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Research and development of the supercritical COz (S-COz) cycle turbine system is
underway in various countries for further improvement of the safety and economy of
sodium-cooled fast reactors. The Component Design and Balance-Of-Plant (CD&BOP)
of the Generation IV International Nuclear Forum (Gen-IV) has addressed this study,
and their analytical and experimental results have been discussed between the
relevant countries.

JAEA, who is a member of the CD&BOP, has performed a design study of an S-CO:2
gas turbine system applied to the Japan Sodium-cooled Fast Reactor (JSFR). In this
study, the S-COz cycle turbine system was directly connected to the primary sodium
system of the JSFR to eliminate the secondary sodium circuit, aiming for further
economical improvement. This is because there is no risk of sodium-water reaction in
the S-COzq cycle turbine system of SFRs.

The Na/COz heat exchanger is one of the key components for the secondary sodium
system eliminated SFR, and this report describes its structure and the safety in case of
COz leak. A Printed Circuit Heat Exchanger (PCHE), which has a greater heat transfer
performance, is employed to the heat exchanger. Another advantage of the PCHE 1is to
limit the area affected by a leak of COz because of its partitioned flow path structure. A
SiC/SiC ceramic composite material is used for the PCHE to prevent crack growth and
to reduce thermal stress.

The Na/CO:z heat exchanger has been designed in such a way that a number of
small heat transfer modules are combined in the vessel in consideration of
manufacture and repair. The primary sodium pump is installed in the center of the
heat exchanger vessel. COz leak events in the heat exchanger have been also evaluated,
and it revealed that no significant effect has arisen on the core or the primary sodium
boundary.

Keywords : Secondary Sodium Circuit Elimination, JSFR, Supercritical COq,
Sodium/COz Heat Exchanger
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1. Introduction

The sodium-cooled fast reactor (SFR) that is being developed by the
Japan Atomic Energy Agency (JAEA) is a loop-type reactor. One of the
advantages of the loop-type reactor is the possibility of eliminating the
secondary sodium system. For the reason, a design study of the secondary
sodium circuit-eliminated JFSR was conducted to evaluate its technical
feasibility and the effect of reducing the volume as an option for JSFR
systems for the future commercialization phase.

Important conditions for the elimination of the secondary sodium circuit
are no risk of sodium-water reactions and greatly reduced impact on the
primary sodium system and the reactor core in case of heat exchanger
failure. To meet these conditions, a conceptual design study of the secondary
sodium circuit-eliminated JSFR was conducted employing a supercritical
CO2 turbine system and a Na/COz PCHE (printed circuit heat exchanger).

In this study, the 1,500 MWe JSFR with the secondary sodium circuit
and the steam turbine was used as the base reactor concept. A preliminary
design study of the supercritical CO, gas cycle system and Na/CO, heat
exchanger suitable for the reference JSFR was conducted. The other
specifications, such as the reactor structure, 2-loop cooling system
configuration, decay heat removal system, plant thermal power and the
primary system heat balance, were set as the same as those of the reference
JSFR.

This report describes the Na/CO2 heat exchanger, which is the key
component to the elimination of the secondary sodium circuit. A structural
concept of the Na/CO2 heat exchanger suitable for the primary sodium
system was determined in consideration of the safety, heat exchange
performance, manufacturability, and repairability. A preliminary safety

evaluation in case of COg leak was also carried out.
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2. Overview of secondary sodium circuit-eliminated JFSR

A supercritical CO2 gas cycle and a PCHE-type Na/CO2z heat exchanger
were employed in the study of the secondary sodium circuit-eliminated
JFSR. In addition, a SiC/SiC ceramic composite material was used for the
Na/CO: heat exchanger (PCHE) to prevent a crack initiation and its
growth. Although both the supercritical CO2 gas turbine system and the
PCHE are technologies under development, this study was conducted on
the premise of the adoption of these technologies. The advantages of these
technologies are described in (1) through (3) belows;

2.1 Supercritical CO2 gas turbine system

A configuration diagram of the supercritical COz2 gas turbine system is
shown in Fig. 2.1 with a conventional steam Rankin system. A high cycle
thermal efficiency can be achieved because the compression of CO2 gas in
the supercritical region significantly reduces loss in the compressor. Also,
the CO2 gas turbine system is smaller and more simply configured compared
with the steam turbine system, allowing for a reduction in the system
dimension.

Applying the supercritical CO2 gas cycle system to a sodium-cooled fast
reactor requires Na/CO:z heat exchangers. Even in the case that the heat
exchanger fails and sodium-COgz reaction occurs, reaction products are
Na2COs (solid) and CO; and there is no production of flammable gas (Hs) or
strongly-alkaline corrosion product (NaOH) produced by the sodium-water
reaction. Furthermore, the solid reaction product, Na2sCOs, suppresses the
progress of the sodium-COz reaction. From these features, the sodium-COz
reaction is much milder than the sodium-water reaction in steam generators.

