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Abstract

This paper describes experimental investigations of helium-air exchange flows through parti-
tioned opening and two-opening. Such exchange flows may occur following rupture accident of
stand pipe in high temperature gas cooled reactor. A test vessel with the two types of small open-
ing on top of test cylinder is used for experiments. An estimation method of mass increment is
developed and applied to measure the exchange flow rate. A technique of flow visualization by
Mach-Zehnder interferometer is provided to recognize the exchange flows. In the case of exchange
flow through the partitioned opening, flow passages of upward flow of the helium and downward
flow of the air within the opening are separated by vertical partition, and the two flows interact
out of entrance and exit of the opening. Therefore, an experiment of the exchange flow through
two-opening is made to investigate effect of the fluids interaction of the partitioned opening sys-
tem. As a result of comparison of the exchange flow rates between the two types of the opening
system, it is found that the exchange flow rate of the two-opening system is larger than that of the
partitioned opening system due to absence of the effect of fluids interaction. Finally, the fluids
interaction between the upward and downward flows through the partitioned opening is found to
be an important factor on the helium-air exchange flow.

1. Introduction at top of the reactor vessel is considered as one

of the most critical design-base accidents". Fig-

In safety study of a high temperature gas ure 1 shows a schematic drawing of the HTGR
cooled reactor (HTGR), rupture of stand pipes and the HTGR is a graphite moderated high
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Fig. 1 Schematic diagram of HTGR' s arrange-
ment

temperature gas-cooled reactor of 30 MW ther-
mal power and 950 ° C outlet helium coolant
temperature. When stand pipes rupture, heli-
um coolant gas in high pressure flows immedi-
ately through breach out of the reactor vessel.
After the pressure in the reactor vessel has
fallen to that of the atmosphere, the air flows
into the reactor vessel, which is caused by
buoyancy force due to density difference
between the helium inside the reactor vessel
and the air outside. The penetrated air reacts
with high temperature graphite structure, and
causes corrosion of the graphite components,
which results in a severe damage of in-core
reactor structures. Therefore, an estimation of
magnitude of the buoyancy-driven exchange
flow through the stand pipe is necessary to

assess the air flow into the reactor vessel.
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Fig. 2 Comparison of measured Froude numbers
between helium-air system and brine-water
system®

From a survey of the literature, it appeared
that some papers dealt with buoyancy-driven
exchange flow with brine-water*™® and air-air®™".
Epstein® made measurements of the buoyancy-
driven exchange flow with a single opening, for
opening ratios Hiv/D1 in the range 0.01 to 10,
where Hi and D1 are height of the opening and
inner diameter of the opening, respectively. He
suggested four different flow regimes shown in
Fig. 2, as HvD1 increased through this range.
As a result of these measurements, he found a
peak value of the exchange flow rate at Hv/Di of
about 0.5 as shown in Fig. 2. Most of the above
studies on the buoyancy-driven exchange flow
have been carried out with a single opening
and small density difference. However, the den-
sity of cold air outside reactor vessel is at least
three times larger than that of gas mixture
(helium and hot air) inside the reactor vessel at
the stand pipe rupture accident. Fumizawa®
conducted experiments for the Epstein’ s exper-
imental conditions with the helium-air and the
single opening. He reported that the experi-
mental results for the helium-air system
agreed with those for the Epstein’ s brine-
water system as shown in Fig, 2. In Epstein’ s
paper?, he also made experiments with two
openings. His experimental purpose was to
investigate flow patterns of the two-opening
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Fig. 3 Comparison of measured Froude numbers
between single opening system and parti-
tioned opening system *

system, and the two openings were observed to
give rise to three different flow configurations.
There were no studies for the exchange flow
through partitioned opening (opening with a
vertical partition) in the previous studies of the
buoyancy-driven exchange flow. Kang et al.”
performed experiments on the helium-air
exchange flow with the partitioned opening and
the single opening for opening ratios Hi/D: in
the range 0.05 to 10 as shown in Fig. 3. From a
fundamental point of view, there is a big differ-
ence of flow passages between the partitioned
opening and the single opening. Thus, it is nec-
essary to compare exchange flow rate and flow
pattern between the two types of opening. At
lower opening ratios (Hi/D:< 0.75), the
exchange flow rates for the partitioned opening
system were almost the same as those for the
single opening system. However, at higher
opening ratios (HvD1>0.75), they were larger
than those for the single opening system,
because upward flow of the helium and down-
ward flow of the air were separated by the ver-
tical partition within the opening. Effect of the
various inner diameters of the opening on the
exchange flow rate was investigated at higher

