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Absiract

This paper describes experimental investigations of helium-air exchange flows through partitioned

opening and two-opening. Such exchange flows may occur following rupture accident of stand pipe

in high temperature engineering test reactor. A test vessel with the two types of small opening on

top of test cylinder is used for experiments. An estimation method of mass increment is developed

to measure the exchange flow rate. Upward flow of the helium and downward flow of the air in par-

fiioned opening systemn interact out of entrance and exit of the opening. Therefore, an experiment

with two-opening system is made to investigate effect of the fluids interaction of partitioned opening

systemn. As a result of comparison of the exchange flow rates between two types of the opening sys-

tern, it is demonstrated that the exchange flow rate of the two-opening system is larger than that of

the partiticned opening system because of absence of the effect of fluids interaction.

1. Introduction

A high temperature engineering test reactor (HT-
TR) is now being constructed in Japan Atomic En-
ergy Research Institute (JAERI) to establish and up-
grade high temperature gas cooled reactor (HTGR)
technologies [1]. In safety study of the HTTR, a rup-

ture of stand pipes at top of the reactor vessel is con-

sidered as one of the most critical design-base accid-
ents [1). Figure 1 shows a schematic drawing of the
HTTR and the HTTR is a graphite moderated high
tenperature gas-cooled reactor of 30 MW thermal
power and 950 C outlet helium coolant tempera-
ture. When stand pipes rupture, helium coolant gas
in high pressure flows immediately through breach
out of the reactor vessel. After the pressure in the re-
actor vessel has fallen to that of the atmosphere, the
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air flows into the reactor vessel, which is caused by
buovancy force due to density difference between the
helium inside the reactor vessel and the air outside.
The penetrated air reacts with high temperature grap-
hite 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.

From a survey of the literature, it appeared that
some papers dealt with buoyancy-driven exchange
flow with brine-water {2, 3, 4, 5] and air-air [6, 7].
Epstein [2] made measurements of the buoyancy-driv-
en exchange flow with a single opening, for opening
ratios HyD:1 in the range 0.01 to 10, where Hi and Dy

are height of the opening and inner diameter of the
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Fig. 1. Schematic Diagram of HTTR’s Arrangement[1]}

opening, respectively. He suggested four different
flow regimes shown in Fig. 2, as Hi/D: increased
through this range. As a result of these measure-
ments, he found a peak value of the exchange flow
rate at Hi/D1 of about 0.5 as shown in Fig. 2. Most
of the above studies on the buoyancy-driven exchan-
ge flow have been carried out with a single opening
and small density difference. However, the density 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 ac-
cident. Fumizawa [8] conducted experiments for the
Epstein’s experimental conditions with the helium-air
and the single opening. He reported that the exper-
imental results for the helium-air system agreed with
those for the Epstein’s brine-water system as shown
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Fig. 2. Comparison of Measured Froude Numbers be-
tween Helium-Air System and Brine-Water Sys-
tem(8]

in Fig. 2. In Epstein’s paper [2], he also made exper-
iments with two openings. His experimental purpose
was to investigate flow patterns of the two-opening
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 pre-
vious studies. Kang et al. [9] performed experiments
on the helium-air exchange flow with the partitioned
opening and the single opening for opening ratios
Hi/D1 in the range 0.05 to 10. In the previous study
[9], the single opening was used to model the rup-
ture of single stand pipe and the partiioned opening
was used to model the rupture of two stand pipes.
From a fundamental point of view, there is a big dif-
ference of flow passages between the two types of
opening. Thus, it is necessary to compare exchange
flow rate and flow pattern. At lower opening ratios
(H:1/D:1<0.75), the exchange flow rates for the parti-
tioned opening were almost the same as those for
the single opening. However, at higher opening rat-
jos (Hi/D1=20.75), they were larger than those for
the single opening, because upward flow of the he-
lium and downward flow of the air were separated by
the vertical partition within the opening. Effect of the
various inner diameters of the opening on the

exchange flow rate was investigated at higher open-
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ing ratios [10]. The inner diameters 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 [9, 10], he pointed out the
effect of fluids interaction between the air and the
helium out of entrance and exit of the partitioned
opening. Therefore, an experiment with two-opening
systemn is performed to investigate the fluids interac-
tion of the partitioned opening system on the exchan-
ge flow in the present study.

