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Abstract

This paper presents a concept of a pressure tube-type water-cooled reactor without the emerg-
ency core cooling system. It adopts an innovative fuel channel design using metallic fuel matrix to
improve heat transfer from fuel to moderator at loss of coolant cooling. The heat produced in the
fuel is cooled by the coolant system during normal operation, but by the passive moderator system
at loss of coolant cooling including the loss-of-coolant accident{LOCA). Simple analysis shows that
the fuel channel temperature can be maintained within the permissible range for both normal oper-
ation and a complete LOCA
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1. Introduction power through resolving the challenges of
increasingly demanding safety requirements, econ-
The development of advanced reactors is expected omic competitiveness, and public acceptance. Ad-

to make great contribution to the revival of nuclear vanced reactors are being developed for all principal
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reactor types: light water reactors (LWRs), heaw
water reactors (HWRs), gas-cooled reactors (GCRs)
and liquid metal reactors (LMRs), among which the
LWR concept is being the most actively studied pri-
marily due to its much greater operating experience
compared with other types(1 —3].

Severe accidents can be prevented in water-cooled
reactors as long as the reactor is properly tripped
and the decay heat is adequately removed. Since re-
liable reactor trip is relatively easily achievable, main
attention is given to reliable decay heat removal dur-
ing normal shutdown and accident conditions. The
safety concept in view of the emergency core cooling
systemm (ECCS) against loss-of-coolant accidents
(LOCAs) is ewolving as illustrated in Fig. 1[4]. Most
passive LWRs are designed with a primary safety ob-
jective to minimize the possibility of severe core dam-
age by adopting the passive ECCS. While the loop-
type passive water-cooled reactor is considered as a
promising candidate for the next-generation reactor,
it usually requires proper actuation of an automatic
depressurization system (ADS), the reliability of which
is a matter of great concern now. Therefore, it is
natural to consider the feasibility of a loop-type water
-cooled reactor not requiring the ECCS.

The pressure tube concept adopted in most HWR
designs has been considered as being excellent from
the viewpoint of decay heat removal in case of
LOCAs owing to the separation of the low-pressure
moderator from the high-pressure coolant. The
moderator around fuel channels can be used as an
emergency heat sink during a LOCA This fact was
theoretically confirmed by Hejdar et al. [5] at
Massachusetts Institute of Technology (MIT). They
investigated various alternatives for passive decay
heat removal from the core to the ultimate heat sink,
and concluded that the system of solid matrix press-
ure tubes dispersed in a low pressure calandria was
the most promising one. The thermal switch concept
- switching of the cooling mode from coolant cooling
in normal operation to moderator cooling in accident

conditions - was shown to be practically applicable.
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The MIT group seem to concentrate their efforts on
the development of a pressure tube light-water reac-
tor (PTLWR) using graphite matrix[6]. Atomic En-
ergy of Canada Limited (AECL) also started the
program for the development of an advanced
CANDU which incorporates various passive safety
concepts into the present CANDU design{7, 8].

The Center for Advanced Reactor Research
(CARR) is studing an innovative tube-type reactor
concept not requiring the ECCS, while investigating
advanced LWR concepts and related technology as
the major work. The concept of an ECCS-free
Inherently Safe and Simple Tube Reactor (ISSTER)
was already introduced at seweral intemational
meetings[9, 10]. This paper describes the basic
concepts, expected advantages, and the developmen-
tal strategy of the ISSTER.

2. Basic Design Features

The primary design objective of the ISSTER is to
eliminate the ECCS by accomplishing passive decay
heat removal through moderator cooling. It is
achieved by adopting the reactor with configuration
similar to the present CANDU reactors but with
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Fig. 1. Evolution of the Safety Conceptin View of the
ECCS A gainst the LOCA
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innovative fuel channels and a passive moderator
cooling system (PMCS).

