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Abstract

The supercritical carbon dioxide (S-CO;) Brayton cycle is under development at Argonne
National Laboratory as an advanced power conversion technology for Sodium-Cooled
Fast Reactors (SFRs) as well as other Generation IV advanced reactors as an alternative
to the traditional Rankine steam cycle. For SFRs, the S-CO, Brayton cycle eliminates the
need to consider sodium-water reactions in the licensing and safety evaluation, reduces
the capital cost of the SFR plant, and increases the SFR plant efficiency. Even though the
S-CO; cycle has been under development for some time and optimal sets of operating
parameters have been determined, those earlier development and optimization studies
have largely been directed at applications to other systems such as gas-cooled reactors
which have higher operating temperatures than SFRs. In addition, little analysis has been
carried out to investigate cycle configurations deviating from the selected
“recompression” S-CO, cycle configuration.

In this work, several possible ways to improve S-CO, cycle performance for SFR
applications have been identified and analyzed. One set of options incorporates
optimization approaches investigated previously, such as variations in the maximum and
minimum cycle pressure and minimum cycle temperature, as well as a tradeoff between
the component sizes and the cycle performance. In addition, the present investigation also
covers options which have received little or no attention in the previous studies. Specific
options include a “multiple-recompression” cycle configuration, intercooling and
reheating, as well as liquid-phase CO, compression (pumping) either by CO,
condensation or by a direct transition from the supercritical to the liquid phase.

Some of the options considered did not improve the cycle efficiency as could be
anticipated beforehand. Those options include: a double recompression cycle,
intercooling between the compressor stages, and reheating between the turbine stages.
Analyses carried out as part of the current investigation confirm the possibilities of
improving the cycle efficiency that have been indentified in previous investigations. The
options in this group include: increasing the heat exchanger and turbomachinery sizes,
raising of the cycle high end pressure (although the improvement potential of this option
is very limited), and optimization of the low end temperature and/or pressure to operate
as close to the (pseudo) critical point as possible. Analyses carried out for the present
investigation show that significant cycle performance improvement can sometimes be
realized if the cycle operates below the critical temperature at its low end. Such
operation, however, requires the availability of a heat sink with a temperature lower than
30 °C for which applicability of this configuration is dependent upon the climate
conditions where the plant is constructed (i.e., potential performance improvements are
site specific). Overall, it is shown that the S-CO, Brayton cycle efficiency can potentially
be increased to 45 %, if a low temperature heat sink is available and incorporation of
larger components (e.g.., heat exchangers or turbomachinery) having greater component
efficiencies does not significantly increase the overall plant cost.



1. Introduction

Previous analyses of supercritical carbon dioxide (S-CO,) Brayton cycle power
converters [1-10] have shown that the cycle has many advantages compared to the
traditional Rankine steam cycle. The advantages include higher cycle efficiency, smaller
components (especially, turbomachinery), fewer components, and simpler cycle layout.
In order to realize the benefits of greater cycle efficiency, the CO, temperature at the
turbine inlet should be sufficiently high [6]. Figure 1 shows that the S-CO, cycle has
efficiency benefits over a superheated steam cycle at turbine inlet temperatures above 450
°C and above a supercritical water cycle above 550 °C. However, the results in Figure 1
were among the first results obtained for the S-CO, cycle; several practical aspects such
as pressure drops in pipes and turbomachinery exit losses were ignored in that early
study. More recent analyses [8-10] have shown that the S-CO, efficiency curve should be
slightly lower than that shown in Figure 1. As a result, the S-CO, cycle achieves an
efficiency higher than that of the superheated steam cycle at temperatures above ~480 °C.
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Figure 1. Cycle Efficiency Comparison of Advanced Power Cycles [6].

