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ABSTRACT

Neutron radiography and PIV (Particle Image Velocimetry) techniques were applied

to measurements of velocity field in gas-liquid metal two-phase flow. Visualization and

measurements of two-phase flow were conducted using molten lead bismuth and nitrogen

gas as working fluids and particles made of gold-cadmium (AuCd3) inter-metallic alloy were

employed as the tracer. Discrimination method between bubble and tracer images in

two-phase flow was developed based on the ^-scaling method. Time-averaged liquid

velocity fields, gas velocity fields and void profile were calculated from discriminated images,

respectively. From these measurements, the basic characteristics of gas-liquid metal

two-phase mixture were clarified.

INTRODUCTION

To establish reasonable safety concepts for the realization of commercial

liquid-metal fast breeder reactors (LMFBRs), it is indispensable to demonstrate that the

release of excessive energy due to re-criticality of molten core could be prevented even if a

severe core damage accident took place [1,2]. One of the mechanisms to suppress the

re-criticality is the boiling of steel in the molten fuel-steel mixture pool because of the

negative void reactivity effect. To evaluate the reactivity change due to boiling, it is

necessary to know the characteristics of gas-liquid two-phase flow in the molten fuel-steel

mixture pool.

Two-phase flow due to the boiling of fuel-steel mixture in the molten core pool has a

larger liquid-to-gas density ratio and higher surface tension in comparison with those of

ordinary two-phase flows such as air-water flow [3]. In order to predict the flow behavior of

a gas-molten metal mixture with a large liquid-to-gas density ratio and high surface tension in

a pool precisely, it is essential to examine the applicability of the drag coefficient model to the
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gas-molten metal mixture pool, and if necessary, to propose suitable constitutive relation for

the momentum exchange between phases. From this point of view, present authors already

performed study on the flow characteristics of nitrogen gas-molten lead bismuth mixture in a

rectangular tank with the use of neutron radiography [4,5] and suggested that Kataoka-lshii's

equation[6,7] might be applicable to prediction of pool void fraction. However,

Kataoka-lshii's equation is based on one-dimensional drift flux model which already includes

the effect of recirculation flow. This means that the drag coefficient derived from

Kataoka-lshii' equation double-counts the effect of recirculation flow, if used in

two-dimensional or three-dimensional calculations. The effect of recirculation flow on the

bubble behavior in a pool was not clarified yet.

In this study, to investigate the effect of the recirculation flow on the bubble behavior,

visualization and measurement of N2-molten PbBi mixture in a rectangular tank was

performed by using neutron radiography and particle image velocimetry technique.

Measured flow parameters include flow regime, two-dimensional void distribution, liquid

velocity field, and gas velocity field in the tank.

Neutron radiography (NR) and particle image velocimetry (PIV) are both

non-intrusive experimental techniques and provide two-dimensional information of flow field.

PIV has been used by some researchers to study two-phase flows at low volume fractions of

the dispersed phase [8,9,10,11]. Neutron radiography has been successively employed to

visualization and measurement of two-phase flow in metallic ducts. Some investigators

performed flow field measurements using combined method of NR and PIV. Takenaka et al.

applied this technique to investigate liquid metal flow [12,13]. Fluidized bed behavior was

investigated using this technique [14]. However, PIV implementation for two-phase flow

requires some algorithm to discriminate between tracer particles and dispersed phase

particles. Since neutron radiography has the advantage of an optical method in the void

fraction measurement, the 2>scaling method, which has been originally developed as

quantitative measurement method of void fraction, was employed not only as image

enhancement but also as discrimination method in this study[15].

EXPERIMENTAL

HIGH FRAME-RATE IMAGING BY NEUTRON RADIOGRAPHY

Neutron radiography has complementary characteristics to X-ray radiography and is

suitable to visualization and measurement of gas-liquid two-phase flow in a metallic duct and

liquid metal flow [16,17]. Fig. 1 shows the basic concept of the electronic imaging method

of neutron radiography. The penetrated neutron flux conveys the information of two-phase

flow in the test section, since the incident neutron flux is attenuated when the neutron beam

passes through the test section.

In the present study, JRR-3M at the Japan Atomic Energy Research Institute

(JAERI) was used as a neutron source, which provides neutron flux of 1.5x108 n/(cm2s) at
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the converter. As to the converter, 6LiF/ZnS:Ag was chosen in view of high sensitivity and

quick light decay characteristics, and for the imaging system, a high speed video camera

(Photron FastCam-ultima: max. imaging speed of 40,500 frames/s) for high frame-rate

imaging [16] was used. The local void fraction was calculated from three kinds of image

brightness with gas single-phase, liquid single-phase and two-phase flow based on the

I>scaling method [17].
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dynamic imaging method
Fig.2 Schematic diagram of test rig.