opening ratios in Fig. 4. The inner diameters
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Fig. 4 Effect of opening diameter on measured
Froude number '

of the opening were 0.01, 0.02, and 0.04 m, and
the opening ratios were in the range 0.6 to 10.
The exchange flow rates increased with
increasing the inner diameter. Based on his
flow visualizations™!”, he pointed out the effect
of fluids interaction between the air and the
helium out of entrance and exit of the parti-
tioned opening. Therefore, in this study, an
experiment with two-opening system is per-
formed to confirm the fluids interaction of the
partitioned opening system on the exchange
flow. And also, to explain trend of the exchange
flow rate of the two-opening system, loop flow

in test vessel is discussed.

2. Experimental Apparatus
and Procedures

Figure 5 illustrates an experimental appara-
tus to evaluate the exchange flow rate for the
partitioned opening system and two-opening
system. Essential features of the experimental
apparatus are described with aid of Fig. 5. The
experimental apparatus is composed of a test
vessel, an electronic balance, and a personal
computer for data acquisition. The test vessel
consists of a test cylinder and opening made
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Fig. 6 Schematic diagram of partitioned opening

from plexiglass. Two types of the opening were
employed in the experiments, i.e., the parti-
tioned opening and the two-opening. The open-
ing configurations studied are presented in Fig.
6 and Fig. 7. A vertical partition of rectangular
plate is in alignment with center line of the
opening to make the partitioned opening as
shown in Fig. 6, where partition thickness is
0.0005 m. Figure 7 shows a test section for con-
firming the effect of fluids interaction of the
partitioned opening system on the exchange
flow rate. Each opening is separated by the ver-
tical partition. A distance (0.1 m) between the
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Fig. 7 Schematic diagram of two-opening and
loop flow model

two openings is long enough to remove the flu-
ids interaction between the upward flow of the
helium and downward flow of the air. One side
of each opening is closed to avoid the fluids
interaction. The diameters and heights of the
openings and the test cylinders are described in
Table 1. The experiments were carried out

Table 1. Test Vessel Geometry

D, H, Dq Hy

Opening Type m m o o

Partitioned Opening 0.01 0.1 0.1 0.2

Two - Opening 001 01 0194 04

under the atmospheric pressure and room tem-
perature. The test vessel was filled with pure
helium gas initially. The opening’ s top was
sealed with a thin rubber stopper as shown in
Fig. 5. On removal of rubber stopper placed on
the top of the opening, the buoyancy-driven
exchange flow was initiated and the heavier air
was introduced into the test vessel. Thus, the
mass of gas mixture in the test vessel
increased. Figure 8 shows optical components
of Mach-Zehnder interferometer to visualize
the exchange flow. Illumination beam (He-Ne
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Fig. 8 Optical components of Mach-Zehnder inter-

ferometer
1. Laser 2.Lens 1 3. Pinhole 4. Mirror 1
5. Mirror2  6.Lens2 7. Splitter 1 8. Mirror 3
9.Splitter 2 10.Mirror4  11. Window 12. Lens 3
13.Splitter3  14.Mirror5  15.Lens4 16. CCD Camera

17. Screen 18.Lens 5 19. 35mm Camera 20, Test Section

laser supplied from light source, wave length
633 nm) collimated by lens 2 is split by beam
splitter 1 inclined at 45° into a test beam and a
reference beam. The test beam reflected by
coated surface of the beam splitter 1 is reflect-
ed by mirror 4 in order to cross the test section
closed by windows. The beam is then transmit-
ted through the beam splitter 2, forming a test
section image on observation screen. At the
same time, the reference beam transmitted
through the beam splitter 1 is successively
reflected by mirror 3 and coated surface split-
ter 2 before being superimposed on the test
beam, the beam splitter 2 imposes the same
optical path delay on the test beam that the
beam splitter 1 does on the reference one. Con-
sequently, the test beam and the reference
beam are mixed beyond the beam splitter 2.
The test beam and the reference beam inter-
fere, and interference fringe pattern appears on
the screen. If density of the test section is
homogeneous, straight parallel equidistant
interference fringes appear'’. If it is inhomoge-
neous, distorted interference fringes appear.
The experimental procedure of two-opening

system was essentially the same as that

described in the foregoing for the partitioned
opening system, except that the two rubber
stoppers were placed, one in each opening.
Three programs, i.e., program for measuring
mass increment, program for calculation of
density increment, and program for calculation
of measured Froude number are used for data
processing in the present experiment. The flow
was initiated by removing each stopper simul-
taneously. The mass increment Am, of the gas
mixture was measured by means of the elec-

tronic balance at regular intervals.
Amt=my, — My.o (1)