2.1. Metallic Matrix Fuel

The reactor core is composed of a large number
of tube-type fuel channels dispersed in the moder-
ator pool within a large low-pressure reactor vessel
{calandria) as in the present CANDU. Each fuel
channel consists of a calandria tube, a pressure tube,
and a fuel matrix. There are several design options
for the fuel matrix, but the metallic fuel matrix with
dispersed coolant holes is adopted as the basic de-
sign (Fig. 2}. During normal operation, the fission
heat generated in fuel elements is transferred to the
coolant via conduction through the matrix and used
to generate 3team in steam generators as in the pres-
ent pressurized heaw water reactors.

The Uranium-Zirconium afloy fuel matrix has the
{ollowing advantages :

(a) Metallic fuel gives a large negative reactivity
feedback effect against power excursion;

(b} Larger fuel-to-moderator ratio allows the use of
natural uranium and improves moderator reac-
tivity feedback.

{c) The temperature distribution within the fuel mat-
rix is rather plain during normal operation so that

Fig. 2. Matrix-Type Fuel Channel Design

temperature redistribution due to the stored en-

ergy brings little problem at the initial stage of a

Loca

Though the metallic fuel has been reported to
work well in some liquid metal reactors{11], the
available information is very limited, especially for the
behavior of the irradiated metallic fuel of a large di-
mension. Therefore much more experimental and
theoretical investigation is required to complete the
feasibility evaluation and to finalize the design details
of the fuel channel.

2.2. Passive Moderator Cooling

The decay heat transferred passively from fuel to
moderator should alsc be passively removed. Figure
3 shows a typical example of the ISSTER nuclear
steam supply system (NSSS) including the passive
moderator cooling system (PMCS) suggested by the
present authors. The moderator is cooled through
forced circulation during normal operation but
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Fig. 3. Schematic of the ISSTER NSSS (Example)
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Fig. 4. Passive Moderator Cooling System by Spinks
et al.

through natural circulation and passive containment
cooling at loss of normal moderator cooling. Figure
4 illustrates a PMCS being investigated by Spinks et
al. [7, 8). Passive moderator cooling is considered to
be achievable in several ways.

2.3. Direct Contact Thermal Switch Concept

The gap between the pressure tube and the
calandria tube in each fuel channel is provided to
detect fuel channel failure and to minimize undesir-
able loss of fission heat from coolant to moderator
during normal operation. In case of a LOCA, how-
ever, this gap acts as a barrier against heat transfer
from fuel to moderator since radiation heat transfer
will prevail in that gap. Actually there exist two gaps
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in series {between the fuel matiix and the pressure
tube; between the pressure tube and the calandria
tube) in case of a complete LOCA, which will result
in the fuel matrix surface temperature much higher
than the moderator temperature.

An engineered thermal switch is a device to in-
crease the heat transfer in the gap under accident
conditions compared with normal operation. Tang et
al. [6] categorized the thermal switch concepts into
three types (i. e., material, dimensional, and fluid-
path) and evaluated their performance.

A direct contact thermal switch concept is under
investigation in this work. It is expected to change
the heat transfer mechanism from radiative heat
transfer to conductive heat transfer by mechanically
eliminating the gap between the pressure tube to the
calandria tube. The thermal switch concept is divided
into three parts:the channel geometry, the flexible
joint, and the driving mechanism.

To effectively transfer heat by contacting the
calandria tube to the pressure tube, the contacting
area must be maximized. Since conventional cylindri-
cal tubes have the minimum contacting area when
they are contacted, their shape should be changed
by adjusting their curvature as shown in Fig. 5. To al-
low movement of the calandria tube, a flexible joint
(bellows) is provided between the calandria tube and
the shield wall. The movement of the calandria tube
is derived from the thermal expansion of a bar
longitudinally lying on the pressure tube outside sur-
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Fig. 5. Fuel Channel Geometry to Maximize the Conta-
cting Area
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2.4. Other Considerations

Several options may be possible for the reactor
coolant design. For moderator/coolant materials,
D20/D20 or D:0/H:0 options are considered to be
the most promising from the viewpoint of reactor
physics characteristics. Reactor orientation, refueling
strategy, arrangement of NSSS equipment require
further investigation. Passive containment concept
can be selected in connection with the PMCS design.

