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VOID FLUCTUATION DYNAMICS AND MEASUREMENT TECHNIQUES

1. INTRODUCTION

Void fluctuations are of interest in many areas such as related to thermal
boundary layer renewal in heat transfer augmentation, bed stability in
fluidized bed reactors or bubble contactors, recriticality due to density
fluctuations in boiling fuei-steel mixtures in advanced reactor accident
scenarios, pressure fluct lations as a source of instability in two-phase flow
systems to name just a few. Applications appear in many current and advanced
energy conversion and utilization systems that rely on the efficiencies of
latent heat conversion for process dynamics. It seems fair to say that future
gains in understanding the physics of two-phase dynamics, and in applying this
understanding to improved design and optimization of energy systems will be
based on grasping the fundamentals of liquid-vapor interactions through
observation of their dynamic behavior. While the first useful considerations
of fluctuation dynamics of liquid vapor systems were put forth more than a
decade ago,-^"1^ very little advance in understanding has been made since
chat time.

It appears reasonable that advances in understanding and predicting
mterphase transfer laws for mass, momentum, and energy will depend on
observations of the phasic behavior coupled with the inference of these
transfers from measured quantities. Observations of the phase fluctuation
dynamics depends in turn on the development and utilization of appropriate
measurement techniques. It is the purpose of this paper to review the status
of our knowledge on void fluctuations and to discuss new methods developed for
unproved observation.

2. BACKGROUND

Void Fluctuation Dynamics

The only work which appears to have examined the macrostructure of
two-phase, gas-liquid flows is reported in Reference 5. In this work, a fo.-t
response, linearized X-ray void measurement system has been used to obtain
statist ical measurements in normally fluctuating air-water flow in a
rectangular channel. It is demonstrated that the probability density function
(PDF) of the fluctuations in void fraction may be used as an objective and
quantitative flow pattern discriminator for the three dominant patterns of
bubbly, slug, and annular flow. This concept is applied to data over the range
of 0.0 to 37m/sec mixture velocities to show that slug flow is simply a
transitional, periodic time combination of bubbly and annular flows. Film
thicknesses calculated from the PDF data are similar in magnitude in both slug
and annular flows. Calculation of slug length and residence time ratios along
with bubble lengths in slug flow are also readily obtainable from the
statist ical measurements. Spectral density measurements showed bubbly flow to
be stochastic while slug and annular flows showed periodicites correlatable in
terms of the liquid volume flux.

Typical of the results obtained are shown in Figures 1-4. In bubbly flows
(Figure 1) the void fluctuations appear on the oscilloscope as small amplitude,
randum fluctuations due to the stochositic appearance of small bubbles passing
through the x-ray beam. The randomness is confirmed by the flat spectral
density of the fluctuations. A probability density function representation of
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Figure 1 - Typical Determination of Statistical Void Fluctuation Behavio:
in Bubbly Flow
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Figure 2 - Typical Determination of Statistical Void Fluctuation 3ehavior
in Low Velocity Slug Flow
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Figure 3 - Typical Determination of Statistical Void Fluctuation Behavior
in High Velocity Slug Flow
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Figure 4 - Typical Determination of Statistical Void Fluctuation Behavior
in Annular Flow



this case shows a single peak having a f i r s : moment equal to the mean void
fraction and a standard deviation characteristic of the bubble size. Siailar
behavior is seen in annular flows (Figure 4) where the location of the aiean
occurs at a high void fraction characteristic of these flow patterns. In this
case the standard deviation is a function of the wavmess on the annular films
and the size distributions of any droplet carried in rol l waves or uniformly in
the gaseous core.

Slug-like flows (including churn turbulent) from both a photographic
viewpoint and from the oscillographic data appear as highly chaotic having
significantly variable character (Figures 2 and 3) . The PDF data, on the other
hand, show a remarkably consistent pattern characteristic of a time combination
of bubblv-and annular-like flows. This characterization is not verv dissimilar
from the ideas expressed by Ishagai, Yamone, and Roko'4*^ .

