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ABSTRACT

Various scaling parameters for simulating mixing under the influence of
buoyancy, jet momentum, and fan-induced convection were examined. Their
significance was assessed by comparing the mixing of helium (a simulant for hydrogen)
with air in a large-scale enclosure (1.8 m x 1.8 m x 1.8 m) to the mixing of salt-water
with fresh-water in a small-scale enclosure (1/6 the size). The advantage of using the
salt-water/freshwater technique is that it allows the characteristic flow regime (either
turbulent or laminar flow) in the full-scale containment to be maintained in the reduced-
scale containment. A smoke technique for flow visualization was used to examine the
mixing of the helium with air. For the small-scale salt-water/fresh-water experiment,
fluorescent dye was used to provide a means to visualize the mixing process. The
mixing behaviour in both sets of experiments were analyzed based on video records and
concentration measurements in ten locations. Measurements showed that depending on
the recirculation and jet flow rates, the injected salt-water (in small-scale experiments)
and helium (in large-scale experiments) can disperse sufficiently quickly to produce an
essentially "well mixed" condition rendering the concentration measurements
insensitive to the variation in the Froude or the Grashof Numbers.
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1. INTRODUCTION

During some postulated loss-of-coolant accidents in nuclear power
plants, hydrogen may be produced and subsequently released through a break in the
primary heat transport system to the containment atmosphere. This may lead to the
formation of a flammable hydrogen/air/steam mixture. The rate of combustion of such
a mixture and the associated pressure rise that may impact on the integrity of the
containment depends strongly on the composition of the mixture. If the released
hydrogen is uniformly distributed inside the containment, the resulting mixture is
relatively insensitive. Burning of such a mixture is unlikely to pose a risk to the
integrity of the containment. However, if the hydrogen is not distributed uniformly,
local regions containing high concentrations of hydrogen can be created. Burning of
these sensitive mixtures may create blast waves that can pose a danger to nearby safety
equipment or to the integrity of the containment building itself. A knowledge of the
hydrogen distribution within containment is thus important in containment safety
analysis.

Generally speaking, it is impractical to conduct a large number of gas-
mixing experiments in a full-scale reactor containment. Therefore, experiments may
have to be performed in a reduced-scale containment. In order to extrapolate reduced-
scale results to full-scale situations, the flow characteristics in the full-scale
containment have to be maintained in the reduced-scale containment. This may
necessitate selecting working fluids for the reduced-scale containment with densities
different from hydrogen and air . For example, the working fluids can be salt-water
and fresh-water. The principal advantage of using the saltwater/fresh-water technique
is that it allows the flow regime (either turbulent or laminar flow) in the full-scale
containment to be maintained in the reduced-scale containment [1,2,3].

In our earlier work [1,2], we conducted experiments in two Plexiglas
enclosures, one of which was a 1/6 linear scale version of the other, to test the scaling
parameters. We identified geometric similarity and the densimetric Froude number as
the scaling parameters for mixing under the influence of buoyancy and jet momentum.
The present study is an extension of the previous work. Its objective is to examine the
mixing process that is controlled by the combined effects of buoyancy, jet momentum,
and fan-induced convection. In this paper, we will first propose a few scaling
parameters and briefly discuss each of them. Based on experimental results, we will
assess the significance of these proposed scaling parameters.



2. SIMILARITY ANALYSIS

This approach is based on the idea that the law governing a physical
process must be independent of the system of units used to measure its characteristics.
This concept leads to the determination of dimensionless groups characterizing the
process. These dimensionless groups are often referred to as similarity parameters. It
is well known that these parameters can be used to relate physical phenomena occurring
in full-scale and reduced-scale situations. These parameters can be categorized roughly
into three groups: geometric similarity, dynamic similarity, and kinematic similarity.

2.1 Geometry Similarity

In order to simulate a certain full scale behaviour with a reduced model,
the geometry (including all relative dimensions) of the model has to be the same as the
full-scale counterpart. This criteria usually poses little difficulty when setting up
scaling experiments. The large-scale and reduced-scale enclosures used in our
experiment are geometrically identical.

