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Research and development of the supercritical COz (S-CO2) 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-CO:z 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-COz cycle turbine system of SFRs.

This report describes the system configuration, heat/mass balance, and main
components of the S-COz turbine system, based on the JSFR specifications. The layout
of components and piping in the reactor and turbine buildings were examined and the
dimensions of the buildings were estimated.

The study has revealed that the reactor and turbine buildings could be reduced by
7% and 40%, respectively, in comparison with those in the existing JSFR design with
the secondary sodium circuit employing the steam turbine. The cycle thermal was also
calculated as 41.9-42.3%, which is nearly the same as that of the JSFR with the
water/steam system.

Keywords : Secondary Sodium Circuit Elimination, JSFR, Supercritical COz2 turbine
System
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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
COsq turbine system and a Na/COz PCHE (printed circuit heat exchanger).

In this study, the 1500 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 preliminary design of the supercritical CO2 gas
cycle (turbine) system for the JSFR. A reduction in the volume of the
secondary sodium circuit-eliminated JSFR is also discussed in combination
with a study on the Na/COz heat exchanger.
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2. Overview of secondary sodium circuit-eliminated JFSR
A supercritical CO2 gas cycle and a PCHE-type Na/COz 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/COz heat exchanger (PCHE) to prevent a crack initiation and its
growth. Although both the supercritical COz2 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) below;

2.1 Superecritical CO:z gas turbine system

A configuration diagram of the supercritical CO2 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/COgz 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, NasCOs, suppresses the
progress of the sodium-COgz reaction. From these features, the sodium-COsz
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 COz2 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. Supercritical COz turbine system
3.1 Compressor inlet CO2 temperature
3.1.1 Basic concepts

A study on the compressor inlet CO2 temperature that affects the cycle
thermal efficiency was conducted in order to design the supercritical COz2
turbine cycle.

The influencing factor that determines the compressor inlet COq
temperature is the inlet coolant (sea water) temperature at the pre-cooler
installed upstream from the compressor.

In LWRs, the variation of the sea water temperature by season affects
the condenser vacuum, varying the steam turbine efficiency. Accordingly, at
constant reactor (LWR) power operation, a reduced sea water temperature
improves the condenser vacuum, raises the steam turbine efficiency and
increases its generating output.

Also in the supercritical COz cycle, the design sea water and compressor
inlet CO2 temperatures needs to be determined by taking into account the
effect of the sea water temperature change on the turbine power efficiency.
Furthermore, when the compressor inlet temperature and pressure are
equal to or lower than the critical point (7.382 MPa, 31.06°C), COz liquefies,
and prolonged liquefaction may lead to compressor failure. Therefore,
determination of the compressor inlet CO2 temperature must also take
control/protection into consideration to avoid the critical point.

This report describes a semi-quantitative study on the compressor inlet
CO: temperature, based on the above 2 points (turbine efficiency,
control/protection of the compressor) and the effect on the volume of the

heat exchanger.

3.1.2 Design sea water temperature
(1) Prerequisites

Although the site for the reference JSFR (with the secondary sodium
circuit and steam turbine) has not yet been decided, the design condenser
sea water temperature is assumed to be 23°C. The averaged values of the
highest and lowest sea water temperatures at Japan's LWR sites are as

follows:
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Monthly-averaged highest sea water temperature 23.9°C=24°C
Monthly-averaged sea water temperature 16.4°C=16°C
Monthly-averaged lowest sea water temperature 10.4°C=10°C
Sea water temperature with a 75% incidence 20°C

As described above, LWRs can be operated at a constant power level
even when the sea water temperature varies, however, the turbine efficiency
varies due to the change in condenser vacuum. Therefore, the effect of sea
water temperature on the S-CO2 turbine efficiency was examined based on
the following conditions:

(a) Reactor operation at a constant power

(b) Reactor outlet/inlet temperatures 550°C / 395°C  (AT:155°C)

(c) Na/CO2 heat exchanger COs outlet/inlet temperatures

527°C / 388°C (AT:139°C)

(d) Compressor inlet COs temperature 35°C

(e) Sea water temperature
Monthly-averaged highest sea water temperature 24°C
Annual average sea water temperature 16°C (Ref.)
Monthly-averaged lowest sea water temperature 10°C

(f) The compressor inlet CO2 temperature is assumed to be determined

with sea water temperature as follows:

Sea water temperature Compressor inlet CO2 temperature
24°C 43°C
16°C 35°C
10°C 29°C

(2) In the case of a decreased sea water temperature (16°C --> 10°C)

A decrease in sea water temperature lowers the turbine system
temperature and consequently the pressure, however, the turbine inlet
pressure is maintained at a constant by the pressure control system. The
compressor inlet CO2 temperature decreases from 35°C to 29°C, and the
compressor flow rate changes to (273+35)/(273+29)x100 = 102.0%, i.e., it
increases by 2%. Since the Na/CO: heat exchanger (HX) inlet COs
temperature falls down with the decrease in the compressor inlet COq
temperature (6°C), it changes from 388°C to 382°C (=388-6). The Na/CO2 HX

outlet CO2 temperature falls down with the decrease in the outlet/inlet
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temperature difference due to the increase in CO2 flow rate and the decrease
in the inlet COs temperature. And then it changes from 527°C to 518°C (=
527°C - (139°C x 2% + 6°C)).

