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3UBBLE-INDUCED MIXING OF TWO HORIZONTAL LIQUID
LAYERS WITH NON-UNIFORM GAS INJECTION AT-THE BOTTOM

F. B. Cheung,* G. Leinweber,** and D. R. Pedersen*

INTRODUCTION

During a postulated severe core meltdown accident in an LMFBR, a large amount of
sodium coolant may spill into the reactor concrete cavity. A layer of liquid
products may form as a result of the sodium-concrete reactions. The liquid product
layer, which is highly viscous and much heavier than sodium, separates the concrete
from the sodium pool. In general, the downward transport of sodium through the
liquid product layer to. the unreacted concrete surface, which controls the rate of
chemical erosion of the concrete, depends strongly on the agitation induced by gas
evolution from the heated concrete.

Previous studies (le2) indicate that cracking of the concrete is likely to occur
under such a severe thermal loading condition. The cracks may serve as the
preferred flow paths for the release of water vapor arcd other non-condensable gases
from the heated concrete. As a result, the overlying liquid layers are subjected to
a non-uniform gas injection at the bottom. The non-uniformity in gas flow may also
be caused by the presence of a partially failed steel liner located immediately
above the concrete cavity. Thus far, this important phenomenon has not been studied
and there exists a sparse data base. Bubble-induced mixing, investigated in (3,4)
for a single liquid layer and in (5) for two immisciMe liquid layers, was performed
by injecting gases uniformly over the bounding surfaces.

In this study, experiments were conducted to explore the effect of non-uniform gas
injection on mixing of two horizontal mutually solu ble liquid layers. The liquid
in the lower layer was chosen to be more viscous and heavier than the liquid in
the upper layer. To simulate the reactor accident situation, gas was Injected
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at the bottom of the liquid-liquid system through a circular hole that covered only

the center portion of the bottom surface of the lower liquid layer. The bubble-

Induced mixing motions were observed and the rate of mixing was measured for

different hole sizes and for various gas flow rates.

EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 1 shows a schematic diagram of the experimental apparatus. The test section
consists of a Lucite cylinder 0.60 m In height, 152.4 mm 1n I.D., and 158.7 mm in
O.D. The bottom of the cylinder is mounted with a 19 mm thick flange, 279 mm in
diameter. A 0.01 mm nominal pore size sintered stainless steel plate, supplied by
the Pall Corporation, 3.1 mm thick, is fastened to the flange between neoprene
gaskets. Below the porous plate is an air plenum that 1s connected directly to the
gas supply. The volumetric gas flow rate controlled by an on-off valve is measured
by a flow meter. Two pressure probes located above and below the porous plate are
employed to record the pressure drop. Above the porous plate is a 9.5 mm thick,
movable, Lucite plate. The Lucite plate has a sharp-edged circular hole in its
center varying from 12.7 to 50.8 mm in diameter. The outside diameter of the plate
is sealed to the cylinder's Inside diameter. Two needle-sized, tapered holes are
drilled through the cylinder wall from which liquid samples may be drawn periodi-
cally from both the lower and the upper liquid layers during a run for concentration
measurement. One of these holes Is centered between the surface of the upper layer
and the original interface of the two liquids. The other is located halfway from
the original interface to the bottom of the lower layer. Inside each hole is a
self-sealing white silicon rubber septum.

In the experiments, glycerine was used for the lower liquid layer to simulate the
reaction liquid products, whereas distilled water was used for the upper layer to
simulate the liquid sodium. Glycerine, which Is heavier than water, 1s a highly
viscous material. It 1s miscible with water at room temperature. However, due to
the large difference in viscosity between glycerine and water, the rate of mixing
of the two soluble liquids is practically zero in the absence of bubble-induced
agitation, and they appear to be two Immiscible liquids. To prepare for a run, a
layer of glycerine with an overlying layer of water, each approximately 110 mm in
thickness, was carefully Introduced Into the cylinder through a funnel that was
connected to a tube extending all the 5way inside the test section. The water was
dyed green for flow visualization. The gas valve was then turned on and maintained
at a prescribed setting. A cathetometer with 0.01-mm resolution, which amplified
the glycerine-water Interface region, was used to measure the motion of the Inter-
face. The flow and mixing motion was recorded on video tape with a color camera.



