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ABSTRACT

Various methods and techniques of measuring void fraction in
boiling heat transfer media are discussed. Details of 17 void frac-

tion measurement systems are abstracted.

A dynamic void fraction measurement system is described,
capable of continuously measuring void fraction at any position

along a 12-ft test section.

Void fraction (the ratio of vapor volume to total volume of a
2-phase mixture) is measured in boiling organic coolant contained
by a test section of 5/8-in. -OD nickel tube with 0.049-in. wall
thickness. Measurement of void fraction without physical contact
with the test section is achieved through the use of a radiation
attenuation method. The intensity of a narrow 100-kev x-ray beam
transmitted through the test section is measured and recorded to
permit calculation of void fraction. An x-ray tube and scintillation
detectors are mounted on a remotely controlled elevator assembly
used for horizontal and vertical positioning. Major sources of
measurement error due to fluctuations in x-ray tube output and
fluctuation of detector power supply voltage are cancelled by using
two detectors connected in a differential circuit. Detector cooling
and heavy magnetic shielding further reduce measurement errors.
Typical measurement accuracies for small and large void fractions

are 0.05 % 0.015 and 1.00 = 0.022.
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. INTRODUCTION

An area of major concern in power reactor operation is the danger of in-
hibiting the flow of the reactor coolant channels below acceptable levels.
Inadequate cooling of the reactor core can lead to fuel element destruction and
the subsequent potential hazards associated with release of fission products.
Inadequate cooling may occur in reactors during a loss-of-pressure accident,
resulting in bulk boiling. When such boiling occurs in a reactor channel, in-
creased resistance to flow in that channel causes a decrease in the flow rate,
resulting in increased boiling. This, in turn, causes further decrease in flow

rate and may lead to flow-choking.

The aim of the Pressure Transients and Flow Stability Project,39 part of
the Atomics International Reactor Safety Program, is to investigate, both analyti-
cally and experimentally, the effects of loss-of-pressure accident in organic
cooled reactors. This study is required to improve the accuracy and the relia-
bility of present organic coolant analytical models used in the hazards evaluation
of the accident.40 Closely interrelated with an adequate evaluation of the loss-
of-pressure accident is the ability to predict the void fraction (ratio of vapor
volume to total volume of a 2-phase mixture) of the coolant during subcooled and
bulk boiling. Consequently, the experimental investigation of organic coolants
void fraction has been included in the experimental effort of the Pressure Tran-

sients and Flow Stability Project.

Specifically, this report describes the development of equipment to continu-
ously measure void fraction over a representative range of steady state boiling
conditions for typical organic coolant, flowing in a heated channel at low system
pressures. In addition, void fraction measurements are also required for tran-
sient boiling conditions as induced in the heated channel by a gradual depressuri-

zation of the system (simulated loss of pressure accident).

The above requirements plus ability to scan the heated channel along its
length and width constitute the basic operational specifications for design of the
void fraction measuring system described in this report. Measurement accuracy
of £0.05 void fraction was established as a minimum acceptable limit for the

experimental investigation.
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A, METHODS OF MEASURING VOID FRACTION

. Void fraction determination of a 2-phase mixture may be obtained through

either of two measurement philosophies:

1} Direct Measurement — actual volumetric measurement of the gas

phase, and

2) Indirect Measurement — measurement of some property of the 2-phase

mixture from which the void fraction can be inferred.

For each of these basic measurement philosophies, a number of techniques have

been suggested or tried.

1. Direct Measurement Techniques

a. Visual Observation

High speed photographs are taken through a transparent test section
containing a 2-phase mixture. The number and size of the bubbles appearing on
the photograph give a direct indication of the void volume and hence the void

fraction within the test section.

b. Volumetric Flow

- Volumetric flowmeters are located at the inlet and outlet of the test
section. The inlet flowmeter indicates the liquid volumetric flow rate, while the
outlet meter indicates the liquid-plus-gas volumetric flow rate. The instantane-
ous difference in flowmeter readings is a direct indication of the volumetric gas
flow rate. If this quantity is divided by the inlet flow rate, the result is the

average value of void fraction for the entire test section.

c. Quick-Closing Valves

Simultaneously operated quick-closing valves located at the inlet and
outlet of the test section are used to entrap the boiling liquid. After sufficient
separation time, the liquid level in the test section is measured. Knowing the

total length of the test section, the average void fraction may be easily calculated.

- 2. Indirect Measurement Techniques

Since density of a 2-phase (liquid-vapor) mixture is almost inversely
proportional to void fraction, and is relatively easily measured, most investiga-

. tors have used density measurement techniques. Many methods exist for

NAA-SR-7875
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determining density by measurement of various properties of the mixture such
as absorptivity of vibrational energy, dielectric constant, resistivity, perme-
ability, attenuation of radiant energy, and absorption of radioactive particles.
Various density measurement techniques are discussed in the appendix literature

survey.

B. DISCUSSION OF MEASUREMENT TECHNIQUES

Selection of a void fraction measurement method requires consideration of
the following factors: (1) test section characteristics, (2) coolant character-
istics, (3) operating temperatures and pressures, (4) measurement accuracy,

resolution, and stability, and (5) response time of measurement system.

The test section used for the flow stability test loop consists of a 12-ft
length of 5/8-in.-ODnickel tube with a wall thickness of 0.049 in. The coolant,
Santowax R, is an opaque, yellowish wax-like substance at room temperature
and becomes liquid with a density of about 63 lb/ft3 at 300°F. The test loop is
operated at temperatures up to 750°F and pressures up to 50 psig. Void fraction
measurement accuracy of about £5% was based on the accuracy of other measure-
ments (temperature, flow, and pressure) with which the void fraction measure-

ments are correlated.

To study flow and pressure transients, the response of the void fraction
measurement system should be about 1 to 10 msec. The measurement system
should be capable of measuring localized void fraction at any position along the
length of the test section., It is desirable that the measurement system be capa-
ble of longitudinal and transverse automatic scanning of the test section for the
purpose of void fraction distribution studies. A rectangular beam of 0.5 by
0.1 in. was chosen to permit transverse scanning of the test section. Direct
measurement techniques either could not be used or would not satisfy the estab-

lished requirements for the void fraction measurement system.

An investigation of density measuring techniques indicated that many of
these techniques are strongly dependent on the distribution of the vapor phase in
the liquid phase, or necessitate the use of some form of signal which affects the

phenomena under investigation.
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Ultrasonic density measurement techniques were considered, but the pos-
sibility of affecting bubble growth with vibrational energy and the apparent dif-
ficulty of adapting this technique to a 5/8-in. -diameter test section at 750°F
suggested that a better method be found. The physical properties of the test
section and coolant discouraged the use of dielectric constant, resistivity, and
permeability measurement methods. These measurements would require the
use of small, electrically insulated probes penetrating through the test section
into the coolant. Dielectric constant probes of the size which could be installed
in the test section would require a measurement resolution of £0,032 yuf to
measure void fraction with an accuracy of £0.05%. Although this type of meas-
urement could be conducted under laboratory conditions, it would be very dif-
ficult and costly to do in the test section environment. Resistivity measure-
ments of the organic coolant, with a resistivity of 109 ohm-cm, would be im-
possible to accomplish with the accuracy required because of the strong depend-
ence on vapor-liquid phase distribution. Permeability measurements of the
organic coolant, with a very low relative permeability, in the presence of the
nickel test section with a very high permeability, would yield no useful

information.