Even if the sea water temperature declines, the reactor outlet/inlet
temperature difference remains unchanged (155°C). Because the reactor
power and the sodium flow rate are maintained to be constant. Since the
heat exchange capacity of the Na/COz heat exchanger is not changed, the
logarithmic mean temperature difference (LMTD) also stays constant. The
reactor outlet sodium temperature in the case of decreased sea water
temperature transitions to a new level that meets the above conditions.

The LMTD, ATm, of the Na/CO2 heat exchanger during the rated

operation is as follows:

550-527)—(395-388)
In 550-527
395-388

Reactor Na outlet/inlet temperatures 550°C / 395°C [rated operation]

Na/CO2 HX CO:2 outlet/inlet temperatures 527°C / 388°C [rated operation]

ATm:( =13.45C

A new reactor inlet sodium temperature (Na/COs; HX sodium outlet
temperature) is set so that the LMTD is maintained at the same value
during the rated operation (13.45°C) even when the sea water temperature
decreases to 10°C. From the previous calculation, the Na/CO2 HX COz -side
temperatures are:

+ Inlet COz temperature:382°C [In the case of the decreased sea water temperature]

+ Outlet CO2 temperature:518°C [In the case of the decreased sea water temperature]

A new reactor outlet sodium temperature (Na/CO2 HX sodium inlet
temperature) is (T1+155)°C and the LMTD is the same as before, and
accordingly, the following equation holds:

AT (1, +155-518)-(1;-382) _ 19 _13.45C

[ L+155-518 [ 7-363
T, -382 T -382
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From the above, the reactor inlet/outlet sodium temperatures in the
case of decreased sea water temperature have been obtained as follows:

e Reactor inlet sodium temperature: T1 388°C

e Reactor outlet sodium temperature : 388+155=543°C

The operational conditions in the case of decreased sea water
temperature to 10 °C are summarized below:

e Reactor power 100% (constant)

e Primary sodium flow rate 100% (constant)

e Reactor outlet/inlet temperature difference  155°C (constant)

e LMTD 13.45°C (constant)

e Reactor outlet/inlet sodium temperatures 543°C /388°C

e Na/CO2 HX COz2 outlet/inlet temperatures 518°C /382°C

e (COg flow rate 102%

The sea water temperature decrease leads to the power decline of the
supercritical COz turbine due to the following reasons:
e Decrease in efficiency due to a (2%) deviation from the rated point of
turbine and compressor

e Decrease in turbine power due to a decrease in the turbine inlet
temperature (527°C --> 518°C)

To prevent the power decrease due to decreased sea water temperature,
the coolant flow rate in the pre-cooler needs to be declined so that the

compressor inlet COz2 temperature is maintained at 35°C.

(8) In the case of an increased sea water temperature (16°C --> 24°C)

An increase in sea water temperature raises the turbine system
temperature and pressure; however, the turbine inlet pressure 1is
maintained at a constant by the pressure control system.

The compressor inlet CO2 temperature increases from 35°C to 43°C on
the basis of the above assumption, and the compressor outlet mass flow rate
changes to (273+35)/(273+43)x100 = 97.5%, i.e., decreases by 2.5%. Since the
Na/CO2 HX inlet CO:2 temperature goes up with the increase in the
compressor inlet COs temperature (8°C), it changes from 388°C to 396°C
(=388+8). The Na/COsz HX outlet COs temperature changes from 527°C to
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538°C by the increase in outlet/inlet temperature difference due to the CO2
flow rate decrease and the inlet  temperature Increase
(=527°C+(139°Cx2.5%+8°C)).

The reactor power and the sodium flow rate are maintained at a
constant regardless of sea water temperature increasing. The reactor
outlet/inlet temperatures are, therefore, calculated under the assumption
that the reactor outlet/inlet temperature difference is kept to be constant
(155°C). In this case, the heat exchange capacity of the Na/CO: heat
exchanger and the LMTD stay unchanged. The reactor outlet sodium
temperature in the case of an increased sea water temperature transitions
to a new level that meets the above conditions.