Two series of experiments were conducted, one with the Lucite plate and one without
the Lucite plate. The latter represents the case in which the bottom gas injection
was uniform, whereas the former represented the case in which the gas flow was non-
uniform. For the purpose of direct comparison, the same volumetric gas flow rate,
ranging from 100-700 cc/min, was used in both series. Based on the cross-sectional
area of the cylinder, the corresponding superficial gas velocity ranged from 5.5 to
38.5 mm/min. The rate of mixing was measured by recording the glycerine-water
interface location as a function of time. Liquid samples were drawn by inserting a
syringe needle through the self-sealing rubber septum at the two tapered holes.
Exactly 1 ml of each sample was weighed and compared to 1-ml samples of distilled
water and glycerine to determine the local glycerine concentration as a function of
time. Results are presented in the following sections.

OBSERVATION OF THE BUBBLE-INDUCED MIXING MOTIONS

Bubble agitation and mixing of the two liquid layers were visually observed for the
two cases with uniform and non-uniform gas injection, respectively. For those runs
without the Lucite plate, small bubbles were observed to flow uniformly upward
through the glycerine-water system. A typical size of the bubbles was about 2 mm in
diameter. Each bubble carried with it a streamer of glycerine into the water lay-
er. The mass flux of glycerine appeared to be as uniform as the gas injection. The
small glycerine streamers were able to penetrate deep inside the water layer and
were well mixed with water as a result of the bubble-agitated motions. In the
meantime, an equivalent amount of water was flowing downward toward the glycerine
layer, as required by continuity. However, owing to the high viscosity of glyc-
erine, the water motion was arrested at the interface. Mixing of the two liquids
occurred mainly in the upper, water-rich layer. The liquid of the lower layer
remained as pure glycerine. Thus there was only one sharp liquid-liquid interface
in the system. As time proceeded, this interface gradually moved downward and
finally disappeared when the mixing process was complete. At that time, the liquid
samples drawn from the lower and the upper positions had almost the same composition
consisting of 50% of glycerine and 50S of water.

For those runs with the Lucite plate, the picture was quite different. In this
case, a stream of large bubbles, often coming out one or two at a time from the
center hole, was observed to flow upward through the glycerine-water system. The
average size of the bubbles was about 10 mm in diameter. Associated with each
bubble was a large mass of glycerine being entrained almost to the top of the water
layer. The large mass then descended downward, breaking down into several small
streamers as it partially mixed with water, and finally returned to the bulk of the



glycerine layer* Meanwhile, the rise of the bubbles in the center portion of the
glycerine-water system Induced a strong recirculating flow in the system,* moving
liquid outward in the water layer and down the column to mix with glycerine 1n the

perimeter of the system. As a result, a buffer region was developed between the

lower, pure-glycerine layer and the upper, water-rich layer. The buffer region
appeared to be green but highly viscous. Concentration measurement Indicated that

the liquid there was still rich in glycerine. Thus there were two liquid-liquid

Interfaces" in the system: an upper Interface that was flat and a lower Interface
that had a be71 shape. The top view of the buffer region appeared as a circle in

cross-section at the upper interface and as a ring around the perimeter of the

column at the lower Interface. As time proceeded, both interfaces moved downward.
However, the lower Interface moved much faster than the upper one, and thus the
buffer region was expanding. After the front of the lower Interface reached the

solid boundary at the bottom, the recirculating flow volumetrically reduced the
remaining inner glycerine region and the motion of the upper interface accelerated.

The liquid-liquid Interface finally disappeared when the mixing process was

complete. At a given volumetric flow rate,, the time for this to occur was much
longer than the corresponding time observed for the case with uniform bottom gas
injection, I.e., the case without the Lucite plate.

RESULTS OF THE MIXING RATE AND CONCENTRATION MEASUREMENT

To facilitate the discussion of the effect of non-uniform gas injection on mixing of
the two liquid layers, the gas flow-to-mass transfer area ratio, R, is introduced.
This parameter is defined by

R = (D/DQ)
2 , (1)

where D is the diameter of the hole and DQ Is the diameter of the test section.
Physically, R represents the fraction of the interfacial area between the glycerine
and the water layers that was covered by the gas flow. In this study, three dif-
ferent hole sizes (12.7, 25.4, and 50.8 mm) were employed. The corresponding values
of R were 0.007, 0.02fl, and 0.112, respectively. For the purpose of comparison,
results for the case of R = 1.0 (uniform bottom gas injection) are also presented.