Particle absorption measurements could not be used because of the wall
thickness and density of the test section. Calculations of beta source energy
requirements showed that a source located externally to the test section must
emit particles with energies greater than 10 Mev to penetrate the test section.
An internal beta-emitting isotope mixed with the coolant must emit particles
with an energy of over 4 Mev in order to penetrate the test section. Isotopes

having these beta energies are not available.

Radiation attenuation methods were investigated and appeared to be the only
way with which to measure void fraction under the existing test loop conditions
and to meet the requirements established for the void fraction detection system.
Initial radiation attenuation calculations indicated that any x- or gamma-ray
with an energy over 50 kev would penetrate the test section without an unreason-

ably high degree of attenuation (<100/1).

An optimum radiation energy of 80 to 110 kev was established as the result
of a series of compromises among several competing factors, i.e., measure-

ment resolution, source availability, and vapor-liquid phase distribution error.
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Il. DESCRIPTION

A, GENERAL FEATURES

The void fraction detector consists of an x-ray tube photon source, collima-
tors, water-cooled scintillation detectors, and position transducers; all mounted
on an elevator assembly which permits scanning the test section either vertically
or horixontally. ILocated outside of the test section enclosure are: the x-ray
control console and high voltage power supply, the elevator control panel, the
detector control panel, detector power supply, differential amplifier, X-Y
recorder, and line voltage regulators. This test loop instrumentation is shown

in Figure 1.

The x-ray beam is split into two narrowly collimated beams. The top view
of the collimator arrangement is shown in Figure 2. A side view of the detector
collimator arrangement is shown in Figure 3. One beam is transmitted through
a dummy or reference test section filled with Santowax R, at room temperature.
A cross section of the test section and support structure is shown in Figure 4.
The other beam is transmitted through an electrically heated test section. A dc
signal voltage from each of two scintillation detectors, located behind each test
section, is fed into a differential amplifier whch subtracts the reference signal
from the void fraction signal. The purpose of the reference signal is to reduce
the effects of fluctuating high voltage to the detectors and fluctuation in x-ray
tube output. The dc output signal from the differential amplifier drives one axis
of an X-Y recorder, and a high speed recording oscillograph, which are cali-
brated to read void fraction. The void fraction detector block diagram is shown

in Figure 5.

B. PHOTON SOURCE

A lower energy limit for the photon source was established on the basis of
the radiation attenuation characteristics of the nickel walled test section. As
photon energy decreases below about 200 kev the total mass absorption coeffi-
cient, and hence the radiation attenuation by the nickel test section, begins to
increase rapidly. Below 100 kev there is a nearly exponential increase in attenu-
ation as energy is decreased. At 50 kev a beam of photons is attenuated by a
factor of about 100/1 by the walls of the test section. For these reasons, a

source energy of 50 kev was established as a practical lower limit.
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The high energy limit for a photon source was determined by considering the

radiation attenuation characteristics of the coolant, and the ability of the meas-

urement system to accurately measure a signal change corresponding to a
change of void fraction of #5%. (As the energy of the radiation source increases,
the change in attenuation of the coolant, due to a given void fraction change,
decreases). A reasonable estimate of the measurement error of a well designed
radiation intensity monitoring system appears to be about 1 to 3%. The energy
at which a £5% change of void fraction results in a signal or attenuation change
of less than 3% occurs at photon energy under 150 kev. The maximum energy

of the photon source was therefore set at about 150 kev.

Optimum photon source energy was determined by considering the measure-
ment error caused by various bubble orientations. When the mean attenuation
length of the coolant is less than the coolant channel thickness, the radiation
intensity of the beam entering the detector will depend not only on void fraction
but also upon bubble orientation. The most serious bubble orientation errors
arise when comparing bubble sheets with bubble slugs at 50% void fraction.19 If
the photon source energy is set so that the attenuation coefficient of the coolant -
is considerably less than 1, the measurement error due to bubble orientation be-
comes very small. The optimum source energywas established at about 100 + 20 kev,

where the measurement error due to the most extreme bubble orientation prob-

lems is equal to the error of the measurement system (about 1 to 20%).

To achieve the statistical accuracynecessary for measuring void fraction of 5%
in 1 to 10 msec, the radiation intensity at the detector must be about 10 to 100 r/hr.

Thus a 50-kev source would require an intensity of from 1000 to 10,000 r/hr.

In the energy range ofinterest, thereis only one isotope available which canbe
obtained with ahigh specific activity and a half-life whichis long enough topermitits
use. This isotopeis thulium-170 (half-life = 129 days)which canpresently be obtained
with specific activities of about 100 c/gm. The Tm”o spectrum consists of a continu-
ous background of Bremsstrahlung due to the slowing down and stopping of electrons
emitted by Tm170. Superimposed on the background are two peaks due to decay
of the ytterbium-170 (Yb ' ° 170,

), daughter of Tm These peaks resultfrom decay

gamma-ray (84 kev, 3% yield) and K, x-ray (53 kev, 5% yield) transitions in the
Yb170. Although it is possible to obtain Tm170 sources of sufficient intensity to -
adequatelyperform the desired measurements, the costofa l-yr supply of sources

is greater than the costof anx-ray machine of comparable or greater output. .

NAA-SR-7875
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From technical data on small commercial x-ray generators in the 50- to
75-kev class, a beam of the desired shape and intensity could probably be gen-
erated at maximum operating conditions. However, because of the unknown
accuracy of the manufacturer's claims of machine output, spectral distribution,
and beam energy distribution, and the inherent difficulty in making precise meas-
urements of these parameters, it was concluded that a 50-kev x-ray generator
of the types investigated would only marginally meet our requirements. Of the
x-ray generators in the 100~ to 150-kev energy range, only constant potential
machines were given serious consideration. The main reason for choosing a
constant potential x-ray generator is, to eliminate the cyclic fluctuation in beam
intensity and cyclic spectral shift which is an inherent characteristic of '""rectified-
unfiltered'" generators. (Although the detection system was designed to eliminate
the measurement error, due to small changes in x-ray beam intensity, caused
by power line surges; it cannot compensate for the large intensity fluctuation of

rectified-unfiltered x~ray machines).

Only two constant potential x-ray machines (Norelco and Muller) were found
which satisfied both technical requirements and budgetary limitations. The

Muller machine was procured on the basis of a cost advantage.

This device is the MG-150 industrial unit which is continuously adjustable in
the ranges from 25 to 75 and from 50 to 150 kv-dc. Continuous rated output of
the apparatus is 3 kw. An automatic line voltage correction unit maintains the
incoming line voltage constant to within *1.5% for voltage fluctuations up to
£40 v. The x-ray tube is a Norelco MG-150/1 double focus, beryllium window,
150 kv-dc tube. At a target-to-specimen distance of 3 in., the dose rate output
is 6.9 x 106 r/hr, when operated at 100 kev and 18 ma. Focal spot sizes are
0.7 and 2.5 mm. During calibration of the void fraction detector, severe line
voltage fluctuations caused a variation in x-ray machine output, which corres-
ponded to a void fraction change of about 100%, This problem was solved by
installing a Sola constant voltage transformer and a Stableline constant voltage

regulator in tandem in the power line supplying the x-ray generator.