As described above, the safety of Na/COz heat exchanger in the
supercritical CO2 gas turbine system can be dramatically improved
compared with that of the conventional the steam turbine system.

2.2 PCHE (Printed Circuit Heat Exchanger)

A structural concept of the PCHE is shown in Fig. 2.2. This heat
exchanger differs from the shell & tube heat exchanger that has been
previously used in FBRs (Fig. 2.3). In a PCHE, the heating fluid (sodium)
and the heated fluid (CO2) flow in the reverse direction and their flow path
are alternately arranged. The flow paths are partitioned by walls. Since the
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PCHE has a large heat transfer area per unit volume, it is suitable for a gas
with a low heat transfer coefficient.

The advantage of the PCHE is the capability of limiting the area
affected by CO2 leak resulting from a failure of the flow path because the
flow paths are partitioned. In shell & tube heat exchangers, a reaction jet
caused by one tube failure will affect many adjacent tubes, as illustrated in
Fig. 2.3. However, in the PCHE, the influence of CO2 leak is limited within
one flow path, at least in the initial phase, as shown in Fig. 2.2.

Manufacturing a PCHE in a large-scale, however, is impractical.
Accordingly, it is necessary to manufacture it as small-scale heat transfer
modules and combine them in a heat exchanger vessel to form the flow
paths.

2.3 SiC/SiC composite material for PCHE

The SiC/SiC ceramic composite material is based on silicon carbide
ceramics using a silicon carbide fiber as reinforcement. Because of its
pseudo-ductility, excellent high-temperature strength and low thermal
expansion coefficient, this material is advantageous for a heat exchanger, in
which hot-leg (sodium side) and cold-leg (CO: side) flow paths are
incorporated together, from a structural integrity perspective.

Furthermore, it is possible to provide a crack arresting layer between
the sodium and CO2 flow paths in its manufacturing process. This would
provide a mechanism to prevent through leaks.

This report describes the design of the supercritical CO2 gas turbine
system in (1) above. Other results are the estimated dimensions of the
secondary sodium circuit-eliminated JSFR and the comparison of the
building volume between plants with and without the secondary sodium
circuit.

The conditions of the primary sodium system assumed for this study are
the same as those of the reference 1500 MWe JSFR, as described below:

Reactor thermal power: 3530 MWth

Number of the primary sodium loops: 2
Primary sodium flow rate: 3.24x107 kg/hr/loop
Reactor outlet sodium temperature: 550°C
Reactor inlet sodium temperature: 395°C
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3. Na/COz heat exchanger
3.1 Configuration of heat exchanger unit

The configuration of the Na/COz PCHE (Printed circuit heat exchanger)
is shown in Fig. 3.1. Since the PCHE has a layered configuration in which
sodium and COz flow paths are arranged one after the other, it is impossible
to provide the inlet/outlet of the sodium and CO: flow paths on the same
side surface. The inlet/outlet of sodium is separated from those of COz by
arranging the sodium flow paths in the form of a crank.

Figure 3.2 shows the configuration of the PCHE in which the CO2
inlet/outlet pipe is installed. The COz inlet/outlet piping has a double-walled
configuration consisting of inner and outer pipes. The A-A and B-B cross
sections show the CO2 and sodium flow paths, respectively. The right-side
COg pipe is the inlet side through which CO:z flows into the heat exchange
region, toward the left direction of the PCHE. The CO2z that has exchanged
heat with sodium flows out to the left-side CO2 pipe and then flows upward.

No sodium pipe is connected to the PCHE. This is because the PCHE is
contained in the heat exchanger vessel and immersed in sodium, which
flows outside of the PCHE. (Details are given in Section 3.3.)

In manufacturing the Na/CO2 heat exchanger, small heat transfer
modules (PCHE modules) are fabricated first as shown in the left
illustration of Fig. 3.3. These heat transfer modules are then longitudinally
layered to form a heat exchanger unit (PCHE unit). The heat exchanger
units are circumferentially arranged and connected in the heat exchanger
vessel to form the sodium and COsz flow paths.

3.2 Sizing of heat exchanger unit

The heat transfer area of the heat transfer module was obtained by the
configuration of heat exchanger, heat transfer coefficients of fluids, and
thermal conductivity of the heat exchanger material (SiC/SiC composite
material).