The LMTD at the rated power operation is 13.45°C. The reactor inlet
sodium temperature (Na/COsz HX outlet sodium temperature) is set so that
the LMTD is maintained at the same value (13.45°C) even when the sea

water temperature increases.

Inlet CO2 temperature: 396°C

Outlet CO2 temperature: 538°C

Reactor inlet sodium temperature

(Na/CO2 HX outlet sodium temperature) : T1°C
Reactor outlet sodium temperature

(Na/CO2 HX inlet sodium temperature) : T1+155°C

ATm:(n +155-538)— (T, ~396) _ 13 1345

(T +155-538 (7383
T, —396 T, —396

From the above, the reactor inlet/outlet sodium temperatures are

obtained as follows:
e reactor inlet sodium temperature Ti: 404°C, and
e reactor outlet sodium temperature: 404 + 155 = 559°C.

Therefore, the operational conditions in the case of increased sea water
temperature are summarized below:
e Reactor power 100% (constant)
e Primary sodium flow rate 100% (constant)

7107
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e Reactor outlet/inlet temperature difference  155°C (constant)
e LMTD 13.45 °C (constant)

¢ Reactor outlet/inlet sodium temperatures 559°C/404°C
e Outlet/inlet CO2 temperatures 538°C / 396°C
e (COq flow rate 97.5%

The above operational conditions are beyond the reactor operation limit
because the reactor outlet temperature (559°C) is 9°C higher than the rated
operation level (550°C). Therefore, the reactor power requires to be lowered
to maintain the reactor outlet temperature at 550°C. It is obtained by the

following equations.

0 = B0-T ... (1)
100 550-395
T, =396+ 13_9 xg ........... (2)
0.975 100
T )=(T -
ATm:(550 2)-(7 396)=13.45 ----- (3)

(3501,
T, —396

[Initial conditions]
Reactor inlet temperature: 395°C (the rated operation)
Reactor outlet temperature: 550°C (the rated operation, constant)
Reactor outlet/inlet temperature difference
:139°C (the rated operation)
COq flow rate: 0.975 (relative value to that at 16°C)
Na/COz HX inlet CO2 temperature: 396°C (constant)

Q: decreased reactor power (%)
T1: reactor inlet temperature (°C)
Ts: Na/CO2 HX outlet COg temperature (°C)

From equations (1)-(3), Q=94%, T1=404°C and T2=530°C.
The above operation conditions are summarized as follows:

Reactor power 94%

Primary coolant flow rate 100% (constant)

,ll,
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Reactor outlet/inlet temperatures 550°C/404°C
Na/CO2 HX outlet/inlet CO2 temperatures 530°C/396°C
COzq flow rate 97.5%

The causes for the decrease in supercritical CO2 turbine power are
as follows:
Decrease in reactor power (100% --> 94%)
Increase in compressor input power due to the compressor
temperature rise (35°C --> 43°C)

The turbine power is significantly decreased due not only to the decrease
in turbine system efficiency but also the decrease in reactor power
attributed to the reactor operation limit.

(4) Design sea water temperature

The following 4 options were candidates for the design sea water

temperature.
e Monthly-averaged lowest sea water temperature 10°C
e Monthly-averaged sea water temperature 16°C
e Sea water temperature with a 75% incidence 20°C
e Monthly-averaged highest sea water temperature 24°C

When the sea water temperature decreases below the design value,
decreasing the coolant flow rate in the pre-cooler keeps the compressor inlet
COq2 temperature at 35°C to maintain the power at a constant.

On the other hand, in the case that the sea water temperature increases
above the design value, the compressor inlet CO2 temperature rises and the
power falls down. To prevent a decrease in power, the design sea water

temperature was determined to be 24°C, the highest value.
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3.1.3 Compressor inlet CO2 temperature and turbine pressure ratio
(1) Control to avoid a gas-liquid mixing region and protection method
1. Basic concept
The operating condition of the compressor is based on the following
concepts:
® To protect the compressor, measures shall be taken to avoid
operation near the critical point (7.382 MPa, 31.06°C).
® Control shall be provided to maintain the COz system pressure and
the compressor inlet temperature at a constant in order to avoid
immediate entry of gas-liquid mixture into the compressor even
when either fails.
® The entry of gas-liquid mixture into the compressor for a short
period of time 1s allowed because the entry of a small amount of
gas-liquid mixture, such as mist, does not lead to immediate failure

of the compressor.

i1. Turbine pressure control and protection

The turbine pressure shall be controlled by injection and extraction of
COz (on-off control) to maintain the turbine inlet pressure at a constant of
approximately 20 MPa. The control width (including instrumentation error)
of the pressure shall be 0.65 MPa taking into consideration of the accuracy

of the control system and pressure gauge, etc.