The recent focus of S-CO, cycle development under the Department of Energy
Generation 1V Nuclear Energy Systems Initiative has been the application of the cycle as
a power converter for sodium-cooled fast reactors (SFRs). For a SFR, a typical core
outlet temperature is about 500-550 °C. In addition, SFR’s usually employ an
intermediate sodium circuit with about 20-30 °C temperature drop from the primary to
the intermediate loops. As a result, about 470 °C has been calculated for the S-CO,



turbine inlet temperature when this cycle is coupled to a SFR [8,10]. According to Figure
1, the cycle efficiency benefits over the Rankine steam cycle are small, if even existent.
Nonetheless, for these temperature limits, several other benefits of the cycle, such as
lower capital cost, simpler cycle layout, and small turbomachinery still make the S-CO,
cycle an attractive option as a power converter for a SFR. Most significantly, the S-CO,
Brayton cycle eliminates the need to deal with sodium-water reactions in the licensing
and safety evaluation. Indeed, the is the principal reason for considering the S-CO,
Brayton cycle as an advanced power converter for SFRs.

The goal of the present study is to investigate potential tradeoffs between the cycle
efficiency and other benefits of the S-CO; cycle. For example, it is realized that the
majority of the plant capital cost comes from the reactor and intermediate loop systems.
Therefore, it is worthwhile to investigate how much the S-CO; cycle efficiency for a SFR
can be increased even if the cycle capital cost increases.

SFRs are usually designed for full load operation such that both reactor and power
conversion system are usually highly optimized for operation at nominal power. In
particular, the steam cycles for a SFR are usually very complex with several turbine
stages and multiple steam extraction lines to achieve optimal performance at full power.
If higher S-CO, cycle efficiency can be achieved even for a more complex cycle layout,
the benefits for the whole plant might overcome the costs associated with the increase in
complexity.

Several potential options to improve the S-CO, cycle efficiency have been identified as
listed below. All these options explore to various extent the potential for improving the S-
CO; cycle efficiency for a SFR versus increase in the cycle capital cost.

The options specifically considered in this work are:

- Multiple recompression cycle. The recompression cycle, which is now a reference
S-CO; cycle, employs a splitting of the CO, flow to compensate for the variation
in CO; properties with pressure. The recompression cycle shows the significant
efficiency benefits over a simple cycle without flow splitting such that the
question can be asked if multiple stages of recompression could be used to further
enhance the cycle performance.

- Optimization of the minimum cycle temperature and pressure. The S-CO, cycle
efficiency is very sensitive to the operating conditions at the bottom of the cycle.
However, most previous analyses have been limited to supercritical conditions. In
this report, other options are investigated such as a transition from supercritical
conditions to subcritical conditions with a predominantly liquid phase either
directly or though CO, condensation.

- Intercooling cycles. Intercooling between compressor stages is a common
approach to increasing cycle efficiency for ideal gas Brayton cycles. Applicability
of this approach to a S-CO, cycle needs to be determined.



- Reheating cycle. Similar to the intercooling between the compressor stages,
reheating between turbine stages is a common approach for the Rankine cycle. An
analysis is required to investigate the potential benefits for a S-CO, cycle.

- Component size and optimization. In previous analyses, the size of the
components, such as heat exchanger volume and number of stages in
turbomachinery, has been somewhat arbitrary selected mostly based on the trade-
off between component cost and performance. It is realized, however, that there is
a possibility of improving cycle performance provided by the specific features of
the S-CO; cycle. For example, doubling the number of stages in the turbine to
obtain an increase in cycle efficiency might still be cost effective if the cost of the
small S-CO; turbine is sufficiently low.

The analysis of each of the above options is described in detail. The cycle improvement
options are compared to a set of reference conditions for a SFR which are presented first
in this document.