2. Experimental Apparatus and Procedures

Figure 3 illustrates an experimental apparatus 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. 3. 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
from plexiglass. Two types of the opening were
employed in the experiments, ie., the partitioned
opening and the two-opening. The opening config-
urations studied are presented in Fig. 4 and Fig. 5. A

vertical partition of rectangular plate is in alignment

Alr
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<_{I"’ar‘titioned Opening

Two-Opening
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~—Test Cylinder

ih He
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¥ig. 3. Schematic Diagram of Experimental Apparat:s

with center line of the opening to make the parti-
tioned opening as shown in Fig. 4, where partition
thickness ¢ is 0.0005 m. Figure 5 shows a test sec-
tion for investigating the effect of fluids interaction of
the partitioned opening system on the exchange flow
rate. Each opening is separated by the vertical par-
tition. A distance (0.1 m) between the two openings
is long enough to remove the fluids interaction be-
tween 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 heig-
hts of the openings and the test cylinders are tabulat-
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Fig. 4. Schematic Diagram of Partitioned Opening
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Fig. 5. Schematic Diagram of Two-Opening
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Table 1. Test Vessel Geometry

Opening Type Du Hi D2 He
m m m m

Partitioned Opening 001 0.1 0.1 0.2
Two-Opening 0.01 01 0194 04

ed in Table 1. The experiments were carried out
under the atmospheric pressure and room tempera-
ture. The test vessel was filled with pure helium gas

initially. The opening’s top was sealed with a thin rub-

ber stopper as shown in Fig. 3. On removal of rubber
stopper placed on the top of the opening, the buoy-
ancy-driven exchange flow was initiated and the heav-
ier air was introduced into the test vessel. Thus, the
mass of gas mixture in the test vessel increased. Fig-
ure 6 shows optical components of Mach-Zehnder
interferometer to visualize the exchange flow. Illumi-
nation beam (He-Ne 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 reflected by mirror 4
in order to cross the test section closed by windows.
The beam is then transmitted through the beam split-
ter 2, forming a test section image on observation
screen. At the same time, the reference beam tran-
smitted through the beam splitter 1 is successively ref-
lected by mirror 3 and coated surface splitter 2 be-
fore 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. Consequently, the test beam and
the reference beam are mixed beyond the beam split-
ter 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 ap-
pear [11]. If it is inhomogeneous, distorted inter-
ference fringes appear. The experimental procedure
of two-opening system was essentially the same as
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Fig. 6. Optical Components of Mach-Zehnder Interfer-

ometer
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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 remowving each stopper simul-
taneously. The mass increment 4 m: of the gas mix-
ture was measured by means of the electronic bal-

ance at regular intervals.
Ame=mps— Myq 1)

The gas mixture’s density increment 4 pu is calcul-

ated from the mass increment, and it is given by,

doy= ﬂ;—’ (2)
where V is volume of the test vessel. The volume
exchange flow rate Q is evaluated by the measured
density increment. Mass balance on the gas mixture
gives

d4,
V2 = Qoy— Qor 3)

The wlume exchange flow rate is expressed in the

form of Froude number Fr, and it is defined as
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In the present experiment, the effective diameter Di

Fr=

is used in Eq. (4) because the openings are not roun-

d. It is given by

D= i};(—”f—% - Dla) (5)

3. Results and Discussion

Figure 7 illustrates variation of the density in-
crement with time, and the inner diameter of the
opening is 0.01 m. The density increment for the
beth opening systems increases with the time. As
expressed in Eq. (2), the density increment of the gas
mixture in the test vessel increases due to the exchan-
ge flow. Finally, it approaches the density difference
between the air and the helium. The density in-
crement of the partitioned opening system is larger
than that of the two-opening system because the vol-
umne of the test vessel with partitioned opening is

smaller than that of the test vessel with the two-open-

ing as shown in Table 1. Figure 8 shows variation of
the measured Froude number with the time. The
measured Froude number of the two-opening sysiem
is almost constant with the time because it is thought
that buoyancy force, i.e., the density difference be-
fween the air and the gas mixture is almost constant.
The measured Froude number of the partitioned
onening system appears to be constant value before
asout 200 second. They fluctuate after about 2C0

second and thus, these measured data are not suf-

ficient to explain trend of the exchange flow rate. Fig-

ure 9 is prepared to illustrate the comparison of re-
lztionship between the measured Froude number
end the density increment. Figure 9 shows that dif-
ference in the measured Froude numbers between
the two types of opening system is caused by the ef-
fect of fluids interaction and this effect is supported

by the flow visualization. This figure shows the varia-
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Fig. 8. Variation of Froude Number with Time

tions of measured Froude number for the both open-
ing systems are less than 9% in the range of 0< 4 p
1 <0.5 kg/m’. Therefore, in the present experiment,
the Froude number in Table 2 is defined as average
of the measured Froude numbers in the range of
0<d p<05 kg/m’. As was already mentioned,
experiments for flow visualization were conducted by
Mach-Zehnder interferometer to compare flow patter-
ns. For our understanding of the flow visualization by
Mach-Zehnder interferometer, an example of inter-

ference fringe pattern of the single opening system is
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Fig. 9. Variation of Froude Number with Density In-
crement

