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a b s t r a c t

This study experimentally investigates fundamental phenomena in the HTGR small break air-ingress
accident. Several important parameters including density ratio, break angle, break size, and main flow
velocity are considered in the measurement and the analysis. The test-section is made of a circular pipe
with small holes drilled around the surface and it is installed in the helium/air flow circulation loop.
Oxygen concentrations and flow rates are recorded during the tests with fixed break angles, break sizes,
and flow velocities for measurement of the air-ingress rates. According to the experimental results, the
higher density difference leads to the higher rates of air-ingress with large sensitivity of the break angles.
It is also found that the break angle significantly affects the air-ingress rates, which is gradually increased
from 0� to 120� and suddenly decreased to 180�. The minimum air ingress rate is found at 0� and the max-
imum, at 110�. The air-ingress rate increases with the break size due to the increased flow-exchange area.
However, it is not directly proportional to the break area due to the complexity of the phenomena. The
increased flow velocity in the channel inside enhances the air-ingress process. However, among all the
parameters, the main flow velocity exhibits the lowest effect on this process. In this study, the Froude
Number relevant to the small break air-ingress conditions are newly defined considering both heavy
and light fluids, and break angles. Based on this definition, the experimental data can be well re-
arranged and collected. Finally, this study develops and proposes a non-dimensional parameter and a cri-
teria for determination of the small break air-ingress flow regimes. As a result, the non-dimensional
parameter higher than 0.49 indicates that the air-ingress is mainly controlled by density gradient effect.
On the other hand, that lower than 0.47 indicates that the other effects such as inertia or diffusion are
dominant air-ingress mechanisms.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

A high temperature gas cooled reactor (HTGR) is a Gen-IV reac-
tor concept incorporating high temperature, graphite-moderated,
uranium-fueled, helium-cooled features for high efficiency, safety,
and usability (GA, 1996); Schultz et al., 2006; Melse and Katz,
1984). The HTGR technology has been studied and developed since
the 1950s and it exhibits several advantages over light water reac-
tors including fuel integrity, proliferation resistance, a relatively
simple fuel cycle, easy refueling, and modularity to supply electric-
ity to remote areas. Even though gas reactors have been developed
in the past with limited success, the innovations of modularity and
integrated state-of-the-art safety systems make the HTGR design
attractive from technical and economic perspectives.

In spite of its inherent safety features, the HTGR concept could
be detrimental if a loss of coolant accident (LOCA) occurs that
results in depressurization and potential air-ingress issues related
with various physical/chemical phenomena (ORNL (2007); Schultz,
2008; Oh et al., 2006, 2010). This LOCA could lead to oxidation of
the in-core graphite structure and the fuel, which will accelerate
heat-up of the reactor core and lead to the release of toxic gasses
(CO and CO2) and fission products. Therefore, without effective
countermeasures, a pipe break may lead to significant fuel damage
and fission product release depending on the reactor design, break
locations, and break orientations.

The most recent researches on the air-ingress accident phenom-
ena were performed and reported by Idaho National Laboratory
(Oh et al., 2006, 2010). In their researches, an air-ingress scenario
based on density gradient driven flow were newly proposed (Oh
et al., 2010), which consists of four steps. Based on extensive CFD
analyses, it was shown that the density gradient driven stratified
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flow is the dominant air-ingress mechanism regardless of the acci-
dent scenarios. Characteristics of natural circulation were also
investigated by Oh and Kim (2012) in the post onset-natural-
circulation (ONC). This study showed that a natural circulation pat-
tern consists of two flow paths and a recirculation flow rapidly
drives air into the reactor vessel. An estimated air-ingress rates
from 3-D CFD simulations were about an order of magnitude faster
than that estimated by a 1-D system code. It indicated that the air
ingress modeling should be conducted on multi-dimensional basis.