2. Reference Conditions

For the analyses presented in further sections, the S-CO, cycle conditions for the
Advanced Burner Test Reactor (ABTR) have been selected [8]. The ABTR is designed
for 250 MWt core power, which translates to about 100 MWe generator output. The
sodium core inlet and outlet temperatures are 355 °C and 510 °C, respectively. There is a
22 °C temperature drop from the primary to the intermediate Na loop, so the intermediate
sodium temperature at Na-to-CO, heat exchanger inlet is 488 °C. The S-CO, temperature
at the turbine inlet is about 470 °C. The resulting cycle efficiency is 39 %. At the bottom
of the cycle, the CO; is cooled such that when the flow accelerates at the compressor inlet
nozzle, the static temperature and pressure are 31.25 °C and 7.40 MPa, which are very
close to but still above the CO, critical point (30.98 °C and 7.373 MPa).

Table 1 shows the detailed design and nominal operating conditions for the S-CO,
Brayton cycle components for the reference cycle. The cycle and each component
optimization process are described in detail in Reference [8].

For this work, it is assumed that the conditions on sodium side (flow rate and
temperatures) are fixed. Therefore, the S-CO, cycle itself is optimized be optimized for
the fixed sodium side conditions. It is noted however that there remains an opportunity to
improve both the cycle and entire plant performance by optimizing the sodium side
conditions, as through variation of the intermediate sodium flow rate and the intermediate
heat exchanger (IHX) inlet temperature. This additional joint optimization of both the
power conversion cycle and the reactor heat transport system is beyond the scope of the
current investigation.
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Table 1. Reference S-CO, Cycle Component Design and Nominal Operating