3. Fuel Channel Temperature Distribution

A finite element code package, CONCORD-F
(Conduction Convection Radiation Analysis Using
FEM), has beed developed and applied to calculate
the steady-state temperature distribution in fuel
channels of complex geometry.

Tables 1 and 2 summarize the calculated tempera-
fure distribution within the fuel matrix for normal op-
eration and for a complete LOCA, respectively.
Calculations were performed based on the following
simplifying assumptions :

(a) Power distribution is uniform over the fuel area;

{b) The thermal conductivity of the metallic fuel is 30
W/m-K;

(c) Axial heat conduction within a fuel channel is
negligible;

(d) Coolant temperature is 300°C during normal op-
eration;

{e) Overall heat transfer coefficient from fuel to cool-
ant is uniform as 2000 W/m2-K during normal
operation ; and

(f) Decay heat is removed by the moderator only.

The linear channel power in Table 1 means the

power in normal operation per unit length of a chan-

nel. In the present calculation, the diameter of the
fuel matrix is assumed to be 0.068m.

Though the present analysis is based on several
simplifying assumptions, it indicates some important
characteristics of the fuel channels. The temperature
variation within the fuel matrix is small for both nor-

Table 1. Calculated Matrix Temperature (°C) for Normal

Operation
Linear Channel Minimum Maximum
Power Temperature Temperature
400 kW/m 637 728
500 kW/m 721 895
600 kW/m 805 942

Table 2. Temperature Increase (°C) in the Matrix Assu-
ming a Linear Channel Power of 400 kW/m

Decay Power Level 6% 4% 2% 1%

Temperature Increase * 100 67 33 17

* The temperature increase means the difference between
the maximum temperature within the matrix and the
matrix surface temperature.

mal operation and the complete LOCA Then the
major concems in heat transfer aspects would be (a)
how to achieve a high heat transfer coefficient be-
tween the metallic fuel and the Zircaloy cladding for
normal operation, and (b} how to improve the heat
transfer through the gap between the calandria tube
and the pressure tube for accident conditions. If the
heat transfer through the gap between the metallic
fuel matrix and the zrcaloy tube is comparable to the
gap conductance of LWR or HWR fuel rods, the al-
lowable linear channel power can be considerably
increased. More detailed analysis of the fuel channel
thermal behavior is being performed.

4. Advantages and Future Work
4.1. Expected Advantages

Though there is much work to be done even in
conceptual design aspects, it has been confirmed
through preliminary calculations that passive decay
heat removal can be achieved by the moderator sys-
tem without the ECCS. The present concept is
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expected to have several advantages over existing

water-cooled reactors in operation or under develop-

ment as follows:

(a) The safety of the reactor can be remarkably
improved against LOCA since no active ECCS is
required to cool the core;

{b) Selection of the loop-type NSSS maximizes the
use of proven technology and existing design of

NSSS components;;

(c) Design verification test is expected to be remark-
ably simple because subjects to be tested are the
heat removal from a single channel and passive
moderator cooling;

{d} Elimination of the ECCS would make the plant
design that is easy to understand, analyze and
operate ; and

(e) Change of reactor power is easily achievable.

4.2. Developmental Status

Presently research efforts are forcused on the fol-
lowing areas:
{a) investigation of PMCS options,
{b) comparative assessment of various fuel material
options including U-Zr, UC, and UN,

{c) geometrical optimization of the fuel matrix with
assessment of the allowable peak linear power,
(d) feasibility of other types of the fuel matrix design,

(e) investigation of thermal switch concepts, and
{f) assessment of reactor physics aspects.