The gas mixture’ s density increment Ap; is cal-
culated from the mass increment, and it is

given by

Am,

Ap ="

v (2)

, where V® is volume of the test vessel. The vol-
ume exchange flow rate Q through the opening
is evaluated by the measured density incre-
ment. Mass balance on the gas mixture gives

dA
v-=2P —Qp, Qp. 3)

dt
The volume exchange flow rate is expressed in
the form of a Froude number Fr, and it is
defined as

Fr=Q ﬁ?ﬁ“ (4)

\ Drglon - po)
In the present experiment, the effective diame-
ter D; is used in Eq. (4) because the openings

are not round, and it is given by

[ "”7727'7'7 TR
D, = J%[E?I - D](S) 5)

(376)



Helium-Air Exchange Flow with Fluids Interaction 47

3. Results and Discussion

Figure 9 illustrates variation of the density
increment with time, and the inner diameter of
the opening is 0.01 m. The density increment
for both opening systems increases with time.
As expressed in Eq. (2), the density increment
of the gas mixture in the test vessel increases
due to the exchange flow. Finally, it approaches
the density difference between the air and the
helium. The density increment of the parti-
tioned opening system is larger than that of the
two-opening system because the volume of the

test vessel with partitioned opening is smaller
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Fig. 9 Variation of density increment with time
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Fig.10 Variation of Froude number with time

than that of the test vessel with the two-open-
ing as shown in Table 1. Figure 10 shows varia-
tion of the measured Froude number with time.
The measured Froude number of the two-open-
ing system is almost constant with time
because it is thought that buoyancy force, i.e.,
the density difference between the air and the
gas mixture is almost constant. The measured
Froude number of the partitioned opening sys-
tem appears to be constant value before about
200 second. They fluctuate after about 200 sec-
ond and thus, these measured data are not suf-
ficient to explain the trend of the exchange flow
rate. Discussion of figure 10 is described in Fig.
11 again. Figure 10 shows that difference in
the measured Froude numbers between the
two-opening system and the partitioned open-
ing system results from the effect of fluids
interaction. Figure 11 is prepared to illustrate
the comparison of relationship between the
measured Froude number and the density
increment. This figure shows the variations of
measured Froude number for both opening sys-
tems are less than 9% in the range of 0<Ap, <
0.5 kg/m®. Therefore, in the present experi-
ment, the Froude number in Table 2 is defined
as the average value of the measured Froude
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Fig.11 Variation of Froude number with density
increment
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Table 2. Comparison of Froude numbers between
two types of opening system

Opening Type Froude number
Two — Opening 0.2381
Partitioned Opening 0.1571

numbers in the range of 0<Ap; <0.5 kg/m®. As
was already mentioned, experiments for flow
visualization were conducted by Mach-Zehnder
interferometer to compare flow patterns. For
our understanding of the flow visualization of
the helium-air exchange flow, an example of
interference fringe pattern of the single open-
ing system (no partition, H/D,=10) is intro-
duced in Fig 12. In the case of Fr —0, the dis-
torted interference fringes do not appear
because there is almost no exchange flow as
shown in Fig. 12. Figure 13 shows Mach-Zehn-
der interferograms of fringes of the air and the
gas mixture for the partitioned opening system
and the two-opening system at Hv/D: of 10. The
distorted interference fringes show that the gas
mixture flows out of the opening and the
straight fringes indicate that the air flows into
the opening. According to observations by video

camera, the gas mixture flows out of any open-

Fig.12Example of flow visualization of single
opening system with Mach-Zehnder inter-
ferometer