C. ELEVATOR ASSEMBLY

The elevator table consists of two plates separated from each other by
ball-bearings and tracks., Rigidly attached to the bottom plate is a horizontal

drive motor, reduction gears, left and right limit switches, and horizontal

NAA-SR-7875
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position transducers. The x-ray tube, collimators, dummy test section, and
shielding are mounted on the top plate. The horizontal drive motor is a bidirec-
tional, capacitance motor, which is actuated by a remote (left-off-right) switch
located on the elevator control panel. A screw and nut drive-device couples the
motor and reduction gears to the top plate, transforming rotational to rectilinear
motion. The test section installation is shown in Figure 6. The top plate has a
total horizontal movement of 1 in. but can be adjusted to about 2 in. for hori-
zontal scanning of rectangular test sections. Initially the elevator table is manu-~
ally adjusted so that the narrow x-ray beam will pass through the center of the
test section. The test section can then be remotely scanned horizontally £0.5 in.
on either side of the center line. ILeft and right limit switches stop the drive
motor when the top plate reaches £0.5 in. A synchro-position transmitter sends
an electrical signal to a remote synchro-receiver unit located on the elevator
control panel. Horizontal position is indicated in thousandths of an inch on a
servo driven Veeder-Root counter. A 10-turn helipot, mechanically coupled to
the gear train, provides an electrical position signal for the input to the X-Y
recorder whenever plots of void fraction vs position are required. A complete

horizontal scan of the test section takes approximately 15 sec.

The elevator vertical drive mechanism is essentially identical to the hori-
zontal drive with the exception of a more powerful motor. A sprocket wheel and
chain raises and lowers the elevator table. Counter weights were used to reduce
drive power to that required to overcome friction only. The elevator can be
stopped at any elevation simply by cutting off power to the drive motor. Vertical
position transducers, which are identical to the horizontal transducers, are used
to indicate vertical position to within 0.1 in. The elevator can be repositioned

at a rate of 0.4 ft/sec.

The elevator table is guided by 4 vertical steel rods of 1-in. diameter.
They are maintained rigid by means of struts which connect to the main test loop
support structure and to the building beams. The elevator table rides the steel
guide rods on partial ball bushings which clear the guide rod support struts. Be-
cause of the location of the x-ray tube at the edge of the elevator table, the cen-
ter of gravity (CG) is displaced from the center of the table, resulting in an un-
desirable moment which would cause the elevator to bind. The CG is returned to

the geometrical center of the table by means of lead counterweights.

NAA-SR-7875
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The entire weight of the elevator table and counterweights is supported

from above by means of steel reinforced pillow blocks which are fastened to an .

overhead building beam. The total weight of the elevator assembly is about

300 1b.

D, COLLIMATORS AND SHIELDING

The collimation system is illustrated in Figure 7. The small focal spot of

the x-ray tube is used and the beam entering the detector is ~0.1 by 0.5 in. in

cross section.

/ X—RAY TUBE

[75%) 5R E/ LEAD MASK

TEST SECTION
SUPPORT STRUCTURE
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REFERENCE
TEST SECTION \ XX A
& / 'I, &

SECONDARY
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Figure 7. Collimator and Shielding

A 1/4-in. -thick lead shadow shield
is placed behind the detectors to mini-
mize the radiation escaping the test
section enclosure. The maximum
measured dose rate at the surface of
the test loop enclosure is about 3 mr/hr.
At any of the operating positions or
locations where personnel normally

work, the radiation is not detectable.

E. INSTRUMENTATION LINE !
VOLTAGE REGULATOR
A Sorensen model 2501, 2500 va,
rack-mounted regulator unit supplies
regulated power to the detector high
voltage power supply, the differential
amplifier, and the X-Y recorder.
Regulation accuracy is £0.01% for in-
put voltage variation of £10%. The
time constant for 63% recovery from
maximum input voltage variation is
0.2 sec. Output voltage is adjustable
from 110 to 120 vac. -
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F. DETECTOR POWER SUPPLY

The detector high voltage power supply, common to both detectors, is a
John Fluke Model 412-A, Output polarity can be either positive or negative and
is adjustable from 500 to 2010 v at a maximum current of 15 ma. The power
supply is normally operated at about 750 vdc at an output current of about

2.5 ma. Output voltage stability is 0.005%/hr and 0.05% day.

G. DIFFERENTIAL AMPLIFIER

The differential amplifier is a Kintel model 114A with floating input and out-
put. Gain is adjustable from 10 to 1000 in five steps. Stability is 5 v for 40 hr

referred to the input. Bandwidth is 100 cps and output is 10 v at 10 ma maximum.

H. X-Y RECORDER

The X-Y recorder is a Moseley model 35 ""Autograf'' 2-axis graphic recorder
which will accept dc signal information from related sources and automatically
produce representative cartesian coordinate curves on standard 8-1/2 x 11-in,
graph paper. Normally the Y axis is used to record void fraction signals from

the differential amplifier and the X axis is used as a time base.

The recording mechanism employs a '"drafting machine' type linkage, cable
driven by independent servo motors which effectively convey Y-motion without
cross-coupling to X axis. Electrically isolated high gain amplifiers control the
servo motors. Input ranges are in eleven calibrate steps from 5 mv to 500 v on
each axis. By means of a transfer switch, each input range may be expanded and
made continuously variable to permit the fitting of arbitrary voltage to any de-
sired scale. The recorder also contains full range zero set and one full scale
length of zero suppression on each axis. These features permit full scale re-

cording resolution of any portion of the void fraction spectrum.

Recording accuracy is better than 0.25% of full scale and resetability is
+0.1% of full scale. The maximum recording speed is 0.5 sec for full scale

travel on each axis.

I. SCINTILLATION DETECTORS

The scintillation detectors originally consisted of an Nal (Tl) crystal which
is optically coupled through a polished lucite light pipe to a 6362-multiplier
phototube. The crystal, light pipe, and phototube are encased by a water-cooled,
light tight shield.
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HIGH VOLTAGE The DuMont type 6362 is a 10-stage
—1200 vdc