The shape and specifications of the COgz-side flow path are listed in
Table 3.1. The S-fin type flow path is employed for the CO2-side to reduce
the flow resistance and enhance the heat transfer coefficient. The S-fin type
flow path has the advantage of low pressure loss compared with the Zigzag
type flow path, although both types have similar heat transfer performance.

The straight flow path is employed for the sodium-side, as shown in Fig.



JAEA-Research 2014-015

3.4. This flow path is partitioned, meaning that the area of leak will be
restricted in case of a CO2 leak. Although the straight flow path has lower
heat transfer performance compared with the S-fin type flow path, since
sodium has an excellent heat transfer coefficient, even the straight flow
path can achieve a sufficient heat transfer coefficient.

The specifications of plate thickness, flow path height, fin thickness and
the minimum thickness were set to be the same as those of the CO2-side
flow path; and the flow path width was set to be equivalent to the maximum
width of the S-fin type flow path.

The heat transfer area of the heat transfer module was calculated based
on the required conditions of the Na/CO2 heat exchanger, which are

described below, to determine the dimensions (sizing).

e Inlet COs temperature (°C): 385.8

e Outlet CO2 temperature (°C): 527

e Inlet sodium temperature (°C): 550

e Outlet sodium temperature (°C): 395

e COs flow rate (kg/s): 20,245

e Sodium flow rate (kg/s): 18,000

e Heat exchange capacity (kJ/s): 3,530,000

e Allowable sodium-side pressure loss (MPa): 0.0217
e COs pressure loss ratio (%): 2*

(* The pressure loss ratio estimation includes the connecting piping.)

The following equations are used for the heat transfer calculation of CO2
and sodium-side flow paths, respectively.

[CO2 side]
Nusselt number: Nu = 0.1043Re0-658
Coefficient of friction: f = 3.288Re0-361

[Sodium side]

Nusselt number: Nu = 0.023Re%8Pr04 (Dittus-Boelter equation)

Since the sodium-side flow path is in the form of a crank, cross-flow heat
exchange occurs at the inlet/outlet portions, and counter-flow heat exchange
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occurs in the other areas. Both the heat exchange modes were taken into
account in calculating the heat transfer area of the heat transfer module.

The thermal conductivity of SiC/SiC composite material was set to be 25
W/(m'K) for the heat transfer calculation, and the length of the heat
transfer area was determined to keep the pressure loss no greater than the
allowable value in consideration of the manufacturability of SiC/SiC
composite material (limitation of the size).

The specifications and configuration of one heat transfer module
obtained based on the heat transfer calculation are shown in Fig. 3.5. The
dimensions of the heat transfer module are 750 mm in length, 202 mm in
height and 230 mm in width. There are 60 layers of sodium flow paths and
60 layers of COz flow paths one after the other in the heat exchange module,
and the heat exchange capacity is 817 kWth/module. The pressure losses
were calculated to be 0.0166 MPa on the sodium side and 0.242 MPa on the
COg2 side; and both values meet the design requirements.

3.3 Structural concept of heat exchanger
3.3.1 Layout of heat exchanger units

The layout of the combined heat transfer modules in the heat exchanger
vessel is shown in Figs. 3.6 and 3.7. Sixty heat transfer modules (202mm X
230mm X 750mm) are piled up to form one heat exchanger unit. The
dimension of this heat exchanger unit including the COg2 inlet outlet piping
1s 12.2 m high, 0.3 m wide and 1.33 m long. The heat exchange capacity of
one heat exchanger unit is 49.0 MWth/unit. Thirty eight heat exchanger
units are circumferentially arranged in the vessel as shown in the lower
right of Fig. 3.6. Thirty six heat exchanger units were sufficient to achieve
the specified heat exchange capacity; however, two more units were
installed as spare units.

As the circumferential arrangement of the heat exchanger units makes
space in the central area of the vessel, the pump is installed here. The heat
transfer tubes of the PRACS are arranged in the sodium main flow path of
the hot-leg side between the heat exchanger units.

3.3.2 Sodium flow path
The whole heat exchanger units are immersed in sodium in the heat

exchanger vessel. The outer and inner regions inside the heat exchanger
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vessel are arranged for hot-leg and cold-leg sodium, respectively, as shown
in the horizontal cross section of the upper right section of Fig. 3.6. Sodium
flows from the outer to inner regions in the heat exchanger unit. This is
because the pump was installed in the central area of the heat exchanger
and, accordingly, it is appropriate to maintain low temperatures by
arranging the cold-leg in the inner region. The sodium exchanging heat with
COz2 in the unit flows out to the cold-leg plenum, flows downward, and then
changes its flow direction upward at the bottom to enter the pump.