2.2 Dynamic Similarity

Dimensionless parameters can be created by relating the driving forces of
the dominant physical processes with one another. For mixing under the influence of
buoyancy, jet momentum, and fan-induced convection, the Froude number and the
Grashof number are expected to be the key similarity parameters. The Froude number
for Helium/air mixing, Frg = (pjje x Yp)/L(Pair" PHe)S» *s a rati° ° f t n e buoyancy
force to the inertia force, and the Grashof number, Grg = g(Pair~PHe)^/(Pair x ^air^)«
is the ratio of the buoyancy force to the viscous force. In these parameters, L is the
characteristic length of the enclosure, p is the density, g is the gravitational acceleration,
v is the kinematic viscosity, and V is the jet velocity.

*
Unfortunately, in most situations, the Froude number and the Grashof

number cannot be satisfied at the same time. Depending on the flow conditions, one
parameter has to be chosen as the controlling parameter. For example, for jet
momentum dominated flows, it is reasonable to expect that the Froude number would
be the critical parameter. On the other hand, for buoyancy dominated flow, the
Grashof number is the critical parameter. To decide whether the flow is controlled by
jet momentum or by buoyancy, a third group of similarity parameters has to be
examined.

2.3 Kinematic Similarity

The main function of this group of parameters is to provide guidance to
modelers in choosing the right dynamic similarity parameter. Since these parameters
are not used directly in the similarity analysis, the choosing of them can be very
subjective. There are no rigid guidelines in creating these groups of parameters. In
our present situation, we would like to know whether the flow is dominated by the jet



momentum, buoyancy or recirculation. Therefore, the ratio of the jet flow rate to the
fan induced recirculation flow rate, Qj/Qrec» an^ t n e rat^° °f t n e characteristic time for
the jet and the characteristic time for the fan induced convective flow, tj/trec =
(Dj/Vj)/(L3/Qrec), are reasonable choices for this group of parameters. In the next
section, we will describe how these parameters were examined to determine which ones
should prevail in the scaling of mixing.

3. EXPERIMENT

3.1 Apparatus and procedures for gas mixing experiments

Figure 1 shows a schematic diagram of the experimental apparatus. The
major components of the apparatus include a gas feed tank, a flow rate meter, a smoke
generation box, and a Plexiglas enclosure ( 1 . 8 m x l . 8 m x l . 8 m ) . We also connected
two horizontal hoses to a recirculation pump (fan blower) to simulate a fan or
ventilation in the reactor containment. To visualize the distribution of helium in the
enclosure, smoke (as a tracer) was added to the helium. A 35-mm camera and a video
camera were used to record the flow pattern of helium.

To determine the mixing rate, concentrations at 10 locations in the
enclosure were monitored. The analyzers used to measure gas concentration are Nova
Instruments gas analyzers. These analyzers are designed to detect helium in a non-
corrosive gas stream by measuring the thermal conductivity of the gas mixture. As a
result, flow visualization experiments (using smoke) and the concentration experiments
were performed separately.

3.2 Apparatus and procedures for liquid mixing experiments

Figure 2 shows a schematic diagram of the experimental apparatus used
for the liquid-mixing experiments. The apparatus includes a salt-solution storage tank,
pumps, an overflow constant-head tank, the test container, and several rotameters. The
test container is made of Plexiglas and has dimensions of 0.3 m x 0.3 m x 0.3 m. The
linear scale factor between the small (for liquid mixing) and large (for gas mixing) test
containers is 1/6. Similar to the gas mixing experiments, two horizontal hoses
connected to a recirculation pump (fan blower) to simulate a fan or ventilation in the
reactor containment were installed to the container.

Fluorescent dye (Aldrich Chemical Co. Inc., Milwaukee, Wisconsin)
was added to the salt water to reveal the flow pattern in the liquid-mixing experiments.
Because the solubility of fluorescent dye in water is very low, a small amount of
methanol was used to dissolve the dye before mixing it with salt water. A 35-mm
camera and a video camera were used to record the flow patterns revealed by the
fluorescent of the dye inside the container. Similar to the gas-mixing experiments, the
salt concentration at 10 locations inside the tank were monitored. The instrument used
for liquid concentration measurement is a digital conductivity meter with a flow



through conductivity cell attachment.