B + GROUNDED multiplier phototube with a flat end-
= 100K 3 L1 | PHOTO-CATHODE
- window type photo-cathode having an
(| ovnobe #i _ _
S-11 response. The tube diameter is
50K ¥ . . . .
(| ovnooe *2 3/4 in. and its length is 4-7/8 in. The
50K 3 dynode string was designed for 1200 v
#
(| ornooe*3 operation at a current of 2 ma. The
50K 2 o s . s .
i - # scintillation detector schematic is shown
{_ | ovNoDE 4
50K 3 in Figure 8 and the detector assembly in
3
(| pynobe#5 Figure 9.
S0K g o : .
( OYNODE #6 A sodium iodide (thallium-activated)
50K 3 crystal of 3/4 in. diameter and 3/4 in.
# . .
(| ovwooe®7 length is used for conversion of x-ray
50K 2 . . .
7 hotons. The crystal, which is designed
1 (| ovnooe #8 P Y ’ ' ' g
50K 3 for low energy gamma detection, is
(| ovnope #9 backed with a 0.001 in. thick aluminum
0.05 puf il ! ‘ ' 1
600 vde T 50K 2 foil window.
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eog'\:dféf -|—50K —— | ANODE An optically polished lucite light pipe
1 20K s .
J iSIGNAL couples the scintillation crystal to the
= 50K =

phototube. For good optical coupling,

Figure 8. Scintillation Detector Dow-~Corning DC-200 silicone oil is used

Schematic to connect the crystal to the light pipe
and the light pipe to the phototube. Under
ideal conditions it would be best to couple the crystal directly to the phototube;
however, the magnetic field generated by the test section heating current is so
strong that the phototube had to be located some distance from the crystal. Mag-

netic field intensity at the crystal was calculated to be 96 gauss for a test section

*While calibrating the void fraction detector it was discovered that the detector output did not faithfully follow
a large (50%) step change in radiation intensity such as might occur during a bubble slug measurement, The
detector output would show a step change to about 98% of the final voltage level and then a leveling off
period of about 5 sec for the last 2%. This caused no problem during steady state boiling measurements but
could cause measurement errors of about 2 to 4% void during rapid boiling transients. In sodium iodide (Nal)
crystals, this leveling off period occurs because of phosphorescence which is caused by electron trapping at
energy levels associated with impurity atoms. These metastable states have been observed to last for over
30 sec in high radiation fields. The phosphorescence problem was solved by replacing the sodium iodide
crystals and light pipes with a plastic scintillant of high purity and short decay constant (4 x 106 sec).
This scintillant is known as “‘Polyfluor’” and was obtained from Semi-Elements Inc. of Saxonburg, Pa.
Although the conversion efficiency of “*Polyfluor’ is only about 30% of that for Nal (T1}, there was sufficient
beam intensity reserve capability in the x-ray generator to permit operation of the detectors at the same out-
put level as for Nal (T1).
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Figure 9. Detector Assembly

heating current of 2400 amp. At the photo-cathode the magnetic intensity would

be a maximum of 24 gauss if shielding were not used.

Magnetic fields are attenuated by a factor of 1000 by the detector case
which serves as a high intensity magnetic shield. The case consists of three
concentric tubes, of 1/8-in.-thick soft iron, which are electrically insulated
from each other by polystyrene tubes. During calibration we found that magnetic
defocusing of the photomultipliers was not completely eliminated by the mag-
netic shielding. This problem was solved by wrapping a few turns of high
magnetic permeability foil around the photomultiplier. Magnetic shielding also
had to be applied to the x-ray tube to prevent signal changes when the current

through the test section was changed.
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Cooling water is circulated through a coil of 1/4-in-diameter copper tubing

which is brazed to the detector case., Cooling of the detectors substantially

reduces temperature induced sources of measurement error. The reduction in

measurement error has been observed but not measured.

During void fraction measurement, at zero void conditions, both the refer-
ence and test section detectors deliver a dc output signal to the input of the dif-
ferential amplifier. The detectors are differentially connected to the amplifier
so that the resultant input signal is zero v. Since detector characteristics
change somewhat with time, the detector output signals are periodically balanced
by means of adjustable 50,000 ohm potentiometers which are connected in par-
allel with the anode load resistor. At 100% void the reference detector output
remains constant, and the test section detector output increases. Differential
connection of the two detectors, with almost identical output characteristics,
greatly reduced measurement errors caused by variation of detector high voltage
and x-ray tube output. During calibration of the void fraction detector, an
attempt toc measure void fraction with one detector could not be accomplished

because of excessive fluctuation of detector output.
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[Il. CALIBRATION & TESTING*

A. DETECTION SYSTEM RESPONSE TO VOID FRACTION CHANGES

The attenuation of a collimated beam of monochromatic gamma- or x-

radiation as it passes through a material can be calculated from the equation

1=1 e (1)
where
I = intensity of the radiation at a given point after passing through the
material,
IO = intensity of the radiation at the same point without the absorbing

material,
g = linear absorption coefficient of the material, and

thickness of the material.

1}

X

Although the output of an x-ray generator is not monochromatic, the linear
absorption coefficient observed experimentally for small changes in absorption
is equal to that for a monochromatic source having an energy called the "effec-
tive kilovoltage'' of the x-ray source. In the present case, with the x-ray gen-
erator operating at 150 kv and with the inherent filtration of the x-ray tube plus
that of the nickel test section, a reasonable estimate for the effective kilovoltage

is 100.

If more than one material is absorbing radiation from the collimated beam,

the exponent of e becomes

where X, is the thickness of the ith material and By is the corresponding absorp-

tion coefficient.

The radiation reaching the detector can be expressed by

*References 28 through 38 furnished information useful in Section III calculations.
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I= IO exp(-z;iixi>exp[—ux(l - Ol)] ... (2)

1

where

expi-) K.X. accounts for the absorption of the nickel walls of the test
i1
i

section, the insulation around it, and the air between source

and detector,

¢ = linear absorption coefficient of the Santowax R,
x = thickness of the Santowax R, and
o = void fraction, the variable to be measured.

The absorption of the nickel, air, and insulation is assumed to be constant. Dif-

ferentiating with respect to & gives the following equation:

f}l=uxda . .. (3)

Substitution in this equation of 0.5 in. for the Santowax thickness and g calculated
from values tabulated in Reference 27 for 100 kv and for a density of 0.8 g/cc

gives
—=0.17 da . oo (4)

A consequence of this relation is that the measurement system must have good
stability. For void fraction accuracy of 5%, the measurement system stability
must be about =1%.

B. DETERMINATION OF DETECTOR OUTPUT

One r/hr corresponds to about 6 x lO6 photon/cmz—sec at 10° ev. The num-

ber of photoelectrons, P, which are produced at the cathode of the photomultiplier

tube, due to absorption of x-radiation energy, Ep’ in the scintillator, is given by

the equation:
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P = }?v - TE ’ (®)
where
f=hv/ng,
Ep = energy absorbed in scintillator in units of thousand of electron volts,

7 = the intrinsic efficiency of the scintillator, which is defined as the
ratio of the light energy emitted to the kinetic energy of the absorbed

particle,

hv = the energy of the luminescent quantum, energy per photon, in units

of electron volts,

g = the light efficiency of the optical system and photocathode, and is

given as photoelectrons/fluorescent photon.

The figure of merit of the scintillation detector, f, is the average energy
absorbed in the scintillator for each photoelectron ejected from the cathods of

the photomultiplier.

For a scintillation detector with good optical and geometrical light utilization,
the figure of merit, f, is approximately Z/n*, where n* is the light yield with
reference to anthracene. For Nal(Tl), ‘rf:< is 2. Therefore for this case the fig-
ure of merit, f, is equalto 1. P = Ep/f = 100/1 = 100 electron/photon. One

electron/sec corresponds to 1.6 x 10719 amp. The collimator area is 0.322 cmz.