[Turbine inlet]

~ 20.65 MPa
Control range 20 MPa (Design point)
A4 19.35 MPa

Since the compressor outlet pressure is 0.57 MPa higher than the

turbine inlet pressure, its pressure control rage is below.

[Compressor outlet]

7N 21.22 MPa

20.57 MPa (Design point)

A4 19.92 MPa
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To protect the compressor, it is necessary to trip the turbine to prevent

the compressor inlet pressure from decreasing to the critical pressure.

N 21.22/yMPa

Compressor operation range
20.57/yMPa (Compressor inlet pressure)

[y: Pressure ratio]

Vv

~ 19.92/yMPa

Alarm margin 0.2 MPa

X 8.2MPa (Alarm)

Trip margin 0.2 MPa

N
N 8.0MPa

Trip error range

7.8MPa (Turbine trip)

L4 7.6MPa
Margin 0.2 MPa

7.4MPa (Critical pressure)

iii. Control of compressor inlet CO2 temperature and protection

The compressor inlet COs temperature is controlled by the coolant (sea
water) flow rate in the pre-cooler. The alarm and turbine trip set values that
are determined between the critical temperature (31°C) and operating
temperature is described below. A study was conducted on setting the
compressor inlet temperature at 35°C, 34°C and 33°C; however, protection
using temperature signal is impractical in any case because the operating

temperature is close to the compressor protection limit temperature.

e At a compressor inlet temperature of 35°C

= 36.5°C
Control range
g 35°C
33.5°C
ﬁAIarm margin
= 32.5°C (Alarm)
Tyi
1p error range 31.7°C (Turbine trip)
Vv

31°C (Critical temperature)
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® At a compressor inlet temperature of 34°C

N 35.5°C
Control
ontrol range 34°C
32.5°C
ﬁA]arm margin
N 31.5°C (Alarm)
e (Turbine trip)
~ 31°C (Critical temperature)
® At a compressor inlet temperature of 33°C
yN 34.5°C
Control range
2 34°C
31.5°C
@Alarm margin
N (Alarm)
Trip error range
P g (Turbine trip)
L4 31°C  (Critical temperature)

From the above, temperature signals is used only for alarms, and the
compressor protection is provided using pressure signals that are responsive
and allow for reliable trip.

As shown in the compressor protection diagram, taking the margin of
0.2 MPa between the lowest operational limit and the alarm value (8.2 MPa),

the compressor's pressure ratio is calculated as follows:

19.92/y-0.2=8.2

y= 19.92 _ 937
8.4

The turbine pressure ratio corresponding to y = 2.37 at a compressor
inlet temperature of 35°C is 2.22.

715,
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(2) Compressor inlet COs temperature

Based on the result of the last section, the compressor inlet COg2
temperature 1s examined under the condition of a compressor pressure ratio
of 2.37 (turbine pressure ratio of 2.22).

Possible compressor inlet CO2 temperatures include 2 cases: 35°C and
34°C. It is not desirable to select temperatures of 33°C or below from the
perspective of protecting the compressor. Temperatures of 36°C or above are
also not adopted because of the significant reduction in the cycle thermal
efficiency.

In the case of a closed-cycle gas turbine, it is desirable to maintain the
compressor inlet CO2 temperature at a constant regardless of sea water
temperature change. Taking the monthly-averaged maximum sea water
temperature of 24°C as the design temperature allows the compressor inlet

CO2 temperature to be a constant almost all year.

[Prerequisite condition]

Case 1 Case 2
Compressor inlet COsz temp. (°C) 35 34
Turbine pressure ratio 2.22 2.22
(Compressor pressure ratio) (2.37) (2.37)
Design seawater temp. (°C) 24 24
(Appearance ratio) (100%) (100%)

The heat transfer area of a heat exchanger and the cycle thermal
efficiency are compared between the case 1 and 2. The comparison of the
heat exchanger's heat transfer area is listed in the table below using the

relative value to the value in the case 1 based on the heat exchange capacity

and the logarithmic mean temperature difference.

[Calculation results]

Case 1 Case 2
Compressor inlet COs temp. (°C) 35 34
Pre-cooler (-) 1 1.11
Recuperator 1 (-) 1 1.01
Recuperator 2 (-) 1 1.01
Na, COs HX (-) 1 0.95
Cycle thermal efficiency (%) 43.5 43.6

,16,
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The table shows the decrease in compressor inlet CO2 temperature from
35°C to 34°C improves the cycle thermal efficiency by only 0.1%. The
comparison in the heat exchanger heat transfer areas indicates insignificant
difference between these cases. Therefore, 35°C, which allows for a larger
margin on the critical temperature (31.06°C), is chosen as the (design)

compressor inlet COz2 temperature to protect the compressor.