EXPERIMENT FOR GAS-LIQUID METAL TWO-PHASE FLOW

Fig. 2 shows the schematic of the test rig. The test section was a rectangular tank

made of aluminum wall of 5 mm thickness (530 mm high, 100 mm wide, 20 mm thick). A

gas injector consisting of seven stainless steel tubes (0.5 mm inner diameter) arranged along

a straight line was mounted at the bottom of the tank. On both sides of the tank, electric

heaters were attached to the wall and the whole tank was covered with electric and thermal

insulators. Nitrogen gas and molten PbBi (melting point of 124°C) were used as the

working fluids. The temperature of the molten metal was measured with sheathed

thermocouples. The gas temperature was measured at the inlet of the gas flow meter and

in the inlet plenum of the gas injector. The gas pressure was measured at the outlet of the

gas rotameter with a Bourdon-tube pressure gauge.

The experiment was performed by varying the nitrogen gas velocity over the range

from 0 to 15 cm/s, keeping the temperature in the tank at 150°C and with the collapsed liquid

level of the molten metal tank f/0=25 cm) The tank was so placed that the wider wall

(530x100 mm) faces normally to the incident neutron beam. The flow regimes were

observed by the high frame-rate neutron radiography (HFNR) (500 frames/s).

As for the visualization and measurement of liquid velocity field, particles made of

gold-cadmium (AuCd3) inter-metallic alloy were employed as the tracer [10,11]. The
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diameter of the tracer particles were around 1-1.5mm, which was larger than the size of one

pixel. Since the attenuation coefficient of neutron beam in cadmium is much larger than that

for PbBi, the tracer particles in molten PbBi can be clearly visualized by neutron radiography.

The density of AuCcb is close to that of PbBi and in addition, AuCcfc is wetted well by PbBi.

Thus, the liquid velocity field can be measured by analyzing movement of the tracer particles.

Table 1 shows experimental conditions.

Table 1 Experimental conditions

Superficial gas velocity

Temperature

Initial liquid height

Density of Pb-Bi

Density of AuCd3

AuCd3 tracer diameter

0 - 1 5 cm/s

150 °C

25 cm

1057 kg/m3

1070 kg/m3

l±0.5 mm

IMAGE PROCESSING METHODS

CALCULATION OF VOID FRACTION USING Z -SCALING METHOD [16]

A gas-liquid two-phase flow in a metallic duct is taken here as an example of the

measuring system as shown in Fig.1. The neutron beam penetrated through the test

section is converted into visible light by a fluorescent converter and is detected by a high

sensitivity camera. The obtained image is then converted into gray levels by an image

processor. The image gray levels of test sections filled with gas GG, liquid GL and

two-phase mixture GM are expressed by

GG=C-4>lh-exp{-I,TSr}+G0, GQ = GS+GD (1)

GL=C-0lh-exp{-ZL8L-2TST}+Go (2)

GM =C-(}>lh-exp{-ZLdML-ZTST}+G0 (3)

where C, <j>th, I and 5 denote the gain, the incident neutron flux, the total macroscopic cross

section for thermal neutrons, and the object thickness, respectively. The subscripts L, land

ML mean the liquid single phase, the test section, and the liquid phase in the two-phase

mixture, respectively. The offset term Go includes the dark current of the imaging system GD

and the gray level due to scattered neutrons Gs. The following assumptions are made in

the formulation of Eqs.(1),(2), and (3):

(a) Neutron absorption in the gas phase is negligibly small,

(b) Distribution of scattered neutrons is sufficiently smoothed by taking an

appropriate distance between the converter and the object.

(c) Gray levels are normalized among three images, GG, GL, GM, adjusting the gray

levels at a reference point in those images.
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Then, the void fraction a can be determined by the ^-scaling method from Eqs.(1)-(3) as

In

I n ^ -
GG-G0

where
_GL-GG-exp{-ZLSL)

\-exp{--LL8L)
(4)

DISCRIMINATION BETWEEN TRACER AND DISPERSED BUBBLE

PIV implementation for two-phase flow requires some algorithm to discriminate

between tracer particles and dispersed bubbles. Since the tracers made of AuCd3 attenuate

neutron beam well, the void fraction around the tracer particles was calculated as minus

value by the ^scaling method. Thus, the images of tracer particles could be extracted from

original images by calculating local void fraction as shown in Fig.3. Fig.4 shows an example

of consecutive original, tracer, and bubble images obtained by HFNR (500fps) and the

discrimination processing. These images are shown at every 10ms. In the original images,

the position of tracer particles cannot be clearly identified in the still images, but it could be

identified in the motion played back. From Fig.4(b) and 4(c), white spots denote tracer

particles and bubbles, respectively. From these figures, it seems that the both phases are

discriminated clearly by the present method.

Original NR image
of two-phase flow

Calculate void fraction
by Z-scaling method

Yes

Bubble image:
gray level = 255*a
else gray level =0

No Tracer image:
gray level = 255*(-oc)
else gray level =0

Fig.3 Schematic diagram of discrimination between tracer and bubble.