While the spectra of the void fluctuations in bubbly flow were f la t ,
typical of the stochastic nature of bubble passage, the void spectra for
slug-like flows were strongly resonant at frequencies characterist ic of the
slug passage frequency, Figures 5 and 6.

In annular flows, the fluctuation spectra wera mildly resonent indicative
of smaller amplitude periodicities than observed in annular flows, Figures 7
and 3. It is noted that the dominant frequencies in annular flows are of
similar order to those observed in slug-like flows. On the other hand,
profiles of interracial passage frequencies obtained by use of a hot film
anemometer' ° ••, Figure 9, are seen to be much larger than those of Figure 8,
by 1-2 orders. The implication suggested from these comparisons is that the
dominant frequencies in annular flow are due to low-density rol l waves formed
by the same or similar processes which form liquid slugs at lower void
fractions in slug-like flows. The much higher frequencies associated with
local interfacial passages are due to the small waviness on annular films,
internal structure of rol l waves, and droplet passages in the core.

Measurement Techniques •'.

The obvious u t i l i t y of X-rays as a measurement tool has been widely
demonstrated and had lead to i t s broad u t i l iza t ion . In addition to obtaining
mean chordal void fractions and the fluctuation data described in the previous
section, other data, are also obtainable including

a) film thicknesses in both annular flows and in the major bubbles in
slug-like flows

b) slug residence time fractions

c) slug and bubble lengths.

One obvious advantage of X-rays over Y-rays, until recently, has been the
abi l i ty of obtaining highly intense narrow beams of low energy, a very
desirable characteristic for obtaining good sensi t ivi ty in metal-water systems,
especially of small s ize. Power supplies, however, tend to be expensive and
stabil ization difficult so noise has been a continuing problem requiring
diligent efforts to eliminate l5»'J. Low activation, low energy r-ray •
sources have been used but high activations have been hampered due to low
activation efficiencies, self shielding effects, and the l ike . Thus, Y-sources
have generally relied on Co^ or Cs^?, especially for high pressure, thick
walled systems. Alternate low energy sources such as Sâ **̂ , Ga^3 j o r
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Figure 5 - Typical void fluctuation spectra for-slug-like flows.

Iml/0 have had the disadvantage of gen-
erally low activation yielding poor time
resolution due to nuclear s t a t i s t i c s .

There have been several excellent
summaries of two-phase measurement tech-
niques [8-12], and no attempt to dupli-
cate or summarize these works will be
made herein. Other instruments utilized
for transient and s ta t i s t i ca l diagnosis
include:

a) Optical probes, the major difficulty
has been signal processing ( t r i g -
gering) and apparent void depen- i
dency of the signal amplitude. 3

b) Microthermocouple - can't be used in
adiabatic systems.

SARS REPRESENT THE PREOUENCY
RANGE FOR THE RANGE OF 5 45
VOLUME FLUXES AT CONSTANT
LIOUIO VOLUME FLUX.

zoh

1.0 1.5 2.0 2.5
LIOUIO VOLUME FLUX, m/t

c) Hot film anemometry - fragility of
the sensor, signal processing
(triggering) remain difficult areas
to overcome.

d) Electrical probes - signal processing
(triggering), polarisation,
electrostatic charging presenr
difficulties.

Figure 6 - Dominant void fluctuation
frequencies in slug flow determined
from the spectral density.
(BNL N"eg. No. 6-1320-79)
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Figure 7 - Typical void fluctuation spectra for annular flows.
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While single-sensor devices men-
tioned above have been used co obcain
local measurements representative of
void fraction all witn similar accura-
cies estimated to be within 15%, dual-
sensor probes have generally been
required to provide information on velo-
cities. With the exception of the hot
film anemometer which has provided di-
rect liquid velocity information,
[13,14] j a]_i other instruments respond
to phase presence so they track inter-
facial velocities by correlation tech-
niques, rather than phase velocities.
It has yet to be shown experimentally
how average local interface velocity
may be interpreted in terms of phase
velocity. Recent reports from Prof.
Ohba at Osaka University^151 indicate
that laser-Doppler anemometry may prove
more valuable in two phase flows than
originally anticipated. Measurements
of both liquid and gas velocities at
void fractions up to 0.3 in bubbly mix-
tures have been reoorted.