(8) Compressor and turbine conditions
Based on the study in the preceding section, the conditions for the

compressor and turbine were determined as follows:

e Compressor inlet CO2 temperature: 35°C
e Compressor pressure ratio: 2.37
e Turbine pressure ratio: 2.22

e Turbine inlet pressure: 20 MPa

A conceptual design of the system heat/mass balance and

component/piping is described in the next section.

3.2 Conceptual design of turbine system components and piping
3.2.1 Turbine

A basic configuration of the supercritical COz turbine was studied based
on the followings:

(1) The required number of turbine stages was calculated on the basis of
the inlet-outlet enthalpy difference obtained from the inlet/outlet
conditions.

(2) The rotor diameter and the blade outer diameter were calculated from

the CO9 volumetric flow rate at the inlet/outlet.

The specifications and external view of the turbine are shown in Table
3.2-1 and Fig. 3.2-1, respectively. The turbine adopts a four-divided flow
type consisting of 2 double-flow casing. The turbine has 6 stages, a mean
diameter of 1,700 mm and a rotor blade height of 150 to 250 mm.
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3.2.2 Compressor
A basic configuration of the main and bypass compressors was studied
based on the followings.
(1) The required number of stages was calculated based on the inlet-
outlet enthalpy rise obtained from the inlet/outlet conditions.
(2) The rotor diameter and the blade outer diameter were calculated from

the COgq volumetric flow rate at the inlet/outlet.

The specifications of the main and bypass compressors are listed in
Tables 3.2-2 and 3.2-3, respectively. The external view of the main and
bypass compressors is shown in Fig. 3.2-1.

The main compressor has 9 stages, a 1st-stage blade outer diameter of
1,255 mm and a rotor outer diameter of 990 mm. The bypass compressor has
12 stages, a 1st-stage blade outer diameter of 1,745 mm and a rotor outer

diameter of 1,470 mm.

3.2.3 Generator
With reference to the generator planned for the JSFR, the overall
dimensions of the generator were determined as follows:
6.5m wide, 15.5 m long and 5.5 m high

The external view of the generator is shown in Fig. 3.2-1. The space for
the generator system in which the turbine, main and bypass compressors,
and generator are connected along one axis is approximately 7 m wide and
49 m long.

3.2.4 Recuperator 1

Recuperator 1 is the first heat exchanger to which the CO2 from the
turbine flows in. It is a plate-fin type in which cold-leg (high pressure side)
and hot-leg (low pressure side) flow paths are alternatively layered. The
specifications and structural concept are shown in Table 3.2-4 and Fig. 3.2-2.

Recuperator 1 is divided into 2 pressure vessels. Six heat exchanger
modules are installed in each of the pressure vessels, and the dimensions of
the heat transfer module are 0.9m wide, 1.8 m long and 24 m high. Each
module 1s separately produced at a 2 m elevation and connected with a short

pipe. The pressure vessel is filled with COz under the condition at the low
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pressure-side outlet (8.86 MPa, 155.2°C), and its dimensions are an inner

diameter of 7 m and a height of 31 m.

3.2.5 Recuperator 2

Recuperator 2 1s a heat exchanger to which the COgz from the turbine
flows in through recuperator 1. Recuperator 2 is also a plate-fin type in
which cold-leg (high pressure side) and hot-leg (low pressure side) flow
paths are alternatively layered, in the same way as recuperator 1. The
specifications and structural concept are shown in Table 3.2-5 and Fig. 3.2-3.

Recuperator 2 is divided into 2 pressure vessels, in the same way as
recuperator 1. Six heat exchanger modules are installed in each of the
pressure vessels, and the dimensions of the heat transfer module are 0.9m
wide, 1.9m long and 23m high. The dimensions of the pressure vessel are an

inner diameter of 7m and a height of 30m.

3.2.6 Pre-cooler

The shell & tube type is employed for the pre-cooler. To reduce the
pressure loss of COz, COz and coolant (sea water) flow paths are arranged in
the shell and in the tube, respectively. The heat transfer tube is a helically-
coiled type, not a straight tube type. This is because a shell-bellows is not
adopted in a straight tube type HX, due to the fact that the shell-bellows is
subjected to high pressure.

The specifications and structural concept of the pre-cooler are shown in
Table 3.2-6 and Fig. 3.2-4.

The pre-cooler was divided into 2 pressure vessels. The dimensions of
heat transfer coiling region are an innermost coil diameter of 0.7m, an
outermost coil diameter of 7.5m and a height of 7.4m. The dimensions of the

pressure vessel are an inner diameter of 7.7 m and a height of 1.8m.