Conditions
R ——— === |--------—- |------- | == mm o [
Division | Items |Spec. (S1)] Unit | Remarks
——————————————— R e
Na-C02 | Type | PCHE | |
Heat | Quantity | 64 | | All parameters below are per unit
Exchanger | Heat transfer capacity | 3.91 | Mwt |
| Heat transfer area | 133.5 | m2 |
| Unit width | 0.600 | m |
| Unit height | 0.600 | m |
| Unit length | 1.000 | m |
| Heat transfer length | 0.780 | m |
| Plate material | SS316 | |
| Number of plates | 141 | | Each side
| Number of Na channels | 236 | | Per plate
| Na plate thickness | 2.00 | mm |
| Na channel diameter | 2.0 | mm | Semi-circular channel
| Na channel pitch | 2.4 | mm |
| Na channel length | 0.780 | m | Heat transfer region
| Na channel angle | 0.0 | deg |
| Number of CO2 channels | 204 | | per plate
| CO2 plate thickness | 2.00 | mm |
| CO2 channel diameter | 2.0 | mm | Semi-circular channel
| CO2 channel pitch | 2.4 | mm |
| CO2 channel length | 0.901 | m | Heat transfer region
| CO2 channel angle | 60.0 | deg |
| Void fraction | 309 | % | From channels
| Sodium temperature inlet | 488.0 | C |
| Sodium temperature outlet | 333.0 | C |
| Sodium flow rate | 19.7 | kg/s |
| Pressure drop on Na side | 2.5 ] kpPa |
| Sodium inventory | 34.9 | kg | HT region only
| Sodium residence time | 1.777 | s | HT region only
| Sodium average speed | 0.439 | m/s | HT region only
] CO2 temperature inlet | 323.4 | C |
| CO2 temperature outlet | 471.7 | C |
| CO2 pressure inlet | 19.907 | MPa |
| CO2 pressure outlet | 19.843 | MPa |
| CO2 flow rate | 21.5 | kg/s |
| Effectiveness | 94.2 | % |
| Metal mass | 1.854 | tonnes] Dry
| Cost | 111.3 | K$ | At $60/kg
] CO2 mass | 6.5 | kg | Operating conditions
——————————————— e e I
High | Type | PCHE | |
Temperature | Quantity | 64 | | All parameters below are per unit
Recuperator | Heat transfer capacity | 4.15 | Mwt |
| Heat transfer area | 134.6 | m2 |
| Unit width | 1.500 | m |
| Unit height | 0.600 | m |
| Unit length | 0.600 | m |
| Heat transfer length | 0.380 | m |
| Channel diameter | 1.5 | mm | Semi-circular channel
| Channel pitch | 2.3 | mm |
| Plate thickness | 2.0 ] mm |
| Plate material | SS316 | |
| Number of plates | 141 | | Each side
| Hot side number of channels | 564 | | Per plate
| Hot side channel length | 0.439 | m | Heat transfer region
| Hot side channel angle | 60.0 | deg |
| Cold side number of channels | 461 | | Per plate
| Cold side channel length | 0.537 | 'm | Heat transfer region
| Cold side channel angle | 90.0 | deg |
| Void fraction | 19.2 1 % | From channels
| Hot side temperature inlet | 362.3 | C |
| Hot side temperature outlet | 191.1 | C |
| Hot side pressure inlet | 7.731 | MPa |
| Hot side pressure outlet | 7.690 | MPa |
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| Water temperature inlet | 30.0 | C |
| Water temperature outlet | 35.8 | C |
| Water pressure inlet | 0.144 | MPa |
| Water pressure outlet | 0.101 | MPa |
| Water flow rate | 125.0 | kg/s |
| Water pump power | 0.286 | Mw | Total all units
| Effectiveness | 95.4 | % |
| Metal mass | 2.729 | tonnes| Dry
| Cost | 163.7 | K$ | At $60/kg
| CO2 mass | 16.2 | kg | Operating conditions
——————————————— P . B B
Turbine | Type | Axial | |
| Power | 156.03 | Mw |
| Number of stages | 6 | |
| Rotational speed | 60.0 | rev/s |
| Length (total) | 2.66 | m | Without casing
| Length (stages) | 1.02 | m | Without casing
| Length (diffuser) | 1.64 | m |
| Max diameter | 0.87 | m | Without casing
| Hub radius min | 27.0 | cm |
| Hub radius max | 34.1 | cm |
| Tip radius min | 41.4 | cm |
| Tip radius max | 43.5 | cm |
| Blade height min | 7.3 ] cm |
| Blade height max | 16.4 | cm |
| Blade chord min | 7.4 ] cm |
| Blade chord max | 10.9 | cm |
| Max Mach number | 0.40 | |
|] CO2 temperature inlet | 471.7 | C |
| CO2 temperature outlet | 362.3 | C |
| CO2 pressure inlet | 19.84 | MPa |
] CO2 pressure outlet | 7.731 | MPa |
| CO2 flow rate | 1373.6 | kg/s |
| Efficiency | 93.4 | % | Total-to-total
| CO2 mass | 24.0 | kg | Operating conditions
——————————————— P . I B
Compressor #1 | Type | Centr. | |
| Power | 27.88 | Mw |
| Number of stages | 1] |
| Rotational speed | 60.0 | rev/s |
| Axial length | 0.39 | m | Without casing, estimated
| Max diameter | 1.89 | m | Without casing and volute
| Hub radius min | 9.6 | cm |
| Hub radius max | 9.6 | cm |
| Impeller radius min | 57.0 | cm |
| Impeller radius max | 57.0 | cm |
| Blade height min | 1.5 ] cm |
| Blade height max | 9.3 | cm |
| Blade length min | 23.1 | cm |
| Blade length max | 51.0 | cm |
| Max Mach number | 0.47 | |
| CO2 temperature inlet | 32.79 | C |
| CO2 temperature outlet | 84.4 ] C |
| CO2 pressure inlet | 7.621 | MPa |
| CO2 pressure outlet | 20.00 | MPa |
| CO2 flow rate | 975.3 | kg/s |
| Efficiency | 88.9 | % | Total-to-static
] CO2 mass | 59.3 | kg | Operating conditions
——————————————— e R L
Compressor #2 | Type | Centr. | |
| Power | 26.92 | Mw |
| Number of stages | 2] |
| Rotational speed | 60.0 | rev/s |
| Axial length | 0.48 | m | Without casing, estimated
| Max diameter | 2.04 |'m | Without casing and volute
| Hub radius min | 20.3 ] cm |
| Hub radius max | 21.0 | cm |
| Impeller radius min | 59.0 | cm |
| Impeller radius max | 64.8 | cm |
| Blade height min | 1.1 ] cm |
| Blade height max | 4.3 ] cm |
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3. Multiple-Recompression Cycle