0.5 1.0 1.5 10 2.5 3.0 l.i

LIQUID VOLUMETRIC FLUX, m/s

Figure 8 - Void fluctuation fre-
quencies in annular flow.
(BNL Neg. No. 6-1318-79)
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Figure 9 - Variations of chord-
averaged interface passage fre-
quencies with mixture volume flux
in slug and annular flows.
(BNL Neg. No. 6-1319-79)

While this brief summary seems to
put void fluctuation dynais" os and mea-
surement techniques into perspective,
recent advances have been made on
several fronts. The balance of this
paper shall be devoted to describing
these advances.

3- IMPROVED MEASUREMENT TECHNIQUES

G-amrna-Deasitometer

An improved, high activation, low
energy T-densitometer system has been
developed utilizing the 84 kev reso-
nance of Tmi70. Activation of up to
"«30 ci at 84 kev is being or shortly
will be undertaken providing M.5%
standard deviation in a system con-
taining 5cm water and 1 mm of stain-
lass steel in a 1.0 msec sample.
Standard nuclear instrumentation
coupled to a solid state cadmium
teluride detector at room temperature
provides the detection part of the
system. This simplified new pro-
cedure is described in another session
of this seminar and will not be dupli-
cated here. '•-'•'

Optical Prooe

A new design optical probe was developed to circumvent the difficulties of
variable signal levels previously reported . ̂ 16 ,1 7 J •j-ne principal of
operation is based on Snells law and has been previously described.L^> *•''^i

A schematic of the probe as developed is depicted in Figure 10, with the
light source and amplifier circuit diagram used in the apparatus. Two 125-um
fibers were inserted into a 500-um-o.d. stainless-steel tube. The two fibers
were fused together at one end by means of a minitorch, forming a spherical
bead. This fused end of the fibers was then pulled into the tube and epoxied
in place. The fibers were separated at the opposite end and encased in two
pieces of stainless-steel tubing (250 urn o.d.). The ends of the fibers and the
bifurcation were then epoxied for strength. The tip of the probe containing
the fused end of the fibers was ground and polished at a 45° angle to the axes
of the fibers, thus forming an included angle of 90" at the finished probe tip.
After grinding and polishing the free ends of the two fibers flat, one of them
was placed in front of an incandescent light source (3 V), and the other in
front of a Hewlett-Packard PIN photodiode (5082-4024). An amplifier with a
design rise time of 20 yŝ -2 Was used to enhance the output before going into
the readout device (Figure 10). The electronic response of the system was
checked by means of a light-emitting diode (LED) placed in front of the probe
tip. The LED output was modulated by using a signal generator so that light
pulses of different spacings and widths were emitted, simulating the passage of
bubbles. The rise time of the output was thus verified to be 20 us as
specified. The amplitude of the probe output did not change with the frequency
of the input signal of the LED.
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Figure 10 - Schematic representa-
tion of the optical probe.
(SNL Neg. No. 1-641-78)

Figure 11 - Typical oscillograms
of the output.
(BNL Neg. No. 9-111-77)