3.2.7 Main CO: piping

The main COz piping from Na/COz heat exchanger to turbine and from
recuperator 1 to Na/COz heat exchanger are comprised of 4 pipes (two COq
pipes are arranged for one Na/CO:z heat exchanger vessel) with a large
diameter to reduce pressure loss. The estimated pipe diameters and

pressure losses are listed in Table 3.2-7.
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3.2.8 System configuration

Two sets of the Na/CO2 heat exchanger, recuperator 1, recuperator 2 and
pre-cooler are arranged per one reactor. The main compressor, the bypass
compressor, 2 double flow turbines and the generator are connected together

on one axis. The turbine system configuration diagram is shown in Fig 3.2-5.

3.3 Heat/mass balance and cycle thermal efficiency

The pressure losses of the supercritical CO2 system components/piping
are listed in Table 3.2-8. The system heat/mass balance and state transition
are shown in Figs. 3.2-6 and 3.2-7, respectively. The cycle thermal efficiency
s 41.9%.
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Table 3.2-1 S-CO,, turbine specification

Prerequisite condition

CQO, flow rate 20,245 kgls
Inlet Pressure 20 MPa
Temperature 527 °C
Outlet Pressure ratio 8.97 MPa
Temperature 428.9 ¢
Pressure ratio 223 —
Adiabatic efficiency 93 %

Main specification

Rotation speed 1,500 rpm
Number of flow division 4
Stages 6stages x 4
Average diameter 1,700 mm
Rotor blade height 150 ~ 250 mm
Adiabatic efficiency 923 %
Outlet temp. 4290 °C
Shaft power 2,132,000 kW
Nozzle diameter  |nlet 1,200 mm
Outlet 1,300 mm

,21,
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Table 3.2-2 S-CO, main compressor specification

Prerequisite condition

CQO, flow rate 12,256 kg/s
Inlet Pressure 8.67 MPa
Temperature 35.0 °C
Outlet Pressure 206 MPa
Temperature 60.5 °C
Pressure ratio 237 —
Adiabatic efficiency 88 %

Main specification

Rotation speed 1,500 rpm
Blade Stages 9 stages
First stage Rotor blade outer diameter 1,255 mm
Rotor diameter 990 mm
Boss ratio 0.790 —
Adiabatic efficiency 88 9
First stage Rotor blade peripheral velocity 98.6 misec
Shaft power 244,100 kW
Nozzle diameter  |nlet 1,000 mm
Qutlet 1,000 mm

Turbine

IHX

Generator

,22,
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Table 3.2-3 S-CO, bypass compressor specification

Prerequisite condition

CO, flow rate 7,988.8 kg/s
Inlet Pressure 8.75 MPa
Temperature 70.0 °C
Outlet Pressure 20.5 MPa
Temperature 147.7 °C
Pressure ratio 234 —
Adiabatic efficiency 88 %

Main specification

Rotation speed 1,500 rpm
Blade Stages 12 stages
First stage Rotor blade outer diameter 1,745 mm
Rotor diameter 1,470 mm
Boss ratio 0.842
Adiabatic efficiency 88 %
First stage Rotor blade peripheral velocity 137.1 mlsec
Shaft power 394,200 kW
Nozzle diameter  |nlet 1,500 mm
Outlet 1,200 mm
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Table 3.2-4 Recuperater1 specification

Prerequisite condition

Low pressure side

High pressure side

CQO, flow rate 20,245 kg/s 20,245 kg/s
Inlet Pressure 8.97 MPa 20.5 MPa
Temperature 428.9 °C 147.7 °C
Outlet Temperature 155.2 °C 385.8 °C
Pressure loss 0.108 MPa 0.082 MPa
Heat exchanging capacity 6,418,052 kJ/s 6,418,052 kJ/s
Main specification
Type Plate-fin type
Unit number 2 unit
Module number per unit 6 Module
Size of heat Width 900 mm
transfer area Length 1,800 mm
(1 module) Height 24,000 mm
Heat transfer area (1 unit) 154,600 m?2
Pressureloss Low pressure side 0.100 MPa
High pressure side 0.042 MPa
Size of recuperater Inner diameter 7,000 mm
vessel Height 31,000 mm
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Table 3.2-5 Recuperater2 specification

Prerequisite condition

Low pressure side

High pressure side

CQO, flow rate 20,245 kgls 12,256 kg/s
Inlet Pressure 8.86 MPa 20.6 MPa
Temperature 155.2 °C 60.5 °C
Outlet Temperature 70 °C 147.7 °C
Pressure loss 0.106 MPa 0.082 MPa