3.3.3 CO2 flow path

The COz inlet/outlet piping of the heat exchanger unit is connected to
the CO2 ring header above the heat exchanger. The CO2 supplied from the
COz2 ring header flows downward through the COz inlet piping and enters
the heat exchanger unit. The COz flows from the inner to outer sides in the
heat exchanger unit so that the COz2 and sodium counter-flow. Then, the CO2
flows upward through the CO2 outlet piping and enters the COz outlet ring
header.

3.3.4 Main sodium piping

There are 3 main primary sodium pipings between the R/V and the heat
exchanger vessel: 2 of these are on the hot-leg side and the remaining one is
on the cold-leg side. Two sets of reduced diameter piping are used for the
hot-leg to shorten the length of the heat exchanger. The cold-leg sodium
piping is placed horizontally from the outlet of the pump. For this reason,
the COz2 inlet/outlet vertical piping cannot be placed in the cold-leg sodium
piping area: that is, the heat exchanger unit cannot be placed immediately
below the cold-leg sodium piping, leaving this area empty. Therefore, a
single cold-leg piping was employed to minimize the empty space in the

vessel.

3.3.5 Repair

If a COgz leak occurs in a PCHE unit, it is impossible to gain access to
the flow path of the unit and to repair it by flow path plugging. In this case,
in-place plugging method is applied to the entire unit. Accordingly, 2 extra
heat exchanger units are installed in the heat exchanger vessel assuming

plugging for the margin.
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A failed heat exchanger unit is not replaced by a new one. This is due to
the difficulty of welding and reconnecting the piping for replacement unit
because this heat exchanger is a primary component. Another reason is that
the pump support structure poses an impediment to the upward extraction
of a failed heat exchanger unit.

3.3.6 Cover gas structure

The heat exchanger was designed to have a space filled with a cover gas.
A bellows on the sodium boundary is necessary to absorb the thermal
expansion difference between the heat exchanger vessel and heat exchanger
unit. Installing the bellows in the cover gas volume can reduce the
possibility of its failure.

Detection of CO2 leaking into sodium in the heat exchanger is also
required for safety. It is impossible to detect CO2 by means of permeation
through a nickel membrane in sodium as is possible in hydrogen detection.
Accordingly, the cover gas volume i1s needed for gas chromatography
detection of CO2z released from sodium. The cover gas volume of the heat
exchanger has another advantage to moderate the pressure rise in case of a
large leak.

The dimensions of the heat exchanger vessel was estimated based on the
above heat transfer -calculation and structural consideration. The
dimensions are an outer diameter of 8.6 m and a height of 20.1 m (excluding
the pump area).

3.4 Comparison of size with shell & tube heat exchanger

The heat transfer area and the volume of heat exchange region between
the Na/CO2 HX, Na/Na HX and the double-walled tube steam generator
(SG) are compared in Table 3.2.

The Na/CO:2 heat exchanger requires large heat transfer area due to
inferior heat transfer property on the gas side. The heat transfer area of the
Na/CO2 heat exchanger is approx. 6 times that of the Na/Na HX and approx.
twice that of the SG.

However, since the PCHE has a greater heat transfer area per unit
volume of the heat exchange region, the volume of heat exchange region of
the PCHE is approx. 1.2 times that of the IHX and approx. 1/5 of that of the
SG.

7107
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Thirty-eight PCHE modules need to be arranged in the heat exchanger
vessel in the consideration of the sodium flow space. And also, because no
PCHE unit is installed immediately below the sodium cold-leg piping, empty
space appears here. Due to these reasons, the vessel of the Na/COz heat
exchanger (HX) is larger than that of the Na/Na HX and SG in spite of its
small hear transfer area. Figure 3.8 shows the comparison of the sizes of
these heat exchangers. The size of the vessel of the Na/CO2 HX is approx.
3.6 times and 2.4 times that of the Na/Na HX and SG, respectively.

,ll,
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Table 3.1 CO;, flow path of heat transfer module

ltem Side S-fin type
4 ilb'\"
Fin configuration Cold/Hot &
M -
o~ ~ »
Plate thickness, mm Cold/Hot 1.5
Channel depth, mm Cold/Hot 0.94
Wall thickness, mm Cold/Hot 0.54
Channel width, mm Cold/Hot 1.31
Fin thickness, mm Cold/Hot 0.8
Hydraulic diameter, mm | Cold/Hot 1.09¥
Bending angle, ° Cold/Hot 76
Pitch in x-direction Cold/Hot 7.565/3.426
/y-direction, mm
Number of plates Cold B
Hot 8
Number of fluid channels Cold 44
Hot 96
MCHE dimensions - 745.2/76/29
H/W/D, mm
Heat transfer area, m" Cold 0.2559
Hot 0.5099
Free flow area, m" Cold 542 x 107
Hot 11.82 x 107

* Defined using a minimal free flow area.