Assuming all the photons entering the scintillator are absorbed, the photo-

cathode current may be calculated as follows:

2
_ ofelectrons 6(photons/cm -sec) -19/amp- sec 2
Icathode“P(—“"‘“‘————'photOn )X 6X10 ( I'/hl‘ X1.6X10 (m>xo.322(cm )

= 3.1x10'”(i:7“3}§3r-) . ... (6)

If the photomultipliers are operated at a gain of 1.5 x 105, the output current is:

1 -6 amp

xgain=3.lx10—lxl.5x105::5x10 “ThE c ()

Io - Ic athode
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The maximum output of the x-ray generator is 3.8 x 107 r/hr at a target-to-
specimen distance of 1 in. The radiation will be attenuated by the test section,
coolant, air, and insulation. Even with the inverse square law correction and a
large correction for absorption, the photomultiplier currents will be orders of
magnitude above the dark currents. Therefore, both the x-ray generator and the

photomultipliers can be operated at well below their maximum rated levels.

C. STATISTICAL ERROR

To avoid photomultiplier fatigue effects, it is desirable to operate them in
a system such as this at levels well below the maximum rated level. The output
currents would then be in the microampere region. According to the calculation
in the previous section, assuming the photomultiplier gain is reduced to 1.5x lO4
and IO should be 50 pa, the radiation level after penetrating the test section
would be about 100 r/hr. At 100,000 ev, this would correspond to about6x 10

photon/cmz—sec. Of these, 1.9 x 108 would enter the detector per sec.

8

Assuming a measurement system time constant of 0.01 sec, 1.9 x lOéphotons

would enter the detector.

Since the circuit is a ratemeter type, the relative standard deviation is given

by the following:

_ 1
V2 x1.9x10°

4

o)

=5.1x 10" . (8)

Therefore, statistical variations should not be a large source of error. Statisti-
cal variations could be reduced by increasing the x-ray generator output and de-

creasing the photomultiplier gain.

D. CALIBRATION OF THE SYSTEM

The void fraction measuring system is calibrated by inserting a 0.122-in.
aluminum block into the x-ray beam being transmitted through the reference
test section. This calibration is normally done before and after each run. The
aluminum block was calibrated by comparing the recorder deflection obtained
when the aluminum block was inserted to that deflection obtained when the
test section changes from 0 to 100% void. Due to the differential nature of

the signal being recorded, inserting the aluminum block in the dummy channel
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produced a signal of the same polarity as that obtained when voids are produced
in the test section. Several calibrations of the aluminum block produced an
average deflection of 78% of that obtained for 100% void after the figures were

adjusted to represent Santowax R at 700°F.

Signal strength adjustment in either the reference or test section channel is
accomplished by adjustment of a 50-k ohm potentiometer in parallel with the
20-k ohm anode resistor. Normal procedure is to adjust the 50-k ohm potenti-
ometers, immediately before a boiling run is to be made, so as to obtain a dif-
ferential output of zero. The solenoid which inserts the aluminum calibration
block is then remotely actuated from the control panel. The calibration deflec-
tion thus obtained may be expanded or contracted by adjusting the recorder gain,
differential amplifier gain or the detector power supply voltage. Immediately
following the boiling run, a calibration deflection is again obtained to insure that

nothing has happened which would cause the gain of the system to vary.

E. DATA REDUCTION

Figure 10 represents a typical recording of a calibration and a void fraction
signal. The void fraction (@) at the point V is determined as follows. A point
Z is marked on the trace at a point where it is known that no voids exist (& = 0).
The average bulk temperature of the Santowax (TZ) at the point Z is available
from another trace which is being recorded simultaneously. The average bulk
temperature at the point V, (Tv)’ is also obtained and the equivalent void frac-
tion represented by the density change of the Santowax R from TZ to TV is calcu-

lated. This equivalent void fraction is given by the following formula.

Ap 1
—— o (9
Tpst ()

Equivalent void fraction = - (TV - TZ)

>

Ap/AT

1

rate of change of the density of Santowax R with temperature.

density of Santowax R at its saturation temperature.

pst

The negative sign is necessary because Ap/AT is negative.

The total void fraction represented by a change in signal from point Z to
point V is (V - Z)/C x EC where EC is the equivalent void fraction represented
by the aluminum calibration block. Subtracting the equivalent void fraction rep-

resented by the density change from TZ to TV we obtain:
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a:(V‘Z>Ec+(T ST y4p 1 ... (10)
C v z T Py
This equation may also be written
o = (Vé Z) 0.78 [1 +5.7x 107 T - 700)] sl -THB2e L an
S s Z AT.O
st

This equation is correct, assuming that we have a straight line correlation be-

tween % deflection and % void fraction (% deflection = % void fraction).

(0.15950

(0-1595_

Actually, % deflection = %D = 100

This curve is shown in Figure 11.
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Figure 11, Void Fraction vs Relative
Deflection, Assuming Both Linear and
Exponential Function
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1
o =5 yggz tn (1 +0.173D)

. B 1 ] -
% void error = 100[D - -———-————0‘1595£n (1 +0.173D)
_ 0.1595 - fn (1 + 0.173D)]
% error = 100 (1 + 0.173D) . ... {12)

These two curves are plotted in Figure 12. It is seen that the error can be ap-
proximated by a straight line with end points of 7.85% error at 0% deflection and

0% error at 100% deflection.
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Figure 12. Error Introduced by Assuming Void Fraction Signal is
Linear Function of Void Fraction
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F. HORIZONTAL POSITIONING OF THE VOID FRACTION DETECTION

SYSTEM

Several variables are plotted in Figure 13. Curves A and B are plots of the
relative strength of the attenuated beam vs horizontal position. These curves
assume a beam of zero width. Curves C and D are the same except that a beam
with a width of 0.0958 in. is assumed. This is approximately the width of the
beam which is used. Curve E is a plot of the difference in magnitude of the 100%
void signal and the 0% void signal, referred to the center line of the test section.
Curve E was obtained from Curves A and B. A similar curve obtained from
Curves C and D would be identical except for points close to the wall of the test
section. Curve E shows that the horizontal positioning of the x-ray beam (about
the center line of the test section) is not a critical factor. A beam which is "off
center'" by as much as 10 mils will cause less than 1/2% change in the 0 to 100%

void signal.

G. THEORETICAL VERIFICATION OF THE VOID EQUIVALENCE OF A
0.122-IN. ALUMINUM BLOCK
When determining the attenuation coefficients of a compound like Santowax R,
the attenuation coefficients of the elements contained are weighted according to
their percentage by weightin the compound. The attenuation constants for 0.4785 in.
of Santowax R (6.1% hydrogen, 93.9% carbon) and 0.122 in. of aluminum are

plotted in Figure 14 for several values of kilovoltage.