Heat exchanging capacity 2,353,171 kJ/s

2,353,171 kJ/s

Main specification

Type Plate-fin type
Unit number/Reactor 2 unit
Module number/unit 6 Module
Size of heat Width 900 mm
transfer area Length 1,900 mm
(1 module) Height 23,000 mm
Heat transfer area (1 unit) 155,680 m?2
Pressureloss Low pressure side 0.059 MPa
High pressure side 0.012 MPa
Size of recuperater  Inner diameter 7,000 mm
vessel Height 30,000 mm
Turbine
IHX MC

eactpr

AVAVAN

,25,
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Table 3.2-6 Pre-cooler specification

Prerequisite condition

CO; side Cooling water(Sea water)side
CO, flow rate 12,256 kg/s 41,246 kg/s
Inlet Pressure 8.75 MPa 0.1 MPa
Temperature 70.0 °C 24.0 ¢
Outlet Temperature 350 °C 36.0 ¢
Pressure loss 0.088 MPa — MPa
Heat exchanging capacity 1,992,696 kJ/s 1,992,696 kJ/s

Main specification

Type Shell & tube helical coil type
Unit number/Reactor 2 unit
Tube number/Unit 24 345 tubes
Inner coiling diameter 700 mm
He_gt trar_msfer Outer coiling diameter 7,486 mm
coiling size :
Height 7,400 mm
Heat transfer area/unit 20,224 m?
Inner diameter 23.1 mm
Heat tfa"Sfer Thickness 2.85 mm
tube size
Length 115 m
Pressure loss (CO, side) 0.025 MPa
Size of recuperater Inner diameter 7,700 mm
vessel Height 18,000 mm
Turbine
IHX
—
Reactbr 5 Generator

,26,
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Table 3.2-7 Pressure loss of CO, main piping

Piping inner Tempe- Pressure
o Pressure Flow rate
CO, main piping diameter rature loss
(MPa) (m/s)
(m) (K) (MPa)
Na/CO, HX -
1 1.3x2—1.8 20 800 30/31 0.206
Turbine
Turbine-
2 1.6x2—1.95 8.97 701.9 37/50 0.130
RHX1(LP)
3 RHX1- RHX2(LP) 1.05%x3—-1.8 0.86 428.2 31/32 0.093
RHX2 - 1.05x3—1.8
4 8.86 343 31/32/25 0.114
Pre-cooler —1.6
Pre-cooler —
5 1.6 8.67 308 4.8/9.6 0.013
Main compressor
Main compressor -
6 1.55 20.6 333.6 8.9/4.4 0.063
RHX2(HP)
RHX2(HP) -
7 1.55 20.5 420.9 9.5/16 0.020
RHX1(HP)
RHX1(HP)~
8 1.7—1.35%2 204 658.8 27/22 0.166
Na/CO, HX
RHX2 outlet -
9 1.6x2—1.6 8.75 343 10/20 0.0086
Bypass compressor
Bypass compressor
10 1.565—1.55%2 20.5 420.9 12/6.2 0.033
-RHX1 inlet

RHX1:Recuperater1
RHX2:Recuperater2
PC:Pre-cooler

LP:Low pressure
HP:High pressure
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Table 3.2-8 Pressure loss of CO, system

Pressure
Component and CO;, piping loss
(MPa)
Na/CO, HX 0.611
CO;, piping between Na/CO, HX and turbine 0.206
RHX1 (LP) 0.1
CO;, piping between turbine and RHX1(LP) 0.13
RHX2 (LP) 0.059
CO; piping between RHX1 and RHX2 0.093
Pre-cooler 0.025
CO;, piping between RHX2 and Pre-cooler 0.114
CO;, piping between Pre-cooler and main compressor 0.013
RHX2(HP) 0.012
CO;, piping between main compressor and RHX2(HP) 0.063
CO3 piping between RHX2 and RHX1(HP) 0.02
RHX1(HP) 0.042
CO;, piping between RHX1(HP) and Na/CO, HX 0.166

RHX1:Recuperater1 LP:Low pressure
RHX2:Recuperater2 HP:High pressure

,28,
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4. Plant dimension estimation
4.1 Turbine building layout

To clarify the dimension of the supercritical gas turbine building, the
component/piping layout was studied based on the system configuration

shown in Fig. 3.2-5 and the following conditions:

. The generator unit consists of the generator (1 unit), turbine (2 units),
main compressor (1 unit), and bypass compressor (1 unit). The cooling
system equipment consists of 2 loops in which recuperator 1 and 2 (2

units for each) and pre-cooler (2 units) are installed.

. Two sets of reactors are constructed as a twin plant in the same way as
the reference JSFR.

. Two sets of recuperators 1 (RHX1) and 2 (RHX2) and pre-cooler (PC) are

arranged near the turbine to shorten the COz2 main piping length.