Table 3.2 Comparison of heat transfer area

S-CO, Brayton cycle JSFR

team Rankin cycle JSFR
(Secondary sodium circuit Steam Rankin cycle JS

elimination system) (Reference)
Heat
Na/CO, heat , | HX(Na/Na HX) 4480 m?
Transfer 28080 m 2
) exchanger SG (Na/Water HX) 13850 m
area (m?) 2
(Total 18330m?)
Volume of | Na/CO, heat o5 IHX (Na/Na HX) 52.9 m?
52m
heat trans3fer exchanger SG (Na/Water HX) 333.9m?
region (m”) (Total 386.8m?)
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Fig. 3.1 Na/CO, PCHE
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Fig. 3.2 Na/CO, PCHE with CO; inlet/outlet piping
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m 0.8mm|  1.5mm L e
L/ —
0.56mm
Item Size
Plate thickness 1.5mm
Flow width 1.5mm
Flow path height 0.94mm
Fin thickness 0.8mm
Plate minimum thickness 0.56mm

Fig. 3.4 Na flow path of heat transfer module
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Main specifications of heat transfer module

Width 230 mm

Dimensions Length 750 mm
Height 202 mm

Heat transfer area m?

Heat transfer performance 817 kWth/Module
Sodium side 0.017 MPa

Pressure dro -
P CO, side 0.242 MPa

60 CO, flow layer
60 Na flow layer

CO, flow layer

202

Na flow laye /]

A\

P 8 7 e 8 0

N

\
\\

|t "t W B b b i

) N\
\
SN

A

\
\

750 1.7 ; = = e e ey = g P P |

|' T 7 =og =g e

W
A

230
i

[CO, flow layer] Na flow layer [  ~

CO, flow layer
—/
= ,/

a 850 1.7

e ﬂﬁr
| \ fiy 3

N\~

230

| [Na flow layer] Heat exchanger
Heat exchanger area(Cross flow)
area(Cross flow)

Heat exchanger area

(Counter flow)

Fig. 3.5 Na/CO, heat transfer module
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Fig. 3.8 Comparison between heat exchangers
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4 Safety evaluation of Na/CO2 reaction
4.1 Double-walled structure at Na/CO2 boundary

The boundary between COz2 and sodium exists in the PCHEs and along
the CO2z inlet/outlet piping. Providing a double-walled structure to these
boundaries and continuous leak monitoring can prevent COz leak into
sodium.

It is impossible to inspect a heat transfer flow path in the PCHE due to
access difficulty. Continuous CO2 leak monitoring during plant operation

was applied as an alternative to inspection.

4.1.1 Heat exchange region in heat exchanger unit

The PCHE module has a layered configuration of the SiC/SiC composite
material plates, in which SiC fiber reinforced carbon layers are installed
between sodium and COz-side flow paths, as is shown in Fig 4.1. The carbon
layer was strengthened by the SiC fiber between SiC/SiC composite layers.

The leak detection grooves were horizontally arranged in the area
surrounding the SiC fiber reinforced carbon layer as shown in Fig. 4.2. Leak
detection holes vertically lead to these leak detection grooves of each layer.
The leak detection holes were connected to the annulus of the double-walled
COg inlet/outlet piping.

Figure 4.3 shows a crack growth process from the CO:z flow path in the
PCHE. When a crack reaches the carbon layer, since the carbon layer is soft,
the crack propagates horizontally in the carbon layer, not beyond the carbon
layer. In this situation, the pressure of the COs side (20 MPa) exerts on the
carbon layer. However, since the carbon layer is firmly connected to the
upper and lower SiC/SiC composite layers by the SiC fiber, no separation
failure occurs between the carbon layers. The crack finally reaches the leak
detection groove, to which CO2 flows out. Since the leak detection grooves
lead to the annulus of the COz inlet/outlet piping through the leak detection
holes, it is possible to detect CO2 leaks by monitoring the gas in the annulus.

4.1.2 COz inlet/outlet piping

The COz2 inlet/outlet piping has a double-walled configuration consisting
of inner and outer pipes. Filling the annulus between inner and outer pipes
with inert gas and monitoring COz concentration allow for detection of leaks
at the stage of inner pipe failure, and thereby, prevent COz leak into sodium.
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4.2 Evaluation of Na/CO2 reaction
4.2.1 Detection of COz2 leak and mitigation of the effects
(1) CO2 leak detection system

Assuming the case where CO:z leaks into sodium regardless of the
double-walled structure of the COs/sodium boundary, the monitoring of a
COs2 leak in sodium was studied.