introduced in Fig 10. The distorted interference frin-
ges do not appear because there is almost no
exchange flow as shown in Fig. 10. Figure 11 shows
Mach-Zehnder interferograms of fringes of the air
and the gas mixture for the partitioned opening sys-
tem and the two-opening system at Hi/D: of 10. The
distorted interference fringes show that the gas mix-
ture flows out of the opening and the straight fringes
indicate that the air flows into the opening. Accord-
ing to observations by video camera, the gas mixture
flows out of any opening of the two-opening system
and the fringes of the gas mixture do not fluctuate
laterally as shown in Fig. 11. However, the gas mix-
ture flow of the partitioned opening system swings a
little from left to right in lateral direction 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. 11. It indicates that the
fluids interaction takes place as a flow resistance to
the exchange flow. Based on flow visualizations of
Fig. 11, it is clearly revealed that amplitude of the
gas mixture fringe in the two-opening system is much
larger than that of the gas mixture fringe in the parti-
tioned opening system. The exchange flow of the
two-opening system due to less flow resistance gives
rise to the stable fringe pattern and higher amplitude
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Table 2. Comparison of Froude Numbers Betueen Two

Types of Opening System
Opening Type Froude Number
Two-Opening 0.2381

Partitioned Opening 0.1571

A-A View

H,

(a) Schematic Diagram of Single Opening
H/D,=10

(b) Flow Visualization

Fig. 10. Example of Flow Visualizations of Single
Opening System with Mach-Zehnder Interfer-
ometer

Partitioned Opening

Two-Opening

Fig. 11. Comparison of Flow Visualizations with

Mach-Zehnder Interferometer

of the gas mixture at the opening entrance. It exped-
ites the exchange flow and the air flows into the test
vessel easily. Therefore, absence of the fluids interac-
tion increases the exchange flow rate in two-opening
system and Table 2 supports the above discussions.
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Table 3. Experimental Condition of Loop Flow Occuz-

rence[2]
Expt. Dot Doz Reference
No. m m
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

To explain another reason that the exchange flow
rate of the two-opening system is larger than that of
the partitioned opening system, an influence of loop
flow to give rise to separated flow within the opening
is suggested. lt is apparent from closely related work
reported in the literature that the loop flow expedites
the exchange flow [2]. Experiments with brine-water
on the loop flow through two openings were rep-
orted by Epstein [2]. A total of nine experiments
were performed with the two openings, and in this
paper, eight cases are introduced for the discussion.
In his experiments, height and D.1 of opening 1 were
fixed and ratio of flow area A./A« was varied by
maxing use of different opening 2 diameters Doz as
tabulated in Table 3, where A is the flow area of
the opening 1 and A« is the flow area of the open-

ing 2. The openings were separated by a distance

approximately 0.15 m in his experiment. These exper-

iments were designed to observe flow patterns in in-
side of the test vessel as D2 increased. He suggested
two different flow configurations by Acz/As par-
ameter in the range 0.09 to 25.63. One is unseparat-
ed flow which increases the flow resistance and the
other is the loop flow observed at Acz/Ac>0.7485
in his experiment as shown in Table 3. Therefore, we
suggest that the loop flow may occur, because the
ratic of flow area Asz/Ax is 1 in the present exper-

iment. A major result of Epstein’s investigation was
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Opening 1

-

Opening 2

Loop Flow

Fig. 12. Schematic Diagram of Loop Flow Observed by
Epstein in Two-Opening System(2]

that the strength of the loop flow was sufficient to
prevent the downward flow of heavier liquid into
opening 1 and the upward flow of lighter liquid into
opening 2 in flow configuration shown in Fig. 12.
Therefore, the loop flow gives rise to the separated
flow whick reduces the flow resistance within the
opening and it increases the exchange flow rate. We
think that the loop flow is another mechanism to ex-
pedite the exchange flow. The flow visualization of
the loop flow within the test cylinder is not prepared
at present stage and it will be necessary to investigate
the loop flow for explaining the exchange flow
through two-opening completely at next stage.

4. Conclusions

An experimental study of the helium-air exchange
flows through the partitioned opening and two-open-
ing has been carried out to understand character of
the penetrated air flow at the rupture accident of the
stand pipe in the HTTR. In this paper, the effect of
fluids interaction on the exchange flow was investig-
ated and discussed experimentally. Conclusions of
this paper are summarized in the three groups as fol-
low:

1) Based on flow visualization by Mach-Zehnder

interferometer, it is observed that the exchange
flow of the two-opening system gives rise to the

0.0063m
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stable fringe pattern and higher amplitude of an Atomic Energy Research Institute, and H. Mad-
the gas mixture. arame and K. Okamoto of the University of Tokyo

2) The exchange flow rate of the two-opening sys- for a number of useful discussions. The author also
tem is larger than that of the partitioned open- wishes to thank N. Kanzaki of the University of Tok-
ing system because of the absence of the fluids yo for her administrative assistances.
interaction.

3) The present study is useful in understanding
helium-air exchange flow at the rupture acci-
dent of the stand pipe in the HTTR.
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