The hydrodyuamic response of the probe to the passage of an interface or
bubble was investigated as described in References 18 and 19, where single
bubbles could be generated and forced past the probe while independent methods
were used to determine the velocity. Typical oscillograms of the probe output
during the passage of the bubble are presented in Figure 11. Here the probe
output in mV is shown as a function of time for two cases where the bubble
velocities were 19 and 74 cm/s, respectively. It was observed that when the
tip was immersed in water the probe output was always zero without any
artificial bias representing a significant change over previous optical probes.
As the bubble hit the probe, the output was seen to increase, and after an
overshoot, to level off to a certain steady value. At the end of tne passage
of the bubble the signal dropped to its original water level of zero. The
bubble penetration time was clearly observed to be larger than the time it
takes the probe tip to be immersed in water, Figure 12. Also the signal
amplitude decreased with increasing bubble velocity, although both bubbles had
almost the same length (void fraction), Figure 13. These two effects were
investigated in some detail. Results obtained with two different probes are
presented in Figure 13 as a function of bubble velocity. Although the two
probes had a steady air signal amplitude of 125 and 600 mV, respectively, the
ratio I/Io follows the same consistent pattern.

A similar observation was noted by Miller and Mitchie, "With smaller
bubbles and higher velocities. . . . The probe signal generated under these
conditions. . . never reacned maximum amplitude."120J

An important conclusion that can be drawn from Figure 13 is that the
optical probe is able to measure the local interface velocity as well as the
local void fraction, after proper calibration within the velocity range
observed.
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Figure 12 - Bubble penetration time
vs. bubble velocity.
(BNL Neg. No. 1-643-78)
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Figure 13 - Probe signal at a given
bubble velocity, I, divided by the
steady air signal, Io, vs. bubble
velocity. (BNL Neg. No. 1-650-78)

A computer program was written to
study the theoretical response of the
output to hydrodynamic conditions at
the tip of the probe by tracing indivi-
dual rays of light from their source
to the detector. The effects of varying
liquid film thictaesses on the the probe
nip was included. Comparison of the
geometric effects for the probe of
Danel and Delhaye^16^ and the new de-
sign are shown in Figure 14 where the
new geometry is seen to be dependent
on probe tip angle.

Computer calculations were also ex-
tended to study the signal attenuation
that would be experienced when a
variable film thickness is present at
the probe tip. The water layer was
assumed to increase linearly along the
flat face. S is defined as the angle
between Che outside face of the water
layer in contact with the air and the
glass face of the prooe tip in contact
with the water layer. The attenuation
of the rays during their passage from
one media to another was not taken into
account. Although the 104° total angle
gave a higher signal in air when com-
pared to the 90° tocal angle probe tip,

-HALF CrHCLE TIP UN ,

/ \ FLAT F4CS TIP •
f V IIN AIR I -.
I 4 i

10 20 30 40 50 60
HALF ""QBE TIP ANGLE, a U

Figure 14 - Percent of light rays
reaching the detector as a function
of the half probe tip angle for the
cases of the probe tip in air and
in water. Comparison between the
half circle and the flat face probe
tips. (BNL Neg. No. 1-646-78)"
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Figure 15 - Maximum thickness of
water layer on. the flat face probe
tip for zero output.
(3NL Neg. No. 3-1722-78)

Figure 16 - Plot of water layer
thickness vs. wire withdrawal velo-
city (Xallmadge and White[23]).
(BHL Neg. No. 3-1723-78)

the large angle tip (104°) was found to
be strongly dependent on the water layer
thickness left on the probe tip. In or-
der to show this strong dependence of
the probe output to the water layer left
on thd probe tip, we plot in Figure 15
the maximum angle 3 that can be sus-
tained on a probe tip angle a before
the coherent light_ rays ( 6 = 0 ) are re-
fracted out and the signal is zero.
Within the o range of interest,
37 < a < 65, this maximum angle £
increases, and the sensitivity of the
probe to the water layer thickness de-
creases for the lower values of a.

For a possible explanation for the
optical probe output behavior for various
bubble velocities, it was proposed that
a water film thickness left on the probe
tip and increasing with the bubble velo-
city could explain the decrease in the
signal intensity that was observed
experimentally.