The reaction between sodium and COs is described as follows:
2Na + 2C02 = Na2COs + CO

This reaction equation indicates that CO and unreacted CO:z exist in
sodium in the form of gas. However, detection by means of permeation
through nickel in sodium cannot be used for CO and COg, sampling cover
gas method is effective.

(2) Effect mitigation system

A mitigation system is required to reduce the effects of a CO2z leak into
sodium. Leaked COz needs to be separated from sodium to prevent the gas
ingress into the reactor core. There are possible 3 places where the gas
separator could be installed; inside the R/V, inside the heat exchanger vessel
and at the outlet of the heat exchanger. The installation of a gas separator
in the R/V requires a significant change in reactor structure. The
installation of a gas separator at the heat exchanger outlet needs an
additional vessel, increasing volume and occupied space. Therefore, the gas
separation inside the heat exchanger vessel is suggested, and also a method
of COz2 release into the cover gas is desirable.

The ingress of COz into sodium increases the pressure of the primary
sodium system to above its allowance level. Accordingly, a pressure reducing
equipment is also required and it needs to be connected to the cover gas

region, to prevent sodium discharge during pressure relief process.

4.2.2 Safety evaluation for CO2 leak
(1) CO2 leak rate

In this heat exchanger, the boundary between CO2 and sodium exists
between the heat transfer flow paths of the PCHE modules and along the
COg2 inlet/outlet piping. Therefore, both regions have to be taken into
account when assuming a failure in the Na/COz boundary.
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a) Failure in Na/CO: boundary between the heat transfer flow paths in

PCHE

COz2 flows out to the sodium side in the case of the Na/COz boundary
failure. The CO2 pressure of approx. 20 MPa, causes a critical flow at a
failure point. The pressure in the critical state depends on the pressure loss
at a failure point; however, in this study, the critical pressure was assumed
to be half the pressure on the CO2 side, i.e., 10 MPa, for simple and
conservative evaluation. The critical flow rate was calculated based on this
assumption. The critical flow rate per unit cross section and the related
information are listed in Table 4.1. This calculation also assumed that the
conditions upstream from the failure point are the same as those at the CO2
side outlet of the heat exchanger and that COz adiabatically expands
(isentropic change) when flowing out from the failure point.

The cross-section area of the sodium flow path of the PCHE is 1.41 mm?,
and the maximum COg leak rate is determined by this cross-section area.
The maximum leak rate was calculated from the cross-section area and
Table 4.1 as follows:

4.23x102 kg/sec = 1.41 mm?2 x 3.0 x 104 kg/(m?2 - sec)

The flowing pattern is estimated that the sodium-side flow path is
entirely filled with COgz, as shown in Fig. 4.4. For conservative evaluation,
the maximum CO: leak rate is assumed to be 5x102 kg/sec (50g/sec),
somewhat larger than 4.23%102 kg/sec.

b) Failure in COz inlet/outlet piping

COg inlet/outlet piping failure causes much larger COz leak rate than
that of the flow path failure of a PHCE. Given an inner diameter of 36 mm
(flow path cross-section area: 0.001 m?2), the leak rate is 60 kg/sec when
assuming a double ended guillotine failure.

COq leak events make various impacts, one of which is an increase in
the cover gas(C/G) pressure. The limit of C/G pressure increase is set to be
0.1MPa to prevent the lifting of the reactor vessel rotating plug. However,
the C/G pressure reaches the limit value within a few seconds after the COxq
inlet/outlet piping failure. Since other effects are also significant, a double-
walled structure was adopted for the CO2 inlet/outlet piping to eliminate the
possibility of the double ended guillotine failure.
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(2) Effects of COz leak
Na/COgq reaction accidents cause the reaction products, such as Na:COs
and CO, change the pressure and flow conditions, giving effect on plant
safety.
The basic requirements for ensuring plant safety include:

® reactor shutdown,
® decay heat removal, and

® radioactive material release mitigation.

Firstly, possible increase of the leak rate was examined, and then, the
effects of and countermeasures for COz leak events were studied from the
above 3 safety requirements.

While the reaction between sodium and CO2 depends on their mixing

ratio, temperature, etc., the following reaction was assumed here:

Na() + COs (g) = 1/2NazCO3(1) + 1/2CO(g)
Reaction heat [25°C] = 227 (kJ/mol)

Previous sodium/water reaction tests have revealed two mechanisms for
the expansion of leak rate: wastage and over-heating rupture. In the case of
a COq leak, since the sodium flow path is a narrow region as shown in Fig.
4.4, there is no possibility that a large high-temperature reaction jet forms
in the sodium side. Therefore, the expansion of failure due to over-heating
rupture is unlikely. Wastage hardly advances the failure because the
reaction products are Na2COs3, etc., which have low corrosiveness. And also,
in-sodium COz leak tests have shown that the amount of wastage was very
small.