(a) original image (b) tracer image (c) bubble image

Fig.4 Example of original, tracer, and bubble images obtained by image processing.
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PIV ANALYSIS FOR TRACER IMAGES

With two consecutive images of moving tracers, PIV analysis was carried out at

each point to obtain a vector map. Spatial cross correlation coefficients were calculated by

the following equation:

(5)
G2

zdV

where Q and G2 denote gray levels in the 1st and 2nd images, respectively. PIV analysis

were performed using interrogation windows of 20x20 pixels and search windows of 30x30

pixels.

RESULTS AND DISCUSSIONS

INSTANTANEOUS LIQUID VELOCITY FIELD

Fig.5(a) shows an example of original instantaneous vector map overlapped on the

void fraction distribution for jg =0.95cm/s. Several vortices induced by the bubble motion

can be seen in this figure, however, it seems to be difficult to obtain a quantitative velocity

vector with sufficient accuracy. Thus spatial filter was applied to the original instantaneous

vector map for trial. Fig.5(b) shows the filtered instantaneous vector map. As shown in

this figure, complex flow was induced by rising bubbles in the tank. However, such

instantaneous vector map may include many erroneous velocity vectors due to the following

reasons: (a) low signal-to-noise ratio cf NR images, (b) low tracer concentration, (c) time

dependency of the flow field, and (d) three dimensional fluid motion around bubbles.

Moreover, since the NR images bring only two-dimensional projective information concerning

the flow field, it is not clear whether or not such spatial filtering could be applied. Further

studies are needed on this point.

(a) original vector map. (b) filtered vector map

Fig.5 Instantaneous liquid velocity vector map.
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TIME-AVERAGED LIQUID VELOCITY FIELD

To investigate the two-dimensional fluid motion, time averaging was employed to

eliminate erroneous velocity vectors as follows:

u, = — lU) f J / (5)

Fig.6 shows an example of time averaged vector map and void fraction distribution

with the averaging time T as a parameter. Averaging time was varied from 0.1 to 0.5s. As

shown in these figures, two re-circulation vortices induced by the rising bubble can be clearly

seen. Although the velocity distribution seems to be smoother for the longer averaging time,

an appropriate averaging time should be determined depending on each experimental

condition to catch the essential feature of the velocity field.

Fig.7 shows the time-averaged void fraction profile and the velocity vector map with

the superficial gas velocity as a parameter (averaging time: 0.5s). At higher gas velocity,

the bubble jet expanded in the central region of the tank and the recirculation vortices on the

both sides moved toward the sidewalls as shown in these figures. Variation of convection

pattern with gas velocity could be clearly visualized by this time averaging procedure.

0.20-—

0.0

(a) T=0.1s (50images) (b) T=0.2s (100images) (c) T=0.5s (250images)

Fig.6 Time averaged liquid velocity vector. (jg =9.5cm/s)

TIME-AVERAGED GAS VELOCITY FIELD

The time-averaged gas velocity also can be determined from bubble images by PIV

technique. Fig.8 a) and b) show the time-averaged liquid velocity field and gas velocity field,

respectively. From these velocity fields, upward flow is dominant in the central region of the

tank for the gas velocity field and the velocities of gas are a little higher than that of liquid due

to the relative velocity between the two phases. Due to the time averaging, the majority of

the small time-scale oscillations that bubbles generally exhibit have been filtered. However,

the time-averaged gas velocity field provide valuable information in connection with the liquid

velocity field. Both can be used to estimate the drag force acting on a rising bubble.
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0.35,

(a) _/g=1.7cm/s (b) yg=3.9cm/s

Fig.7 Effect of

i./cm/s (D) yg=3.ycm/s (c) yg=8.9cm/s

superficial gas velocity on liquid velocity field ( averaging time T=0.5s).

(a) Liquid velocity field (b) Gas velocity field

Fig.8 Comparison between liquid velocity field and gas velocity field

(averaging time T=0.5s).

CONCLUSIONS

As part of basic research on the flow characteristics of two-phase mixture pool under

severe accident of FBR, visualization and measurement of N2-molten Pb-Bi two-phase flow

in a rectangular tank were performed by using the neutron radiography and PIV techniques.

The results are summarized as follows:

(1) Instantaneous and time averaged void profiles were calculated using the ^scaling

method.

(2) To discriminate between tracer particle and dispersed bubbles, a discrimination

algorithm for NR images of two-phase flow based on the ^-scaling method was developed.

Some example of the discrimination was demonstrated.
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(3) Liquid velocity vector fields were calculated from tracer images using PIV analysis.

Time averaging was employed to eliminate erroneous velocity vectors. As a result, two

dimensional convection flow induced by rising bubbles was successfully detected using

newly developed image processing method.
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NOMENCLATURE
C

G

H

k
If

R

T

t

uf

gain

gray level of image

liquid level of the pool

superficial gas velocity

superficial liquid velocity

cross correlation coefficient

averaging time

time

liquid velocity

Greeks

a

5

<l>th

I

void fraction

object thickness

thermal neutron flux

macroscopic cross section for thermal neutrons
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D
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L

ML
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0

1,2

dark

gas phase

liquid single phase

liquid in two-phase flow

scattered neutron

test section

total offset

image number
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