The current reference S-CO, cycle layout (Figure 2) — sometimes called a “recompression
cycle” — was selected to compensate for the difference in the specific heats of the high
and low pressure CO, flows in the low temperature recuperator (LTR). The difference in
specific heats over the LTR temperature range for 7.4 MPa and 20 MPa is so significant
(Figure 3) that the benefits from splitting the CO; flow to increase the LTR effectiveness
overcome the drawbacks of the less efficient direct compression of a part of the uncooled
CO; flow. As a result, the recompression Brayton cycle configuration provides a higher
efficiency than the simple Brayton cycle configuration provided that an optimal flow split
fraction is selected.

For the high temperature recuperator (HTR) temperature range, the difference in CO,
specific heats is not so significant, as shown in Figure 3. For that reason, splitting the
CO; flow to improve the effectiveness of HTR would not improve the cycle efficiency as
much as it does for the LTR. Thus, only one flow split for the LTR is implemented in the
reference cycle.

3 i . i

! LTR ! HTR !

« < ::: ::
o> 2.5 //7\ I I
Av4 | 1 1
~N 1 1 1
L) 1 1 1
X 2 . 1 1 1
S I I I
— I I 7.4 MPa I
<C 1.5 I \\ I
|.|J 1 1
I l l i
O B 1 | ]
T | ' 20MPa |
O | 1 |
L I I I
& 0 : : :
0 : T : T T I

50 100 150 200 250 300 350
TEMPERATURE, °C

Figure 3. CO; Specific Heat Variation in Recuperators.

Even though the differences in the specific heats is not so large in the HTR temperature
range (compared to the LTR temperature range), there is still a potential to improve the
HTR effectiveness by employing a second CO, flow split involving the HTR. Similar to
the recompression cycle, this flow split arrangement would result in the splitting the HTR

15



heat exchanger into two serial units (the added recuperator is called a medium
temperature recuperator or MTR) and adding an additional compressor. This arrangement
is called a “double recompression” cycle in this report. If efficiency benefits for this
arrangement are demonstrated, then more recompression loops could potentially be added
resulting in “multiple recompression” cycles.

Figure 4 shows the performance of a double recompression cycle. Even though the
temperature difference at the top of all recuperators has decreased to about 30 °C
(compared to about 40 °C for the recompression cycle in Figure 2), the resulting cycle
efficiency has actually decreased compared to that of the reference case. Two possible
reasons can be identified to explain the reduction in the cycle efficiency. First, the
benefits of the increased recuperator performance are offset by the compression of even
hotter CO; in the second recompressing compressor. Second, as can be seen from Figure
2 and Figure 4, the CO, temperature at the Na-to-CO, HX inlet (HTR cold side outlet) is
already close to the Na outlet temperature even at the reference conditions. Since the CO;
temperature cannot exceed the Na temperature, any possible improvement in recuperator
performance is limited by the sodium temperature. This is another specific feature of the
S-CO; cycle for a SFR. When applied to other types of reactors which have higher
reactor side temperatures (e.g., the High Temperature Gas-Cooled Reactor), the benefits
of the double-recompression cycle configuration considered here could be more
significant, if the recuperator performance is not limited by the heat addition
temperatures. On the other hand, even for SFR temperatures, the fact that the cycle
performance is limited not only by the turbine inlet temperature but also by the low end
of the heat addition temperature range, may present an opportunity to improve the whole
plant performance by optimizing the reactor side lower temperature. As noted above,
though, optimization of the reactor system temperatures is beyond the scope of the
current work. Based on the results obtained here, it is believed that the benefits from such
an optimization would be more significant for the double recompression cycle compared
to the single recompression cycle.