Partitioned Opening

Two-Opening

Fig.13 Comparison of flow visualizations with
Mach-Zehnder interferometer

ing of the two-opening system and the fringes
of the gas mixture do not fluctuate laterally as
shown in Fig. 13. It means that the flow of the
gas mixture is stably separated from the air
flow out of the opening due to absence of the
fluids interaction and this leads to less resis-
tance for the exchange flow of the two-opening
system, as compared with the exchange flow of
the partitioned opening system. Therefore, the
exchange flow rate of two-opening system is
larger than that of the partitioned opening sys-
tem as shown in Table 2. However, the gas mix-
ture flow of the partitioned opening system
swings a little from left to right in lateral direc-
tion out of the entrance of the opening, and
condition of the exchange flow at the opening
entrance is observed to be unstable as shown in
Fig. 13. It indicates that the fluids interaction
takes place as a main resistance to the
exchange flow. To explain another reason that
the exchange flow rate of the two-opening sys-
tem is larger than that of the partitioned open-
ing system, an influence of loop flow to expedite
the exchange flow is suggested. It is apparent
from closely related work reported in the litera-
ture that the loop flow expedites the exchange
flow?. Experiments with brine-water on the

loop flow through two openings were reported
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Loop Flow

Fig.14 Schematic diagram of loop flow observed
by Epstein in two-opening system ?

by Epstein?. A total of nine experiments were
performed with the two openings, and in this
paper, eight cases are introduced for the discus-
sion. In his experiments, height and D,; of
opening 1 were fixed and ratio of flow area
Ay /Ay, was varied by making use of different
opening 2 diameters Dy, as shown in Table 3,
where Ay, is the flow area of the opening 1 and
A,, is the flow area of the opening 2. The open-
ings were separated by a distance approximate-
ly 0.15 m in his experiment. These experiments
were designed to observe flow patterns in
inside of the test vessel as D, increased. He
suggested two different flow configurations by
Ay/A,, parameter in the range 0.09 to 25.63.
One is bidirectional flow within opening 1 and
unidirectional flow within opening 2, and the
other is the loop flow to expedite the exchange
flow was observed at A;,/Ay;;>0.7485 in his

Table 3. Experimental condition of loop flow
occurrence ”

Expt, DOI DOZ

No. m m Reference
1 0.0445 0.0127
2 0.0445 0.0191
3 0.0445 0.0294
4 0.0445 0.0353
5 0.0445 0.0385 Loop Flow
6 0.0445 0.0445 Loop Flow
7 0.0445 0.0516 Loop Flow
8 0.0445 0.0643 Loop Flow

experiment as shown in Fig. 14. Therefore, we
suggest that the loop flow may occur as shown
in schematic view of Fig. 7, because the ratio of
flow area Ay, /A, is 1 in this experiment. And
thus, we think that it is another mechanism to
expedite the exchange flow. The flow visualiza-
tion of the loop flow within the test vessel is
not prepared at present stage and thus, it will
be necessary to confirm the loop flow in the
helium-air exchange flow at next stage as a
further study.

4. Conclusions

An experimental study of the helium-air
exchange flows through the partitioned open-
ing and two-opening has been carried out in
order to understand characteristics of the pene-
trated air flow at the rupture accident of the
stand pipe in the HTGR. In this paper, the
effect of fluids interaction on the exchange flow
was confirmed experimentally and discussed.
Conclusions of this paper are summarized in
three groups as follow :

1) The fluids interaction between upward
and downward flows out of the entrance and
the exit of the partitioned opening is found to
be an important factor on the helium-air
exchange flow.

2) The exchange flow rate of the two-opening
system is larger than that of the partitioned
opening system due to the absence of the fluids
interaction.

3) The present study is useful in understand-
ing helium-air exchange flow at the rupture
accident of the stand pipe in the HTGR.

Further study will be required to explain the
fluids interaction quantitatively and the flow
patterns inside the two-opening system.
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Nomenclature

flow area of opening 1 in reference [2](m?)
flow area of opening 2 in reference [2] (m?)

inner diameter of opening (m)
effective diameter of opening (m)

1

2)

inner diameter of opening 1 in reference [2) (m)

inner diameter of opening 2 in reference (2] (m)

Froude number

acceleration due to gravity (m/s?)
height of opening (m)

mass (kg)

mass increment (kg)

volume exchange flow rate (m®/s)
elapsed time (s)

volume of test vessel (in®)
partition thickness (m)

density (kg/m®)

mean density = ( py+p )2 (kg/m*)
density increment (kg/m®)

Subscripts

heavier fluid (air)
helium

light fluid (gas mixture)
gas mixture

elapsed time

initial condition
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