Even though many researches were previously conducted for
the air-ingress accident in the HTGR, they mostly focused on a
double-ended guillotine break (DEGB) scenario, where the inside
and the outside connecting vessels are ruptured simultaneously
(Hishida et al., 1993; Xiaowei et al., 2004; INET (2006); Oh et al.,
2006; KAERI, 2011). It is based on the basic assumption that the
DEGB would cause highest air-ingress into the reactor and there-
fore it could result in the most serious consequences. However,
there have been some recent discussions that a small break or leak
is a much more probable accident in reality than the DEGB, and
therefore this accident scenario should be also importantly consid-
ered. From this motivation, the present study is focusing on air-
ingress phenomena that expected to occur under much smaller
break accident like SBLOCA in a light water reactor (LWR). There
is no clear definition on the small break accident in the HTGR,
but it is generally considered to be an accident whose break size
is less than 1/2 inch according to Next Generation Nuclear Plant
Method Technical Program Plan (Schultz et al. (2006)). Currently,
the detailed situations for the small-break are not well defined
and identified yet in the existing Phenomena Identification and
Ranking Tables (PIRTs). However, it is obvious that the probability
of the small-break is much higher than the double-ended-
guillotine-break (DEGB). The possible small-break locations are
coolant pipes, control rod guide tubes, instrumentation lines, heat
exchanger tubes, and etc. in the primary side.

Previously, few researches were carried out on the HTGR small
break phenomena. Oh et al. (2010) conducted simple CFD simula-
tions in order to understand basic phenomena. Comparing to the
DEGB scenario, the most important aspect observed in the small
break situation is that the flow characteristics are highly depen-
dent on the break angles. According to their research, the flow phe-
nomena can be divided into three regimes as shows in Fig. 1.
Molecular diffusion is identified as the first flow regime. It is
observed when the break is at the bottom. In this case, gravita-
tional force keeps the air from mixing with the helium through
either of the second two regimes. For this reason, only diffusion
governs the exchange of helium and air. The second flow regime
identified is density gradient driven stratified flow. It occurs when
the break is somewhere on the side. In this case, heavier fluid flows
into the lower part of the hole as a counter current manner, strat-
ified with the lighter fluid exiting in the upper portion like shown

in the DEGB scenario. An unstable gravity-driven flow, observed
when the break angle of around 180�, is the last flow regime iden-
tified. In this case, the helium exit flow is counter currently
chocked with the air inlet flow. The air flow rate is not constant
and will be much smaller than that in the second flow regime.

Although some computational works have been previously con-
ducted to visualize small break situations, no quantitative experi-
mental data are now available for supporting these numerical
results. From this reason, this study attempts to quantitatively
measure the air-ingress rates in a small break for various flow
and break conditions. Several parameters including break angle,
break size, density ratio, and main flow velocity are importantly
taken into account. The main objectives of this study is (1) to
understand fundamental phenomena and air-ingress characteris-
tics in the HTGR small break accident and (2) to develop a quanti-
tative measure to determine different flow regimes.

2. Experimental loop

Fig. 2 shows a schematic of the SNU small break air-ingress
experimental loop which consists of the following five parts:

� Test section: the test section is made of a circular pipe (4 inch)
with several holes around it for mimicking a small break situa-
tion in the HTGR. During the experiment, all holes except for
one are closed. The test-section is made of stainless steel, and
nylon caps are used to plug the holes.

� Circulator: the circulator flows air/helium mixture in the test
loop. The circulator speed is adjustable. The circulator is
designed to provide the same volumetric flows regardless of
types of mixtures.

� Mixing tank: the mixing tank is designed to stabilize flow and
enhances mixing of it. This mixing tank also contains a circula-
tor and various instrument devices including a thermocouple, a
pressure transducer, a pressure gauge, and an oxygen sensor.
The mixing tank is made of acrylic.

� Flowmeter: the flow meter measures the flow rates of the work-
ing fluids (mainly helium). Since the mixture concentrations are
changing during the experiment, the flow velocity are also sep-
arately measured using an optical technique.

� Oxygen sensor: two oxygen sensors measure oxygen concentra-
tions (0–25%) in the helium/air mixture flow. These oxygen sen-
sors are installed in the mixing tank and at the entry of the test-
section, respectively. This experiment uses zirconia based sen-
sors commercially available.

The test-loop is initially filled with helium gas, and the flow is
generated by a circulator. If the flow is stabilized and the system
reaches a steady-state condition, a cap on the test-section is un-

Fig. 1. Three different regimes created depending on the break angle of the hole (Oh et al., 2010).
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