•Similar bubble-induced recirculating mixing motions have been observed in (6,7).
In these studies, however, there was only a single fluid layer in the system and the
diameter of the nozzle through which air was injected was fixed at 12.7 mm.



In terms of R, the superficial gas velocity, v (cm/m1n), can be obtained directly

from the volumetric gas flow rate, Vg (cc/min), by

v * 0.0055 ( ^ ) , (2)

where the coefficient is simply the reciprocal of the cross-sectional area of the

test section.

Figure 2 shows the time variation of the glycerine-water Interface location for the
case of R • 1.0 and for four different values of Vg. The Instantaneous location 1s
measured downward from the original glycerine-water Interface. A value of 110 mm
(not shown In the figure) Indicates that the Interface has reached the bottom bound-
ary. The various curves shown in the figure were obtained by fitting in the data
with a polynomial. As mentioned In the previous section, there was only one sharp
Interface in the system for the case of uniform bottom gas Injection. Below the
Interface, the liquid appeared to be pure gTycerfne. Thus the slopes of these
curves are proportional to the rates of mixing. For a given value of Vq, the mixing
rate is relatively constant except In the early period of mixing where the Interface
motion 1s slower. As the value of Vg Increases, the time required for the Interface
to move down to a given location decreases, indicating a more effective bubble-
induced mixing process. Note that the results for the cases of 300 and 500 cc/min
are quite similar. On the other hand, there is a large reduction in the time scale
of mixing as Vg varies from 100 to 300 cc/min. The reason for this is not immedi-
ately clear. One possible explanation is that there is a substantial increase 1n
the number of nucleation sites on the porous plate as Vg Increases from 100 to 300
cc/min. This leads to a much higher level of agitation and thus a much faster
mixing motion.

When R is much less than unity, a buffer region develops as a result of the
recirculating flow Induced by the non-uniform gas Injection. In this case, there
are two liquid-liquid interfaces in the system. A typical behavior of these
Interfaces Is illustrated in Fig. 3 for the case of R • 0.028. In the figure the
solid cirves refer to the locations of the upper Interface, whereas the dashed
curves refer to the locations of the front of the lower Interface. The distance
between the solid and the dashed curves gives the nominal thickness of the buffer
region. Since the process of mixing 1s Incomplete in the buffer region, the slopes
of these curves are not directly proportional to the rates of mixing. As can be
seen from the figure, the motion of the upper Interface Is very slow during the time
in which the buffer region is developing. This 1s because the recirculating flow Is



not able to penetrate deep inside the highly viscous, glycerine layer. It gradually

niixes at the perimeter of the column shaping the inner glycerine layer into a bell

shape. Once the front of the lower interface reaches the bottom boundary, however,

the motion of the upper Interface starts to accelerate. The buffer region begins to

shrink and finally disappears when the entire system is well mixed. Compared to the

results presented 1n Fig. 4, the time scales in this case are almost double. This

Indicates that for the same volumetric gas flow rate, non-uniformity in gas

injection would result -in.less effective bubble-induced.mixing,.

Figures 4 and 5 show the time variations of the upper interface location for four
different values of R at two distinct gas flow rates, Vg * 500 cc/min and Vg » 700
cc/min, respectively. In both figures, the mixing time for the case of uniform gas
injection (R»Q) 1s considerably smaller than the corresponding mixing time for the
case of non-uniform gas Injection (R*0.007, 0.028, and 0.112). The major time lag
occurs in the early period of mixing 1n which the buffer region is still develop-
ing. As the glycer1ne-r1ch solution in the buffer region has been sufficiently
diluted by water after the early mixing period, the motion of the upper interface
starts to accelerate. This results in substantial changes In the slopes of the
curves for R < 1. On the other hand, the differences In the mixing time among the
three non-uniform gas injection cases are relatively minor. It appears that as long
as R « 1, the mixing time is rather Insensitive to the actual value of R.