. The floor level on which the generator unit is installed (operating floor) is

on the ground floor for easy installation of components.

. The support skirt of the recuperators and pre-cooler are equipped at their
center elevation, and these components are installed on the operating

floor.

A crane is installed on the ceiling above the generator unit for
maintenance work and transfer to a trailer. Because the recuperator and
pre-cooler are lengthy components for which transfer cannot be performed
indoors, a hatch is provided on the ceiling to allow for carrying in/out

using an outside crane.

The layouts of the supercritical COz turbine building based on the above

considerations are shown in Figs. 4.1-1 through 4.1-4. Figures 4.1-1 and 4.1-

2 show the floor plans, and Figs. 4.1-3 and 4.1-4 show the vertical cross-
sectional views for the places where the turbines and heat exchangers are
installed, respectively. The dimensions of the turbine building are 124 m X

67.5 m X 50 m in height. The volume of the turbine building is approx.
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178,000 m3. This 1s 40% smaller than the reference JSFR's 303,000 m3. The
supercritical CO2 turbine building and the steam turbine building are
compared in Fig. 4.1-5.

The turbine building volume of the supercritical COz turbine system is
significantly reduced compared with that of the steam turbine system
because of the smaller turbine and simpler system configuration having no

condenser and feed-water pump.

4.2 Reactor building layout

The reactor building layout in which the Na/COg2 heat exchanger is
arranged was developed based on the layout drawing of the reference JSFR.
The layouts in the reactor building are shown in Figs. 4.2-1 through 4.2-8
(plane views of the respective floors and vertical cross-sectional views). In
the figure, the primary sodium dump tank in which the sodium (100 m3) of
the ex-vessel fuel storage tank (EVST) can be received is also arranged.

The volume of the spaces for installing the primary and secondary
cooling systems of the reference JSFR is 92,230 m3. On the other hand, the
volume of the spaces for installing the primary cooling system of the
secondary sodium system-eliminated plant employing the Na/COz heat
exchangers was calculated to be 86,079 m3. It is reduced by 7%. The
comparison of the reactor building size is shown in Fig.4.2-9.

Although the secondary sodium circuit-eliminated JSFR with the S-CO32
system has no steam generators and secondary pumps, the volume of
Na/CO2 heat exchanger is approximately 3.6 times that of the Na/Na
intermediate heat exchanger. The comparison of components (reactor and
heat exchanger) and building volume listed in Table 4.2-1 shows that the
volume of the building for the primary system components increases from
56,000 m?3 (reference JSFR) to 69,600 m3 (secondary sodium circuit-
eliminated JSFR). For this reason, the reduction rate in the reactor building

volume was smaller than that in the turbine building volume.

4.3 3D view
The arrangements of the main components such as the heat exchangers,
and piping are illustrated in Figs. 4.3-1~4.3-6 as 3D view to make it easy to

understand their layout.
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Table 4.2-1 Comparison of primary and secondary component building size

Primary component Secondary
building component building
(R/V, HX, pump) (SG, pump)

Reference JSFR
: N 3 3

(Secondary sodium circuit 55,959m 27,940m

+ Steam Rankin cycle)

Secondary circuit
elimination JSFR 69,597m° -
(8-CO, cycle)

,38,
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Fig. 4.3-1 Reactor building and S-CO,, turbine building (3D view)
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5. Conclusions

The CO2o/Na reaction 1s not a furious event, and failure area in the PCHE
during COq leak is limited by its partitioned flow paths. Taking into account
these advantages, a preliminary conceptual design of the secondary sodium
circuit-eliminated plant system was performed as a possible application of a
supercritical COgz turbine system to the JFSR.

This report discusses a supercritical COz turbine system for the secondary
sodium circuit-eliminated 1500 MWe JSFR. The compressor CO: inlet
temperature and compression ratio were set by the design sea water
temperature and the protection of compressor from a gas-liquid mixing
region. Based on these results, the heat-mass balance at a turbine inlet
pressure of 20 MPa was calculated to determine the design conditions of the
turbine system components. The sizes of the main and bypass compressors,
recuperator and pre-cooler were estimated.

Furthermore, the layout of the components/piping of the secondary
sodium circuit-eliminated JSFR was studied to clarify the plant size in
combination with the Na/CO2 heat exchanger deign in another work. The
study revealed that the reactor building volume and the turbine building
volume was reduced by approx. 7% and 40%, respectively, compared with
those for the JSFR with the secondary sodium circuit and water/steam
systems.

The turbine building volume was dramatically reduced because the
supercritical COz turbine is much smaller and its system configuration is
simpler compared with the steam turbine. On the other hand, the reduction
in reactor building volume remains only 7% because the Na/CO: heat
exchanger is larger than the IHX and SG.
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