The 0.122-in. aluminum block was inserted into the x-ray beam of the ref-
erence channel and the resulting signal reduction enabled us to calculate the
attenuation constant ""K 1" of the aluminum. The attenuation constantfor 0.4785in.
of Santowax R (KS) at 700°F was then determined from Figure 14. The change
in signal produced by the calibration is negative and equal in magnitude to
C(€_KAl - 1), where C is a constant determined by the gain of the system. The
change in signal resulting from production of 100% voids is positive and equal in
magnitude to C(e - 1). The ratio of the magnitude of these two signals is equal
to the % void represented by the calibration if we assume a linear relationship be-
tween void fraction and signal. This assumption is not strictly true due to the
exponential nature of the signal. The error is small, however, and may be ac-

counted for in the data reduction procedure if the increase in accuracy isdesired.
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Figure 14. Attenuation Constants for Al and Santowax vs Effective kv

Figure 15 is a plot of the void fraction represented by the 0.122-in. aluminum

-K
calibration block vs ¢ Al. Indirectly, this graph is a plot of the void fraction
represented by the aluminum block vs the effective kilovoltage seen by the block

and the Santowax.
K
The measured value of € was 0.873 as shown on Figure 15. This pre-

dicts that the deflection produced by the calibration block will be 73.6% of that
produced by 100% voids. The calibration block actually produces a deflection
of 78% of that produced by 100% voids, a difference of.4.4% void. There are
several possible sources for this error. If we take the derivative of Ec =

-K K -
(1 - ¢ Al)(6 S - 1) 1 with respect to its variables we can calculate the magni-

' tude of the effect of errors in the various parameters.
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K ,; and K_ are accurate to 3%, and ¢ “KAL

shall be assumed to have been meas-
ured accurately to within 1%. The maximum possible error in EV from these

sources would be

_ -Kal
ldEvl— 5.8dK ,, + 5dK_ + 2.3d(e )
_ -3 -3 -3
=58x4x 10 +5x4.8x 10 + 2.3x 8.7x10
= 0.067 = 6.7% void . ... (14)

H. ACCURACY OF VOID FRACTION MEASUREMENTS
The void fraction Equation No. 10 is repeated below.
E

oz=(V-—Z)—(—:C—+(TV-TZ)

1
Tpst

[>![>
°

It is necessary to examine each term of this equation to determine the ac-
curacy of the measurement. EC/C determines the % void/division on the re-
cording. For a typical run, C is adjusted to span approximately 80 divisions.
The recorder may be read to within 0.3 division, which gives an accuracy of
0.3% (C = 78% void). By the same type of analysis, E_is determined to be ac-

curate to within 0.3%. This gives an accuracy of 0.6% for the term EC/C.

Using the same reasoning (V - Z) may be read to within 0.3 divisions. This,
however, does not represent 0.3% error, but 0.3% void error. Looking at the
second term of the equation, Ap/AT and l/pst are both accurate to within 0.1%,
and (T - T ) is accurate to within 1%. This gives an accuracy of 1.2% for the
second term. For practically all runs the second term is less than 10% void,

which means that the accuracy of the term is better than 0.12% void.

Figure 16 shows a typical signal drift curve from the moment the x-ray
generator is turned on. If the x-~ray generator is allowed to warm up at least
2 hr and the drift is measured at least every hour, the deviation of the drift

curve from a straight line extrapolation will be less than 1% void.

The differential amplifier and the recorder are both linear to within 0.1%,
and the linearity of the photomultiplier tubes and crystals is assumed to be

perfect.
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The various sources of error are all listed below and are separated into two
groups. Group I contains errors which are percentages of the signal being meas-

ured while Group II contains fixed void fraction errors.

I 1I
E /C 0.6 (T - T)) 0.1
c v z
Amplifier 0.1 /e, 0.01
Recorder 0.1 Ap/AT 0.01
Total error 0.8% Drift 1.0
vV -C 0.3

Total error 1.429% Void

The total effect in % error vs void fraction is plotted in Figure 17.
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Figure 17. Void Fraction Measurement Accuracy
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I. TRANSIENT MEASUREMENTS

The ability to make transient measurements in any instrumentation system
is limited by those components having the smallest bandwidth. In this system,
the differential amplifier and the recording galvanometer are the limiting factors,
each with a high frequency cutoff of 100 cps and a low frequency cutoff of 0 cps.
Any transient which has the major portion of its power spectrum inthe 0 to 100 cps

range will be faithfully reproduced.

Looking at the response of a system to a pulse input imports valuable insight
to its transient characteristics. If a pulse is applied to a system with a cutoff
frequency fc’ the pulse width T should be equal or greater than S/fC if the output
is to closely resemble the input. For this system, the pulse width should be
T =5/100=0.05sec. Therise time of the output pulse would be 0.8/100=0.008 sec
or 0.5/100 = 0.005 sec, depending upon the definition of rise time. The transient
response of the system will therefore permit faithful measurement of boiling
transients with a rise time of 5 msec or longer and a duration of 50 msec or

longer.
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APPENDIX
' LITERATURE SURVEY OF VOID FRACTION DETECTION METHODS

-

A. EXTENT OF SURVEY

The literature search on methods of void-fraction measurements covers the
period from 1951 to date and includes work done in England, Germany, and New
Zealand, as well as in the U.S.A. Forty references are listed in the bibliography.
Of these, 21 have been reviewed; and of those reviewed, 18 are abstracted in
Table I. Those references reviewed but not abstracted in Table I duplicate infor-
mation already in this table. References 1, 9, 18, 20, 21, and 26 were notavail-
able for review, but the information contained in those references would not

change the conclusions of this literature survey.

Table I summarizes results of previously published attempts to measure void-
fraction in various types of 2-phase flow systems. The references are entered

in chronological order.

It is immediately apparent from Table I that the most commonly used method
of measuring void-fraction is by means of y-ray attenuation (14 references) and
the least used method is that of a radioactive tracer (1 reference). Gamma-ray
attenuation has been tried by investigators at Tulane,3 Battelle Memorial Insti-

7
tu.'ce,1 University of Minnesota, MIT,12 and principally at Argonne National

Laboratory?’ 4,5,6,10,11,13,14 Photographic techniques have been used at MI’I‘25
and the Jet Propulsion Lab24 while x-ray attenuation has been tried at the Uni-

15, 16

versity of California, the General Electric Company,17 and currently at

Ranrlo-Wooldridge.18 Beta particle absorption has been used at the General
Electric Cornpany,20 the University of Washington,23 in New Zealand,21 and

in England.??

On the basis of void-fractions actually reported as measured, it appears that
the various methods in order of decreasing sensitivity are: photographic, x-ray
attenuation, B-absorption, Y-attenuation, and radioactive tracer. It is not pos-
sible to determine what the actual accuracies were in most of the reviewed

references.
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B. DISCUSSION OF PUBLISHED RESULTS ACCORDING TO METHOD

1. Photographic

The use of high-speed photography is perhaps the most informative and
most sensitive method of measuring void-fraction. However, the process of
taking high-speed photographs and then counting and measuring bubbles istedious
and time-consuming. The successful use of a visual method is limited to an
apparatus with some transparent wall area, usually glass. The use of glass
imposes serious limits on the allowable operating temperature and pressure
levels. Finally, the methods can be accurately employed only in low void-
fraction situation; i.e., 0.2 or less, because of the difficulty encountered in

interpreting 2 -dimensional photographs of a 3-dimensional phenomenon.