4. RESULTS

4.1 The Effect of Froude Number

Froude number is the ratio of jet inertia force to the buoyancy force. One way to
examine the effect of the Froude number is to vary the incoming jet velocity while
keeping the total flow rate constant. This can be achieved by simply varying the jet
diameter. Experiments were performed with jet velocities equal to 10.0 cm/s and 2.51
cm/s. The Froude numbers for these experiments were 9.2x10"^ and 5.7x10"^
respectively. Figures 3 and 4 show the jet structure (distribution of helium) in these
experiments. Qualitatively, they look quite similar. This series of experiments show
that for the range of Froude number considered, Froude number is not the dominant
scaling parameter. Similar experiments were performed with the reduced-scale liquid
mixing apparatus. The jet velocities were set at 8.5 cm/s and 0.53 cm/s. The Froude
number were 2.8xl0~2 and 1.1x10"* respectively. Figures 5 and 6 show the jet
structure (distribution of salt water) for this series of experiments. Similar to the gas
mixing experiments, the jet structures were very similar. These experiments further
confirm that the Froude number is not the dominant scaling parameter for quantifying
the mixing process.

4.2 The Effect of Grashof Number

Grashof number is the ratio of buoyancy force to the viscous force. In
buoyancy dominated flows, this dimensionless group has been demonstrated to be the
critical scaling parameter. In the previous set of experiments (varying Froude
number), the Grashof number for all three gas mixing experiments was 1.99x10** (the
fluid in the incoming jet consisted of 100% helium), while the Grashof number for the
corresponding liquid mixing experiments was 1.54x10*0. The similarity of the jet
structure in these two series of experiments suggests that the mixing process is not
significantly affected by an order of magnitude change in the Grashof number.

To further examine the effect of the Grashof number, similar
experiments were repeated using a 10% helium/90% air mixture as the jet fluid. The
Grashof number was 1.99xl0*0for all experiments. Photographs in Figs. 7 and 8
show the structure of a 10% helium/90% air jet having jet velocities of 175 cm/s and
2.5 cm/s respectively. The jet structures in these figures appear to be very different. It
is quite evident that for the type of flow fields being examined (having a strong fan-
induced convective flow), the Grashof number alone cannot sufficiently quantify the
mixing process.

4.3 The Effect of Qj/Qrec



Qj/Q rec is the ratio of the incoming jet flow rate to the fan-driven
recirculation flow rate. It characterizes the relative importance of the two flows. A
small Qj/Qrec implies that the flow field is dominated by the fan-driven recirculation
(fan induced convection). However, for a fixed flow rate, the significance of this
similarity parameter decreases as the size of the enclosure increases. All experiments
reported thus far have a Qj/Qrec equals to 5.5xlO~2. This suggests that the global flow
pattern in the enclosure is dominated by the fan-induced convective flow. To further
examine the effect of Qj/Qrec o n t n e mixing process, two sets of experiments were
performed (i) with the recirculation flow rate reduced by a factor of two, (ii) with the
jet velocity reduced by a factor of two. Photographs in these experiments further
support the suggestion that the mixing process is dominated by the fan-induced
convection. It should be noted that since this parameter is a global flow parameter, it
cannot provide information on local phenomena, such as jet/fan-induced convective
flow interaction. Therefore, to analyze the jet structure, other parameters are needed to
provide additional information on the flow field.

Even though photographic information is qualitative in nature, it has
been demonstrated in this section that video records can provide a certain perspective
on the mixing process that is difficult to achieve by other means. In an attempt to
further understand the mixing mechanism, we have conducted concentration
measurements on selected gas mixing and liquid mixing experiments.

4.4 Concentration Measurements

Helium concentrations at 10 locations were measured in both sets of
experiments. Figures 9 and 10 show the normalized concentration measured by probe
1 to probe 5 and probe 6 to probe 10 respectively as a faction of T*. T* is a
normalized time defined as Ki(t/(Vol/Qj)) where t is the real time, Vol is the volume
of the enclosure, Qj is the jet flow rate and Kj is a proportional constant. The
normalized concentration, C^*, is defined as C/Cj, where Cj is the helium
concentration in the incoming jet (100% for the present experiment). These results
show that probes near the top (e.g. C4, C5, C9 and C10) detected an increase in
helium concentration ahead of the probes near the bottom as expected. However, it is
very surprising that all probes detected an almost linear increase in helium
concentration as time increases. Furthermore, the concentration difference between the
top probes and the bottom probes are remains less than 1.5% at all time. These results
indicate that the mixing of the jet fluid (100% Helium) with the air in the enclosure is
very rapid and that the recirculation flow also redistributes the dispersed helium
through out the enclosure in a very short time. The enclosure attained an essentially
"well mixed" condition very quickly. Figures 11 and 12 show the salt concentration
for probe 1 to 5 and probe 6 to 10 respectively in a liquid mixing experiment. The
normalized concentrations and the normalized time are defined the same way as the gas
mixing experiment. The small difference in salt concentration between the top and
bottom probes (about 1 % of the jet concentration) also suggests the tank had attained a
"well mixed" condition very quickly.