The overall objective is to deduce a reliable con-
clusion on the engineering feasibility of the present

concept.
4.3. Research Areas

The ISSTER concept suggests us several research
topics in thermal-hydraulics{T/H), reactor physics,
and material engineering. Gap design and passive
moderator cooling are the important subjects in the
T/H area. Low pressure boiling and natural circu-
lation would be the typical phenomena for the pass-
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ive moderator cooling system. It is also necessary to
assess the various options (for coolant materials, fuel
matrix composition, fuel channel configuration, fuel
channel arrangement in the calandria, etc.) from the
viewpoint of reactor physics. Achievement of negative
reactivity feedback and efficient fuel reloading would
be of important consideration. Practical applicability
of the ISSTER concept heavily depends on the ma-
terial consideration. Extensive investigation would be
required for selection of fuel channel material, deter-
mination of material properties, development of
manufacturing process, etc.

5. Conclusion

The concept of the ISSTER has been briefly
introduced in this .paper. An ECCS-free loop-type
water-cooled reactor is considered to be feasible with
maximizing the use of existing technology. Easy veri-
fication test, simple accident analysis, easy operation
and accident management would be additional
advantages. However, it should be clearly stated that
the present concept is just an infant and is open to
many creative ideas.

Acknowledgement:

The authors express great appreciation to the
Center for Advanced Reactor Research (CARR) and
the Korea Science and Engineering Foundation for
their financial support. Sincere appreciation is also

given to many colleagues, especially to N.E. Todreas
of MIT and N.J. Spinks of AECL.

References

1. The Feasibility Study on the Advanced Reactors
in Korea, KEPCO Report KRC-88N-J06 (Oct.
1989) (in Korean).

2. Feasibility Study on Development of an Ad-
vanced Reactor, KAERI/KAIST/SNU Report
{duly 1991) (in Korean).

3. SH. Chang et al., Conceptual Design Study of



Proposed Concept of a Tube-Type Passive Water -Cooled Reactor-:+ S.H. Chang, et al

Advanced Reactors, CARR/SDSA-9201 (Feb,
1992} (in Korean).

4. SH. Chang, “Research on Advanced Reactors
with Passive ECCS and No ECCS,” Proc. 7th
KAIF/KNS Annual Conf., Seoul, 303-314 (April
2122, 1992).

5. P. Hejar, N.E. Todreas and M.J. Driscoll, “Pass-
ive Decay Heat Removal in Advanced LWR
Concepts,” Nucl. Eng. Des., 139, 59 —81 (1993).

6. JR. Tang, NE. Todreas and M.J. Driscoll,
Concepts for a Pressure Tube Light Water Reac-
tor with Passive Safety Features, MIT Report No.
MIT-ANP-TR-008 (Sept. 1991).

7. N.J. Spinks, J.H. Beaton and RF. Dam, “Passive
Heat Rejection Concepts for CANDU Reactors,”
Proc. 7th KAIF/KNS Conf., Seoul, 389-395
(April 21—-22, 1992).

8. WP. Baek and N.J. Spinks, “CANDU Passive
Heat Rejection Using the Moderator,” To Be

10.

11.

167

Presented at the Intl Conf. on New Trends in
Nuclear System T/H, Pisa, Italy (May 30-June 2,
1994).

. SH. Chang and W.P. Baek, “Conceptual Design

of an Inherently Safe and Simple Tube Reactor
Using Water Moderator and Coolant,” Presented
at the IAEA Technical Committee Meeting on
Progress in Development and Design Aspects of
Advanced Water-Cooled Reactors, Rome (Sept.
9—12, 1991).

SH. Chang, WP. Baek, GJ. Lee, JY. Lee,
“Propased Concept of a Passive Water-Cooled
Reactor Without Emergency Core Cooling Sys-
tem,” Proc. Intl Conf. on Design and Safety of
Advanced Nuclear Power Plants, Paper No. 3. 5,
Tokyo (Oct. 2529, 1992).

Y.l Chang, “The Integral Fast Reactor,” Nucl
Tech. 88, 129—-138 (Nov. 1989).