In spite of the difficulties mentioned above, Griffith25 measured void-
fraction as low as 0.0002. Gunther24 did not actually measure void-fractions,
but such information can be extracted from his data. Much of the analytical
work in the literature is based on these two visual studies as they have provided
the analyst with a model of the flow phenomena investigated; namely, forced

convection nucleate boiling.

2. Y-Ray Attenuation

The most commonly used source of Y-rays has been the 0.084 mev peak of
170% 571 192§

with seleniurn7 and iridium, each being used once. All inves-
tigators have used thallium-activated Nal scintillation crystals in conjunction

thulium

with some type of photomultiplier tube as a detector system. Various source
geometries and types of source collimation have been tried. Best results were

obtained when a well-collimated beam of y-radiation was employed.

The lowest void fraction actually reported as measured (but with unknown

accuracy) is 0.01 by Richardson.!

3. X-Ray Attenuation

In principle, the x-ray attenuation method is identical to the Y-ray attenu-
ation method, the only differences being the nature of the source of photons and
their relative energy, x-rays generally being a softer radiation. An x-ray sys-

tem is identical to a Y-ray system with the additional complication that the x-ray

*References 1, 2, 4 - 6, and 8 - 14.
tReference 7.
§Reference 3,
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tube which serves as a source of radioactive particles must be cooled. If the
void-fraction measuring apparatus is to traverse the length of a test section,
then flexible electrical leads and cooling water supply lines to the x-ray tube

must be used.

4. B-Particle Absorption

A statistical analysis of the absorption of beta particles is complicated by
the fact that they are emitted with a continuous spectrum and that a beta particle
can lose a large fraction of its energy in one collision. However, it has been
shown that an exponential absorption law combined with a maximum range is

approximately valid.

If strontiurr?o (B energies to 2.2 mev) is used as a source, then the total
weight/unit area of absorbing material between the source and detector should
not exceed 1.2 gm/cmz. This implies that only thin-walled, small-diameter

tubes or thin-wall, closely spaced channels can be used as a test section.

Even though the f -absorption method is limited to use in thin cross-
sections, it has the advantage that it is possible to obtain a well-defined beam

for use in making measurements of void fraction.

Costello23 has reported void-fraction of 0.03 £ 0.013 with strontium90 as
the B-particle source. He employed an annular test section with a cylindrical
source inside the inner stainless steel tube and the detector outside the outer

glass tube. Water was the test medium.

5. Radioactive Tracer

. . 2 . . .

Only one investigator, Dengler, 6 has reported using this technique. It
is essentially a y-ray attenuation technique with the source distributed in the
test fluid. This technique offers no advantages over the previously discussed

methods. Serious safety problems are introduced by the use of this method.

C. TYPE OF VOID-FRACTION MEASUREMENT

In examining Table I, one will see the following expressions: (1) One shot,
(2) Local traverse, and (3) Longitudinal traverse. These expressions are

defined below.
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1. One Shot

At a given cross section along the length of a test section, the attenuation ‘
of a beam of radioactive particles is measured and the void-fraction inferred.
In some cases, the beam dimensions are such that only a portion of the flow
through the cross section of the test section is scanned. In other cases, the
beam is wider than the test section, and the entire flow through the cross section

is scanned.

2. Liocal Traverse

In this case, at a given cross section along the length of the test section,
a well defined beam of radioactive particles and an equally well-collimated
detector are simultaneously traversed across a cross section of the test section.
In this case, the dimension of the beam of radioactive particles in the direction
of traverse is much less than the corresponding dimension of the test section

being scanned.

3. Longitudinal Traverse

Usually a one-shot local measurement is used here with the source and -
detector simultaneously traversing the length of the test section, giving infor-

mation as to the distribution of void-fraction along the length of the test section. '

The most informative type of measurement would be a combination of
local and longitudinal traversing. This, however, would not be possible in

transient situations as such a measuring procedure would be time consuming.
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TABLE I

SUMMARY OF METHODS
AND RESULTS OF VOID
FRACTION MEASUREMENT

Flow Ditection

Test Section

Source
Type, Geometry,

Detection Equipment,

Calibration

Type of Measurements

Minimum Measured
Void Fraction

Reterence
and Date and Test Fluids Material and Geometry Lot Covaiue Strength, and Beam, & Collimation Made Reported
Collimation
X-Ray >
(15) Vertical upflow ot 1/4" ID \ 25 long Pressure, 100 to 250 kv, 10 ma. Cadmium-tungstate No Data One shot 0.01 g/cc €0 cps
3/51 water subcooled stainless steel 2500 psia. Subcoohing, Westinghouse crystals, lucite light 0.04 g/cc @100 cps
and bulk boiling 0 to 236°F. X-ray unit pipe, photo-multiplie:
Heat flu‘(zto 38 x 106 tube
Edt:!i’f“i; 0.96 % 106 ECA 5819 photo- Full - cmpty read- One shot 0.05
N multiplier calcium ings and 1nterpola-
to 7.7 x 10° Ib/hr. tungstate scintillation tion
(16) No flow Py rex battery jar Pressure, 14.7 and Westinghouse crystal
10/54 water - steam 6-1/2" ~ 8-1/2" « 135 psia 250,000 v Qtiad_ Ba SO4 screen on Full - ¢mpty and One shot sample of cross No Data
11-1/2" ¢lectric resistance rocondex therapy RCA 931A photo Inte lat 1
bulk heating of hiquid unit operated at P nterpolatior section vertical traverse.
g q 10 ma. No ex. multiplier converted
lernal.regulatlon to Nal crystal and
Dumont 6292 photo-
or filtration of
multiplier.
power supply.
(19) Vertical upflow 1060 aluminum, 24 625" No Data G.E. CA-7 Mo
27129160 water - steam long » 0.830" x 0 116" target x-ray tube
Electrically hcated in G, E. XRD-5
diffraction x-ray
machine line volt-
ageand tube current
stabilization, 30 kv
potential, 23 ma
tube current. Con-
verted to constant
potential machine.
B Attcnuation
(Zg) Vertical upflow of Rectangular channel, 0.177" ~ Exit pressure,30"HyO. | srascodymium- 144 End window Geiger tube Full - empty with One shot longitudinal No Data
2/55 water-subcooled 0.80" » 60 cm. Inlet velocity, 12'/sec. and daughter
with 2 min counting various liquids and traverse
boiling Oval channel, 0.177" x 0.80" Inlet tct-mperature. cerium- 1/44. timo interpolation
x 60 c¢m. 44.3°C. 20 mc, 1/2" diam -
Heated length, 60 cm. Heat flux to 550 w/cm. | beam Ilt)/r;yzadt;;rr; ;}:)al:ﬂloner,
"
\Sxt;flntﬁiskzt;? with 0.010 detector shield.
Gelger tube and TI'racer- Lucite mockup with One shot longitudinal 1.03 £0.013
(23) Vertical upflow of Flow in annulus, 0.190" OD. Pressure, 34" Hg. strontium-90 lab scaler, model 3 diffe1ent source traver se
8/59 water-subcooled Inner heater tube, 304 stain- Inlet velocity, 1.5, 3, (8 up to 2.2 mev) SC-51 strengths
boiling less steel. and 4 fps. 10 collimation
0.516" ID outer tube, stain Heat flux to 8.21 x
less steel or glass. 105 Btu/hr-ft2,
Photographic
(25) Vertical upflow of Rectangular Prc¢ssure, 500, 1000, Bubble counting ana
8/58 water-subcooled 2 sides glass. | sideheater 1500 psaia. measurement Bubble counting ana None roquired No Data 0.0002
boihing strip, 0.378' wide x 3" long. Water velocity, 20 mecasulemont
0.5, 0.18, or 0.09" to op- and 30 fps.
posite wall from heater. Heat flux, 0.25 x 106
to 2.7 x 10
Btuys o ?
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TABLE I (Continued)