A literature search on wire with-
drawal showed that the film thickness
left along a small wire increases with
withdrawal velocity (White and
Tallmadge'^l]. This theoretical

PROBE DIAMETER

———
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•

C.385mm

> s • U5mm
'U5mm ^ 0.385 mm

100
VELOCITY,!

200 300
Ujfcm/sec)

Figure 17 - Cross plot of normalized
probe signal, I/I , vs. wire with-
drawal velocity for three probe dia-
meters and two values of the accep-
tance angle.
(BNL Neg. No. 31-1719-78)



prediction was also checked experimentalLy for various Liquids. The
d unensionless film thickness (Tallmadge and White'^2] w a s reiaced to a
CapiLlary Number,

uu
N = — (1)
ca 3

and a Goucher Number,

N- - ~ (2)
Go a

whera u and a are the viscosity and surface tension of the liquid, o,, is the
withdrawal velocity, R is the wire radius, and a is the capillary length
defined as (2o7og) *'2. In addition to this, White and Tal Imadge' 23]
observed that experiments conducted with distilled water provided film
thicknesses almost twice those predicted by the theory. This fact is still
unexplained. In any event, the results may be used to obtain Figure 16 showing
the increase in film thickness with increasing velocity.

The two parts of the theory explaining the probe behavior thus include:

a) Amplitude of signal vs. water film thickness;

b) Water film thickness vs. interface passage velocity.

A combination of the two will thus yield the predicted variation of signal
amplitude with interfacial velocity as shown in Figure 17, in good qualitative
agreement with the observed behavior. Differences may perhaps be explained by
the presence of nonlinear films, slanted optical surfaces instead of surfaces
colmear with the probe direction, etc.

r-f PROBE

The r-f probe presented in Figure 18 consisted of two 0.25 mm diameter
insulated wires, with each wire encased in a 1 mm outside diameter stainless
steel tube which were electrically connected to a common ground and acted as an
electrical shield. The two shielding tubes themselves were encased in a larger
stainless steel tube, which acts as a holder and provides rigidity. The
sensitive part of the probe, the probe tip, was formed by extending the two
insulated wires around 3 mm from the end of the shielding tubes. To prevent
water from entering into the stainless steel tubes, each of the end connections
were covered with a thin layer of epoxy including the tip of the two insulated
wires which were also covered to insulate them from the surrounding media,
water or air. When a d-c voltage is applied across one of the wires and the
common ground, zero voltage is measured across the second wire and the ground.
In operation of the probe, one of the wii.es is used as an emitteT to which a
sine wave is applied from a function generator. The second wire is used as a
receiving antenna, and its output is fed directly to an oscilloscope or to a
magnetic tape recorder after amplification. Similar r-f probes were previously
described in the literature 12A, 25] jjun a systematic study of the response
characteristics was not undertaken. For a given amplitude and frequency of the
input sine wave, the probe output signal has the same frequency as the input,
but is out of phase. The amplitude of the output depends on whether the two
insulated wires at the tip are in air or are completely immersed in water. The
Drobe is sensitive to the dielectric constant of the media surrouncme the tin.



The r-f probe was tested both in static
air and water and with Taylor bubbles
of known length and velocity in a sim-
ple test facility described briefly
below.

First, the static response of the
r-f probe in air and fully immersed in
water was investigated in the test set-
up described above. When a sine wave
with an amplitude of 22.7 v (peak-to-
peak) was applied to the transmitting
antenna (input), the amplitude of the
received signal (output) varied with
the signal frequency of the input
(from 100 Hz to 10^ Hz) both la air
and in water. Figure 19 depicts the
variation of the output, (Aou£) di-
vided by the input (A^n), both deter-
mined with an oscilloscope, as a
function of the input sine wave fre-
quency, when the probe tip is completely
immersed in air or in water. Depending
on the input frequency, the signal am-
plitude in water can be higher than the
signal in air or vice-versa. The r-f
probe seems to act as a band pass filter.
For a 500 kHz, 22.7 peak-to-peak sine
wave input, the output voltage of the
r-f probe was also observed to be depen-
dent on the static immersion depth of
the insulated nonshielded portion of the
probe tip into the water. The output
increased linearly with the immersion
depth, reached a maximum and then de-
creased and leveled off at the all
water signal level. An additional fact
observed was that the output versus in-
put curve as presented in Figure 19
depends on the tube wall proximity.