To compare the gas mixing and the liquid mixing experiments,
concentration measurements for the corresponding probes are shown in Fig. 13. Most
probes show excellent agreement. Video records also show that the jet structures in
these two experiments are very similar. Even though the information provided by
video records is qualitative in nature, concentration differences of about 1 % is clearly
visible. These results suggest that video records are valuable tools in analyzing both gas
mixing and liquid mixing phenomena. It can provide an overall picture of the mixing
process which is not obtainable using concentration measurements alone.

5. SUMMARY

We have examined the mixing process under the influence of jet momentum,
buoyancy and fan-induced convective flow. Several similarity scaling parameters were
identified and examined. It was observed that the mixing process is not dominated by a
single scaling parameter. This study demonstrates that it is possible to simulate full-
scale gas mixing phenomenon with a reduced scale liquid mixing experiment under
limiting conditions. Concentration measurements revealed that depending on the jet
velocity, incoming fluid could disperse fairly quickly by entraining the surrounding
fluid into the center core of the jet. With the help of a fan-driven recirculation flow,
the dispersed fluid could be redistributed through out the enclosure to establish an
essentially "well mixed" condition rendering our concentration measurements
insensitive to the changes in Froude and Grashof numbers.
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Nomenclature

D diameter of the exhaust hose connecting to fan blower
Q volumetric flow rate of fan blower
Fr = pj/(LDpg), densimetric Froude number

Grg = g(PairPHe)L3/(Pair x vair2)
g acceleration due to gravity
L height of the test enclosure
Re = ujLpj/m, Reynolds number
t time
V velocity
Vol volume of the test enclosure
r density of discharging fluid



Dr density difference between discharging fluid and ambient fluid
m viscosity
n kinematic viscosity

Subscripts

1 refers to mixing of liquids
g refers to mixing of gases
j refers to variables at entrance of incoming jet
rec refers to variables of the recirculation flow
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To fume hood
1 : gas feed tank
2 : flow rate meter
3 : smoke generation box
4 : test enclosure
5 : intake of recirculation pump
6 : exhaust of recirculation pump
7 : reclrculation pump (fan blower

1 : salt water feed tank
2 : over flow tank
3 : flow rate meter
4 : test enclosure
5 : intake of recirculation pump
6 : exhaust of recirculation pump
7 : recirculation pump (fan blower)

Figure 1 Schematic diagram of the experimental apparatus
for mixing helium and air.

Figure 2 Schematic diagram of the experimental apparatus
for mixing salt-water and fresh-water.
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Figure 7 Photograph showing the structure of a 10%
helium/90% air jet in air, (Vj = 175 cm/s, Fr =
1.8, Gr=1.99xlO10)
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Figure 9 Normalized concentration for probe 1 to probe 5
as a function of the normalized time for a helium
(100%) jet in air, (Vj = 175 cm/s, Fr =.8xlO"2,

c = 5-5 x 1 0"2)

Figure 10 Normalized concentration for probe 6 to probe 10
as a function of the normalized.time for a helium
(100%) jet in air, (Vj = 175 cm/s, Fr = 2.8xlO"2,
Qj/Qrec = 5.5xl0-2)
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Figure 11 Normalized concentration for probe 1 to probe 5
as a function of the normalized time for a salt-
water jet in fresh-water (Vj = 10 cm/s, Fr =
9.2xlO'5, Qj/Qrec = 5.9xlO-2)

Figure 12 Normalized concentration for probe 1 to probe 5
as a function of the normalized time for a salt-
water jet in fresh-water (Vj = 10 cm/s, Fr =
9.2xlO"5, Qj/Qrec = 5.9X10'2)
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Figure 13 A comparision of concentration data for gas mixing and liquid mixing experiments.