These facts indicate no significant escalation of COgz leak rate in the
PCHE and not beyond the above-mentioned maximum CO: leak rate of
approx. 50 g/sec.

a) Reactor shutdown
Three effects of CO2 leak on reactor shutdown are as follows:

® Insertion of void reactivity by the effect of COg,
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® Insertion of reactivity due to core compaction by pressure wave
® Hindering insertion of control rods due to core compaction by
pressure wave

Since the CO2 leak rate is not greater than 50 g/sec at maximum, as
has already been described, the pressure wave generated in the PCHE is
small and has no significant effect.

The insertion of void reactivity by gas was estimated by conservatively
assuming that COz does not decrease due to the reaction with sodium. The
calculation conditions are as follows:

Maximum COg leak rate: 50 g/sec

Mean core pressure: 0.3 MPa

Mean core temperature: 475C

COg density in the core: 2.2 kg/m3

Coolant volume in the core: approx. 4.5 m3

Core void reactivity: 5.2 $ (1.14 $/m?3)

Time needed for coolant to pass through the core: approx. 0.2 sec

The reactivity inserted at the maximum CO2 leak rate was obtained
based on these conditions. It was also assumed that CO2 flows into the core
from its bottom and is homogeneously distributed into the core with a
certain void ratio within approximately 0.2 sec. This condition maximizes
the reactivity.

Amount of COz leak within 0.2 sec: 0.01 kg (= 0.05 kg/sec X 0.2 sec)
CO2 volume: 0.0045 m3 (= 0.01kg/2.2kg/m3)
Inserted void reactivity: approx. 0.005 $ (= 1.14 $/m3 x 0.0045 m3)

The inserted reactivity was calculated to be approx. 0.005 $. Even if a
COg2 leak cannot be detected before CO2 reaches the core, the increase in
reactor power due to the inserted reactivity is small.

The CO:z leak rate corresponding to prompt criticality (1.0 $) is 9.6
kg/sec (= ((1/1.14$/m3)x2.2 kg/m3)/0.2 sec). A simultaneous failure of both the
mner and outer COgz inlet/outlet pipes causes large CO:z leak and then
results in the prompt criticality. To avoid this event, the reactor core
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requires to be scrammed before the CO2 gas reaches the core by detecting

pressure increase.

b) Decay heat removal

A study was performed to investigate the possible effects of flow
blockage (reduction in flow rate) due to reaction products and reduced heat
transfer performance on decay heat removal.

The sodium inventory of the primary system is approx. 1000 tons (106
kg). Assuming that 1 kg of COz leaking into the sodium system is entirely
mixed into sodium and that no gaseous COz is released into the cover gas
region for conservative evaluation, the carbon and oxygen concentrations
are increased by 0.27 ppm and 0.73 ppm, respectively. The upper limit of the
oxygen concentration i1s 10 ppm and its concentration is ordinarily
controlled from 3 to 5 ppm during normal operation. Provided that the total
amount of the COz leak is approx. 5 kg, it increases the oxygen and carbon
concentrations by 5 ppm. This amount of the CO2 causes no safety affects on
the decay heat removal in the viewpoint of the impurity control. The 5 kg of
COz2 corresponds to the maximum leak rate of 50 g/sec for 100 seconds. If the
50 g/sec leak is detected in approx. 40 seconds and the CO3z system is blown
down in approx. 1 min., the amount of COz leak can be restrained at an

insignificant level.

¢) Primary coolant boundary

For conservative estimation of the pressure increase in the primary
system, leaked CO2 was assumed not to be decreased by the reaction with
sodium.

The total cover gas volume in the primary system is approx. 100 m3 and
the pressure increase of 0.1MPa at 400°C requires approx. 80 kg of COa.
This corresponds to the amount of COz leak rate of 50 g/sec for 1600 seconds.
That is, as described above, the 40 sec. leak detection and the 1 min. CO2
blow down can keep the pressure increase to no greater than 0.1 MPa.