Dol e

Detection  Equipment,

Type of Measurements

Minimum Measured

Reference Flow Direction TFest Scction Typc, Geometry, Calis vt Voiud Fraction
and Date and Test Fluids Nitcrial and Goometry Tcst Conditions St1cnuth, and Bcam, & Collimation nladae Reported
Collimation

Y -Ray Attenuation
(2) No flow only No Data Ambient thulium-170 No Data No Data One shot of Lucite Lucite model
4/15/55 stationary lucite No collimation models and water - air 0.136 + 60%
models and layers models . - 100%
of water, steel, HZO layers
and brass 0.044 = 15%
(3) Vertical, no liquid 2'"-std steel pipe, 6-, 10-, & Gas velocity to 5.7 fps iridium-192 thallium-ac tivated Test section full Radial traverse, source 0.09
12/21/55 throughput 20'-long. Liquid velocity to 1/2" diam beam Nal crystal and empty inside pipe, movedalong
alr - water 6" -glass pipe, 10'-long. 10 fps diam 1n 24" pipe
" 5 3
air - methanol 6- & 12 ,_btd steel pipe. Dumont photo No Data No Data 0.05
air - glycerine 10- & 20'- long.
24" -std steel pipe, 5'-long. multiplier tube, and
scintillationcrystal
(4) Vertical upflow 1/4 ~ 4 x 60" stainless steel Pressure, 600 psia. thulium-170
12/55 steam - water Mass flux, 1/2 r/hr €] ft
3.10° lb/hr—flz Dumont photo Interpola“ion One shot traverse 0.1
multiphier tube, between full liquid longitudinal
(5) Vertical upflow 5 parallel channels Pressure, 114.7 to thulium-170 Hewlett Packard and full vapor
2/56 steam - water 2-7/32x3-5/8x48" (outer) 615 psia. (0.085 mev ) current amplifier,
3-7/16x3-5/8x48'" (1nner) Inlet velocity, 1.52to 1/2 r/hr @1 ft and Esterline Angus
304 stainless steel 1.83 ft/sec. recorder
lf.);lttc?gatlzll;z’ Dumont photo Lucite mockups One shot traverse 0.006
multiplier tube, water - air layers longitudinal
(6) Vertical upflow 7/16" x3-11/16" x 2! Pressure, 164.7 to thulium-170 Hewlett Packard
11/56 steam - water 7/16"x3-11/16"x4" 614.7 psia. (0.085 mev %) current amphifier,
stainless steel Inlet subcoolingto 20°F 2 r/hr@1 ft and Esterline Angus
Exit quality to 0.15% recorder
(7) Vertical upflow 0.872" ID x 16' long Mass flow rates used selenium-75 Model DS-1, Nuclear No Data Longitudinal traverse 01
3/57 of steam - water 0.347, 0.526, & 0.702 10 1 ¢, collimated Instrument and ILocal traverse
mixtures 1b/sec. by 1/16" diam Chemaical Corp. Rotation around test
Maximum quality 4% aperture scintillation counter section to sample
various diam at a
(8) Vertical upflow of 304 stainless steel 1ectangu- Pressure, 2000 psia. thulium- 170 given station
2/57 steam - water lar 1 x 0.103 x 27" Heat flux, 0.04x 106 t0 (0.085 mevand
mixtures electrically heated 0.50x 106 Btu/hr-ft2, 0.053 mev peaks) Nal crystal water Test section, full One shot measurements 0.01
Mass flax, 0.7 x 106 to collimated by 0.2 « | €ooled magnetic and empty with
0.9%x10015/hr-ft2 0.2" hole shielding interpolatisn.
Inlet temperature, Lucite voic models
500, 575, and 625°F. Nal thallium activated Lucite mockups of One shot, local traverse 0.1
(10and 11) Vertical upflow of Lucite, rectangular cross- Ambient temperature thulium-170 scintillation crystal, 2-phase flow pat- longitudinal traverse
3/58 air - water sections 2 x 1/8", 1/4", \tmospheric pressure (0.085 mev peak) RCA 5819 photo- terns, annalar flow,
mixtures 1/2", 3/4", 1" - all 4'long Water velocity, 1to Pellet 0.19" diam | Multipher tube, local boiling, para-
10 fps. 9 r/hr @ 6" Lucite hight pipe be- bolic distr.bution of
Mass flux, 2.5x 10% 10 tween crystal and tube. volds 1n liquid,
0 % 1051b/hr—ft2 Linear current ampli- homogeneous flow.
fier, Brown0-10 mv
(12) Vertical upflow of 0.724'" ID glass tube \mbient pressure thulium-170 recorder. Beam col-
8/58 air - water 5" long and temperature 0.01"diamx 1-1/8" | Iimated at tube by Pb
mixtures long, 0.9 uc window 1' thick with
(13) Vertical upflow of stainless steel, rectangular No Data thulium-170 slot 1/32" x 21,
11/58 steam - water 1/2" x 2", 1/8" thick wall, (0.085 mev peak) Nal erystal cooled by
electrically heated Pellet 0.19" diam water coils.
9 r/hr @6" Baird Atomic 8125 Test section full and One shot and local No Data
collimated by /2" scintillation probe. empty interpolatein- traverse
diam hole Baird Atomic 131 between. Check
scaler. against quick closing
valves to trap flowing
Nal thallium activated mixture.
cry‘stal, 1-1/4" diam Lucite mockups and One shot and longitudinal No Data
x 1" thick. RCAS5819
interpolation based on traverse
or Dumont 6292 photo- full and N
ull and empty reading
multiphier tube detector of test sec-1on °
shielded by MU-metal
against mag field and
Pb shield against back-
ground and scatter,
water-cooled detector,
beam collimated at
crystal by 1/2" x
5/8" Pb window.
(14) Horicsontal flow ol Lucite, rectangular cross- Ambient temperature, thulium-170 Same as 10. Bcam col- 9 different Lucite One shot and local traverse 0.09 local traverse,
12/58 air - water sections, 2 x 1/8", 1/4", atmospheric pressure, (0.085 mev peak) limated at crystal by mockups across a given cross-section] 0.01, one shot0.09

mixtures

1/2", 3/4", and 1'.
Test section length 107,

quality 0.0005 to
0.0517 Wy, 0.3 to
3.66 Ib/sec? Wairs

0 001to0 V6 lb/scc.

Pellet 0.2" diam
9 r/hr @ 2"

1/2" x 5/8" window or
1/32" x 1/2" window,
Large window for one
shot, small window
for traversing.

Longitudinal traverse along
length of test section.
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