16
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4. Cycle Operating Conditions

In this chapter, the cycle operating conditions — temperatures and pressures — are varied
to determine the conditions that provide the highest cycle efficiency. Previously, the
reference cycle conditions (Figure 2) were selected such that the minimum pressure and
temperature were set close to but still above the critical point. The maximum pressure
was selected as 20 MPa based on the fact that beyond this pressure, the gain in cycle
efficiency diminishes [4]. However, previous analysis has never been applied to the
“low” temperature S-CO, cycle design for a SFR. The selection of the operating
parameters is revisited in this chapter. In addition to simple parameter optimization,
different cycle operating conditions, such as CO, condensation have been analyzed.

Among the cycle operating parameters, only the maximum CO, temperature is somewhat
fixed by the reactor (sodium) side. The cycle efficiency increases with the maximum
(turbine inlet) temperature (Figure 1), so it is beneficial to raise the CO, temperature in
the Na-to-CO, heat exchanger as close to the Na temperature as is practically achievable.

For the recompression S-CO, Brayton cycle, the cycle efficiency depends on the CO,
flow split between the compressors. Therefore, in the optimization presented below, each
considered parameter is varied simultaneously with the flow split fraction; i.e., the
fraction of the CO, flow which goes through the cooler and the main compressor, to
insure that the optimal operating conditions are maintained during the main parameter
variation.

4.1. Maximum Pressure

Figure 5 shows the dependency of the cycle efficiency on the maximum CO, pressure. In
the analysis, the size of each piece of equipment is fixed, including the number of stages
for the turbine and compressors. Figure 5 generally confirms that very little gain in cycle
efficiency could be realized by raising the maximum cycle pressure above 20 MPa.
Raising the pressure would require greater thicknesses for the piping, pressure-bearing
casings, and heat exchangers resulting in higher capital costs. Still, about a 0.3 % increase
in cycle efficiency can be achieved if the maximum cycle pressure is raised to 22 MPa.
Again, this number represents the efficiency benefit for the equipment optimized
previously for 20 MPa conditions. Further increase in efficiency could potentially be
achieved through optimization of the turbomachinery and heat exchangers for the greater
pressure.
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4.2. Minimum Cycle Temperature and Pressure

Depending on the temperature and pressure of the CO, flow at the main compressor inlet,
the CO, conditions could vary from supercritical to supercritical/subcritical liquid,
supercritical/subcritical gas, and liquid-gas (two-phase) mixture. Figure 6 defines the CO,
conditions near the critical point as they are referenced in this document. Consequently,
the name of the cycle corresponds to the CO, conditions at the main compressor inlet;
i.e., if CO, enters the main compressor at supercritical conditions, the cycle is called
“supercritical.” Cycles in which CO, enters the compressor in a two-phase region are not
considered for this work. If the CO, goes through the two-phase region before it enters
the compressor, the cycle is called a “condensation” cycle.

Appendix A shows T-s and h-s diagrams for carbon dioxide for the range of the cycle
operating conditions with greater detail near the CO, critical point.
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Figure 7 shows the tradeoff between the cycle efficiency and the required cooler volume
based on which the reference conditions (Figure 2) selected for the ABTR S-CO, cycle.
The results in Figure 7 were obtained for the fixed minimum pressure of 7.4 MPa. Since
the selected pressure is above the critical value while the temperature is below the critical
temperature, Figure 7 effectively compares the supercritical cycle with a cycle in which
CO; enters the main compressor in a liquid phase at supercritical pressure. Even though
the liquid phase cycle operating at supercritical pressure results in a higher efficiency, in
order to cool CO, below the critical temperature (or, more accurately, the pseudocritical
temperature for the selected pressure), the CO, flow has to pass through the peak in the
specific heat resulting in a requirement for a significant increase in the cooler heat
transfer area. Thus, the temperature just above the pseudocritical value, 31.25 °C, was
selected for the reference ABTR conditions. For this study, however, the cooler volume is
not an important consideration so that conditions even more different from the reference
case than those shown in Figure 7 are investigated, as presented below.
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4.2.1. Minimum Temperature with Supercritical Pressure — Supercritical Cycle versus
Liquid at Supercritical Pressure Cycle

