is inexpensive. 
4. It is adaptable to the in-core environment. 
5. The output signal is electr ical . 

D. Differential P r e s s u r e Method 

Static p ressure taps can be used to determine the steam-water 
interface level inside the reactor vessel . Figure VI-3 shows such an 
arrangement. 

Fig. VI-3 

Static Pressure Taps for Determining the 
Steam-Water Interface Level 

From Equation (IV.16): 

10,332 APi = ( P L - Pm)l-

and 

10,332 AP2 = (pL - Pg)L - (Pm " Pg)^' 

[ P L - 10,332 (AP2/L) - Pg] 
L' = L 

(VI.l) 

(VI.2) 
[ PL - 10,332 ( A P I / L ) - Pg] 
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The only a s s u m p t i o n m a d e in d e t e r m i n i n g the i n t e r f a c e l e v e l i s tha t the 
m e a n m i x t u r e dens i ty , P m i does not change be tween ad j acen t p r e s s u r e 
t a p s . If only one se t of t aps would have been i n s t a l l e d , t h i s m e a n m i x t u r e 
dens i ty would be unknown and the i n t e r f a c e l e v e l cou ld not be d e t e r m i n e d . 

E. N o m e n c l a t u r e 

L Di s t ance be tween p r e s s u r e t a p s ( m e t e r s ) 

L' In te r face he ight above tap 2 ( m e t e r s ) 

Pg Dry s a t u r a t e d v a p o r dens i t y ( k g / c u b i c m e t e r ) 

P L Liquid dens i ty in l egs 1 , 2 , and 3 ( k g / c u b i c m e t e r ) 

Pjj^ Mean m i x t u r e dens i ty (kg / cub i c m e t e r ) 

A P[ Dif fe ren t ia l p r e s s u r e be tween t a p s 1 and 2 (a tm) 

A P2 Dif ferent ia l p r e s s u r e be tween t aps 2 and 3 (a tm) 



VII. FUEL PLATE HEAT FLUX AND POWER DISTRIBUTION 

67 

THERHOCOUPLE 

If the axial centerline temperature distribution of a fuel plate can 
be measured, the heat flux distribution and the power generated in this 

fuel plate can be determined. This temperature 
is best measured if there exists a "dead" or 
nongenerating region at the center of the fuel so 
that the temperature gradient is essentially zero. 
Thermocouples will be used for this temperature 
measurement in EBWR and will be squeezed 
very tightly between t̂ vo standard thin fuel 
plates. This "sandwich" arrangement provides 
the desirable "dead" region on both sides of 
the thermocouples, as shown in Figure VII-1. 

Fig. VII-1 It is assumed in the following derivation 
that all the heat conduction is in the z direc­
tion, that the heat is uniformly generated, and 
that the boiling heat flux can be described by 

the Jens-Lot tes type of equation. 

Diagram of Special 
EBWR Fuel Plate 

For the boiling region where b < z, 
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(VII. 1) 

where q" is heat flux in kw/sq m. 

For the Zircaloy-2-clad region, where a < z < b, the thermal 
conductivity k^rz is a constant over the temperature range of interest 
and the heat generation is zero, so that 

dz^ 

Therefore, 

= t. 
q"(b - a) (VII.2) 

For the fuel region where 0 < z < a, the thermal conductivity of the 
uranium, 1.5% niobium, 5% zirconium alloy can be approximated by 
y. = k + a. over the temperature range of interest and 

u uO t 
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dz V dz/ a 
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Therefore, 

For the dead-zone region, in which 

< X < 0 

(VII.3) 

then 

<i. 
(VII. 4) 

For a given fuel plate configuration, system pressure , and heat flux. 
Equations (VII. l), (VII.2), (VII.3), and (VII.4) can be used to obtain the fuel 
plate centerline temperature. Selecting a constant system pressure , and 
a range of heat fluxes, a curve of centerline fuel temperature as a function 
of heat flux can be obtained. This curve for the special EBWR fuel plate 
operating in a 41.8-atm system is shown in Figure VII-2. From this curve, 
the local heat flux can be determined for any measured centerline temper­
ature. The power generated in the fuel plate can be obtained by integrating 
the heat flux distribution curve. 

Fig. VII-2 

Special Fuel Plate Centerline Temperature 
as a Function of Local Heat Flux When 
Operating in a 41.8-Atmosphere System 
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Because 80 thermocouples spaced at about 1.25-cm intervals along 
the 122-cm fuel plate a re to be used to measure the heat flux distribution, 
it was decided that a full-scale model of this special fuel plate should be ' 
built to test the feasibility of its fabrication. This model fuel plate is 
shown in Figure VII-3. 

Fig. VII-3 

Model Fuel Plate 

Figure VII-4 shows the thermocouples spaced at 1.25 cm and Figure VII-5 
shows them cemented together with ceramic cement. 

Fig. VII-4 

Installation of Thermocouples in Model Fuel Plate 

. i . . f - j , » ^ 

Fig. VII-5 

Thermocouples Cemented Together in Model Fuel Plate 

It was found that the entire thermocouple wire assembly could be withdrawn 
and inserted from the top end of the fuel plate, as shown in Figure VII-6. 
With this type of construction, it would be possible to fabricate the fuel 
plate and then later insert the thermocouples. 
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Fig. VII-6 

Installation of the Thermocouple Wire Assembly 
Through the End of the Model Fuel Plate 

An alternative procedure for the attachment of the thermocouples 
has also been developed. With this design, the thermocouple wires are 
resistance welded to the fuel plate clad. This produces a thermocouple 
which has a faster response time but resul ts in a much more complex 
fabrication technique. 

It must also be pointed out that this special fuel plate will not be 
typical of the other fuel plates in this element nor "will the fuel element 
be typical of other elements in the core. Ho^vever, a great deal of useful 
information will be gained from this experiment. F i rs t , the thermocouples 
and attachment technique can be evaluated from a reliability standpoint. 
Second, the power generated and heat flux distribution will be measured. 
And third, by precalculating the expected power and heat flux distribution 
in this special fuel element, a check will be obtained on the validity of 
these calculation procedures. 
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