To further Illustrate the effect of non-uniform gas Injection, the liquid concentra-
tion measured at two different locations for the two cases of R * 1.0 and R = 0.0O7
is shown In Fig. 6. The volumetric gas flow rate was fixed at 300 cc/min. The liq-
uid concentration Is presented 1n terms of the volume percent of glycerine. Since
the same amounts of glycerine and water were used in each experiment, a value of 50%
"indicates the completion of the mixing process. In the figure, the glycerine con-
centration measured at the upper position (inside the original water layer) is given
by the solid curves, whereas the one at the lower position (inside the original
glycerine layer) Is given by the dashed curve. For both values of R, the solid
curves vary gradually from zero to 50S, although the time scale is larger for the
case of R * 0.028. On the other hand, the dashed curves remain at the 100£ position
for a period of time before they start descending to the 50S position. The time
required for this to occur actually corresponds to the time It. takes for the liquid-
liquid Interface to move down to the lower sampling location. Note that for R =
1.0, there 1s a sudden drop in the dashed curve whereas, for R * 0.007, the trans-
ition is relatively smooth. The former case 1s obviously due to the fact that there



1s only a single I1qu1d-I1qu1d Interface In the system whereas the l a t t e r case 1s

due to the existence of the glycerine-r ich buffer region.

Table 1 presents the results of the overall mixing rate measurement. The overall

mixing rate 1s defined as m « d/Ax, where d 1s the depth of the glycerine layer and

AT is the tota l time required for complete mixing of the glycerine and the water

layers . In general, m Is an Increasing function of Vg. Note that for a l l values of

R, there Is a large Increase 1n the overal l mixing rate as V Increases from 1Q0 to

300 cc/min. Compared to the case of R • 1 , the overal l mixing rate for the case of

R < 1 Is consistently smaller, the largest difference being a factor of three a t Vg

= 300 cc/m1n.** On the other hand, the value of m appears to be rather Insensit ive

to the variat ion In R as long as R 1s much less than unity .

Table 1

RESULTS OF THE OVERALL MIXING RATE MEASUREMENT

Overall Mixing Rate* m (mm/s)
Volumetric Gas

Flow Rate (cc/min) R =0.007 R = 0.028 R = 0.112 R = 1.0

100 0.024 0.025 0.020 0.026
300 0.093 0.084 . 0.075 0;20
500 0.12 0.16 0.15 0.20
700 0.22 0.22 0.20 0.37

*A11 experiments were performed at room temperature (~25*C). The density of the
glycerine layer was ~1261 kg/nr.

CONCLUDING REMARKS

The results of this study clear ly show that the rate of gas Inject ion Is not the

only parameter control l ing the mixing of the l i q u i d - l i q u i d system. The bubble-

agitated motions also depend strongly on the d ist r ibut ion of gas In jec t ion . At a

given gas flow r a t e , any non-uniformity In gas In ject ion tends to suppress the f i n e -

scale, microscopic mixing motions, thus reducing the overal l mixing r a t e . The e f -

fect of non-uniform gas In ject ion 1s Important a t high gas flow rates . Within the

present experimental conditions, the reduction 1n the overal l mixing rate can be as

large as a factor of three.

* *At V_ • 100 cc/min, the mixing rate Is so small that the e f fect of non-uniformity
Is minimized.



Thus far, experiments have been performed wfth gas Injection through a center hole
at the bottom of the liquid-liquid system. In some cases, the non-uniformity may
occur on one side of the reactor cavity. This situation can be simulated by con-
ducting a series of experiments using an off-center hole. The situation 1n which
the thicknesses of the two horizontal layers are different can also be simulated by
varying the depths of the water and the glycerine layers. Finally, different pairs
of liquids may be employed to study the effect of material properties, particularly
the liquid-liquid viscosity ratio, on the bubble-induced mixing process.
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Figure 1. Schematic diagram of the experi-
mental apparatus.
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Figure 2. Time variation of the glycer-
ine-water interface location for the
case of uniform gas injection (R = 1.0).

Figure 3. Time variation of the lower and
upper interface locations for the case of
non-uniform gas injection (R = 0.028).
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