Figure 8 shows in greater detail how the cycle efficiency varies with the minimum
temperature during the transition from supercritical to the liquid phase at supercritical
pressure. As in Figure 7, the peak cycle efficiency is achieved at 30 °C. Cycle efficiency
for the cases where the liquid CO, enters the main compressor (strictly speaking, a pump)
in a liquid phase at temperatures slightly lower than the critical temperature (20-31 °C) is
close to the peak efficiency. Both these facts are due to the high CO, density in the liquid
phase at the compressor/pump inlet.

The results in Figure 7, as well as other results in this chapter, are obtained under the
assumption that a cold heat sink is available to cool the CO, below 30 °C, if needed.
The heat sink (water) temperature for the reference conditions is assumed to be at 30 °C,
as shown in Figure 2.
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4.2.2. Minimum Pressure with Supercritical Temperature — Transition through a
Pseudocritical Point in the Cooler

Figure 8 showed that greater cycle efficiency could be achieved if CO, is cooled below
the pseudocritical temperature at the selected supercritical pressure. For pressures above
the critical value, the pseudocritical temperature lies above the critical temperature.
Similar results could be achieved by a variation of the minimum pressure at a fixed
temperature. Figure 9 demonstrates that the pseudocritical temperature (temperature at
which a peak in specific heat occurs for a given pressure) increases with pressure. Figure
9 also demonstrates that the density increases with pressure for a fixed temperature. For
example, the density jumps sharply at 31.3 °C from 7.40 MPa to 7.45 MPa. This is due to
the fact that the pseudocritical temperature is below 31.3 °C for 7.40 MPa and above that
for 7.45 MPa. If, for a fixed temperature, the pressure is selected such that the
compression occurs close to the pseudocritical conditions, the high CO, density would
provide lower compressional work and, therefore, higher cycle efficiency. Similar to the
previous cases, this benefit would come at the price of a larger cooler requirement since
CO, would need to be cooled below the peak in the specific heat (i.e., a greater energy
removal in the cooler).

Figure 10 shows the possibility to improve the cycle efficiency at the expense of the
cooler volume by means of the minimum pressure variation at the reference minimum
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temperature. Figure 11 presents the same results with optimal flow split values selected at
each pressure. Figure 12 and Figure 13 show that the effect is somewhat smoothed out for
a slightly higher temperature of 31.5 °C versus 31.25 °C.
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4.2.3. CO; Cycle with Minimum Temperature Below the Critical Value

The results shown above (Figure 8) demonstrate the cycle efficiency benefits if CO; is
cooled below its critical temperature while supercritical pressure is maintained. The
operation of the subcritical cycle is expected to be significantly different from that of a
supercritical cycle such that the effect of the operating pressures, both high and low, are
reinvestigated here for subcritical temperature.

Figure 14 shows how the cycle efficiency depends on the minimum pressure if CO; is
cooled down to 20 °C. It follows from Figure 14 that the peak efficiency is achieved
when the minimum pressure equals to the saturation pressure (5.75 MPa for 20 °C, see
Appendix A). Under these conditions, CO, expands in the turbine from supercritical to
subcritical pressures, then it is cooled to a subcritical vapor and is condensed in the cooler
(strictly speaking, a condenser in this case) down to saturated liquid conditions (Figure
6). This cycle is similar to the traditional supercritical water cycle. Figure 14 shows,
however, that there still exists an optimal flow split such that a recompression cycle
configuration is beneficial for this CO; cycle. It is noted that the calculations for Figure
14 are carried out with the same model developed for the supercritical cycle such that
realistic cooler/condenser calculations are not possible by the current single-phase model.
Instead, some value for the condenser pressure drop on CO, side, 1 %, is simply assumed
in the calculations (compared to 0.03 % calculated for the reference cooler conditions).
Condenser sizing calculations are not carried out.
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The results in Figure 14 show that the maximum cycle efficiency is achieved at the
saturation pressure. If the pressure is selected above that value, then CO; is cooled in the
liquid phase below its saturation point. Figure 14 demonstrates that such operation yields
lower cycle efficiency. Operation with the pressure below the saturation pressure simply
transforms the cycle into a simple gas Brayton cycle where CO, is compressed in the
(subcritical) gas phase. The efficiency of such a cycle is significantly lower than that of
the condensation cycle, as shown in Figure 14.