Figure 20 presents the expanded out-
put of the r-f probe during the passage
of a bubble. The output decreases from
its water level to the air level with
the penetration into the bubble and
stays almost constant during the pas-
sage of the bubble. When the water im-
pinges on the probe tip again, the
signal increases, passes through a maxi-
mum, decreases, and then levels off at
the steady air level. A possible ex-
planation for this maximum was proposed
by Fortescuef26] a s being due to the
additional capacitance of the water
surrounding the insulated unshielded

Figure 18 - Schematic Representation
of the r-f Probe
(BNL Meg. No. 3-524-79)
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Figure 19 - Ratio of r-f Probe Out-
put to Input Voltage T.evel as a
Function of Input Sine Wave Fre-
quency, for the Probe Tip in Air
and in Water.
(BNL Neg. No. 3-529-79)

Figure 20 - Expanded Output of the
r-f Probe During Passage of the
Bubble.
(BNL Neg. No. 3-526-79)
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Figure 21 - Comparison of Bubble
Velocity as Determined by Two In-
dependent Methods, i.e., r-f Probe
and Two Light Sources and Detectors.
(3NL Neg. No. 3-527-79)
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Figure 22 - Ratio of Bubble Length
as Determined by the r-f Probe and
the Two Light Source Detectors as a
Function of Bubble Velocity.
(BNL Neg. No. 3-525-79)



wires. Grounding the water close to the tip by a separate copper wire
eliminated this maximum of the probe signal.

In Figure 21, the bubble velocities determined by the r-f probe are
compared with velocities determined from the output of the two light-source
detectors. Two penetration time intervals were measured from the r-f probe
output (Figure 20), Atj, and At£. By considering a typical characteristic
length of the sensitive part of the tip (3 mm and 2.75 mm), a bubble velocity
was calculated by dividing the characteristic length by the time interval
(Atj of At2? . The actual dimension of the sensitive part of the tip is
approximately 3 mm (see Figure IS). The bubble velocities determined by the two
independent methods agree with each other within _+ 10 percent. Thus wich an
r-f probe, the average bubble velocity can be determined from the passage time
of either Interfax-, air-water or water-air, along the insulated wires. This
is true irrespective of the amplitude of the signal which may change with fluid
state, purity, or test geometry.

The probe output levels for water and air did not change with the bubble
velocity in the range considered (up to 160 cm/sec). Figure 22 depicts that
the bubble sizes as determined by the two independent methods agree with each
other with a maximum deviation of_+ 10 percent. The bubble lengths recorded by
the r-f probe axe 10 percent higher at the low bubble velocities around 30
cm/sec. This fact may be due to surface tension effects during the penetration
which become important at these low bubble velocities.

4. SUMMARY AND CONCLUSIONS

The current technology regarding void fluctuation dynamics was briefly
summarized and new instrumentation developments undertaken at BHL were
described. These instruments include a simplified, high intensity, low energy
•y-densitometer utilizing simple solid state crystal detection techniques, an
improved optical probe sensitive to both phase presence and liquid velocity,
and a radio-frequency probe .also capable of sensing phase presence and
measuring interface velocity. The physics regarding liquid film interaction
with small probes is discussed and it was shown how existing technology could
be used to explain the optical probe behavior.

Specific conclusions include:

a. An optical probe with a new tip geometry capable of measuring
local interface velocity, as well as void fraction was devel-
oped, constructed, and calibrated.

b. The new design, since it is encased in a stainless steel tube,
is sufficiently strong to stand difficult environmental
conditions.

c. A potential physical explanation for the probe behavior was
identified.

d. A computer program to study the response characteristics of the
various probe tip geometries was written and used in the analysis,
confirming the experimental behavior.

e. An r-f probe of simple construction and geometry was described
and shown capable also of measuring local void fraction and
interface velocity.
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