To cope with beyond design basis accidents, such as the failure of the
COg 1inlet/outlet piping, it is necessary to take measures to mitigate the
pressure increase by installing a rupture disk. The dump tank is possible
spaces into which reaction products and COz are released.
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(3) Effect mitigation measures
In the Na/CO:z heat exchanger, keeping the COgz leak rate less than
approx. 50 g/sec limits the effect of Na/CO2 boundary failure. Therefore, the
requirement of the mitigation equipment can be reduced compared with the
sodium heated steam generators.
The required measures are summarized as follows:
(i) Leak detection systems (gas chromatography in the cover gas,
plugging indicator, cover gas pressure gauge)
(i) Rapid COg blow down system
(ii1) Na/COq reaction product release system (measure against BDBA)
(iv) RV-HX pressure equalizing line (measure to limit the transfer of
reaction products from the hot leg, measure against BDBA)

Table 4.1 CO, critical flow rate

HX outlet condition Failure point
Pressure (MPa) 20 10
Temperature (°C) 527 450
Density (kg/m3) 128 73
Entropy (kJ/(kg*K)) 4.82 4.82
Velocity (m/s) 451 412
Critical flow rate (kg/(m’ - sec)) - 3.0x10"
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5. Conclusions

The CO2/Na reaction 1s not a furious event, and the area of failure in the
PCHE is limited by its partitioned flow paths. Taking into account these
advantages, a preliminary conceptual design of the secondary sodium
circuit-eliminated JFSR adopting a supercritical COz turbine system was
performed.

The configuration of the Na/CO: heat exchanger was discussed in
consideration of its heat transfer performance, safety, manufacturability,
repairability. A simple evaluation of the effect of COz leak on the reactor core
and primary sodium boundary was also performed.

Since the PCHE has a large heat transfer area per unit volume, the
volume of the heat transfer region is small. However, 38 PCHE modules are
circumferentially arranged in the heat exchanger vessel to make space of
the sodium and CO: flow paths, and this arrangement makes the vessel
larger, compared with the IHX and SG.

No significant effect on the core and primary sodium boundary is caused
by the CO2 leak into sodium due to the failure of flow path in the PCHE
because the leak flow rate and the area affected by failure are limited by the
partitioned flow paths.

The layout of component/piping in the reactor building and the
supercritical CO2 gas turbine system (system configuration, heat and mass
balance, layout, etc.) was also examined in the study of the secondary
sodium circuit-eliminated JFSR. Based on these study results, the reduction
in volume will be clarified by comparison with the reference JSFR (adopting

the water-steam system with the secondary sodium circuit).
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#6. SHUCBEIZ2VA, SIE PR &5 HifL
g Eekes SI HfZIZ & %l
47 min |1 min=60s
(53 h [1h =60 min=3600 s

A d |1 d=24 h=86400 s

HE °  [1°=(w/180) rad

5 > [1’=(1/60)°=(11/10800) rad

®» ” |17=(1/60)=(n/648000) rad
Y B = ha |1ha=1hm’=10"m’

U b L, 1|1L~11=1dm*=10°cm®=10°m?®
ko t  |1t=10° kg
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1eV=1.602 176 53(14)x10°J
1Da=1.660 538 86(28)x10*'kg
1u=1 Da

1ua=1.495 978 706 91(6)x10"'m

eV
Da

ua
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AR veea ST HLALCH S5 HE
N — V| bar |1bar=0.1MPa=100kPa=10°Pa
KEHE X U A — hlimmHg 1lmmHg=133.322Pa
Arv 7% hu—24 A |1A=0.1nm=100pm=10""m
i | M [1M=1852m
A — | b |1b=100fm®=(10"%cm)2=10*m?
J v I kn |1kn=(1852/3600)m/s
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#9. HBEOLFRE HOCGSHALHT
B2 s ST HLAL TH S5 5l
e % 7| erg |1erg=10"J
» A | dyn |1 dyn=10°N
N 7 Al P |1P=1dynscm?=0.1Pas
Ak — 7 2| St |1St=lem®s'=10"m?s"
A F A 7| sb |1sb=lcdcm®>=10%d m?
7 + I ph |1 ph=lcd srem? 10%x
7 V| Gal |1 Gal=lcm s%=10%ms?
~ 7/ A U z | Mx |1Mx=1Gcm?>=10°Wb
B 7 2l G |1G=1Mxcm?=10"T
27y F ¢ Oe [10es (1074mA m?
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¥ =2 U  —| Ci |1Ci=3.7x10'""Bq
L v k% ¥ R [1R=258x10"*C/kg
7 F| rad [1rad=1cGy=102Gy
1% Al rem |1 rem=1 ¢Sv=102Sv
o v ~| vy |1y=1nT=10-9T
7 =z A =2 17 =L 3=1 fm=10-15m
A—=RINVRAT v b 14— k%A T v b =200 mg = 2x10-4kg
k /v| Torr |1 Torr = (101 325/760) Pa
Bo# K & JE[ atm |1 atm =101 325 Pa
1cal=4.1858J ([15Ci1H Y —) , 4.1868J
O e e A ey
2 7 v U op |1p=1um=10"m
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