Figure 15 shows the dependency of the condensation cycle efficiency on the maximum
pressure. The results are similar to those obtained previously for the supercritical cycle —
the increase in cycle efficiency above 20 MPa is minimal. Again, the results presented
here are obtained under the assumption of fixed equipment. Optimization of the
equipment for these operating conditions would be expected to improve the cycle
efficiency.
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Figure 15. Optimization of Maximum Pressure for Condensation Cycle
(Tmin=20 °C, pmin=5.75 MPa).

Figure 16 shows the conditions and performance of the condensation CO, cycle. An
efficiency of 43 % (up from 39 % in reference case) is calculated for SFR reactor
temperature conditions, provided that a heat sink temperature below 20 °C is available.
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5. Cycle with Intercooling

An intercooling cycle configuration, in which a compressor is split into two stages with
working fluid cooling between the stages, is frequently used for ideal gas Brayton cycles
to reduce the overall compressional work and, therefore, increase the cycle efficiency. In
the S-CO; cycle, however, the compressional work is already small such that the benefits
from the intercooling are also expected to be small. In addition, intercooling between the
compressor stages reduces the temperature at the compressor outlet (recuperator inlet)
such that the performance of the recuperators is expected to be affected, especially for the
low temperature recuperator where the proximity to the critical point affects the
performance significantly.

The S-CO, cycle developed at the Tokyo Institute of Technology is based on a minimum
CO, temperature of 35 °C, a low end pressure of 7.1 MPa that is subcritical, and utilizes
intercooling between two main compressors instead of a single main compressor [7].

Figure 17 shows the cycle configuration, parameters, and performance of the S-CO,
Brayton cycle with intercooling between the main compressor stages. The intercooling
pressure is selected such that the pressure ratios of the two stages of the compressor
would be about the same. It is assumed that as a result of intercooling the CO, reaches the
same temperature at the second compression stage inlet as for the first stage, 31.25 °C.
The CO, flow split fraction between the main and the recompression compressors is
selected to optimize the cycle efficiency.

Figure 17 demonstrates that the cycle efficiency for the intercooling cycle is slightly
lower than that for the reference cycle. Therefore, no benefits could be achieved by
implementing the intercooling between the main compressor stages. Similar calculations
show that the intercooling between the recompression compressor stages does not
improve the cycle efficiency either.
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6. Cycle with Reheating

Reheating of the working fluid between the turbine stages is another common approach
to improve the cycle efficiency for ideal gas Brayton cycles. It is also used for steam
cycles. To investigate the effect of reheating on S-CO, Brayton cycle performance, an
additional heat exchanger (reheater) and an additional turbine (low pressure turbine, LPT)
are introduced into the cycle. CO; is still heated in the Na-to-CO, heat exchanger and
expands in the turbine, but then, instead of being sent to the recuperator, it is reheated in
another Na-to-CO, heat exchanger (reheater) and goes through the LPT before returning
to a recuperator. It is assumed in this analysis that the CO, is reheated by intermediate
sodium; thus, the sodium flow is split after the IHX between the main Na-to-CO, HX and
the reheater.

Figure 18 shows the plant configuration, cycle conditions, and performance for the S-CO,
cycle with a reheat. A 50/50 flow split is assumed for the sodium between the Na-to-CO,
heat exchangers. The CO, pressure between the turbines is selected such that the pressure
ratios for both turbines are about the same. Figure 18 demonstrates that the cycle
efficiency is reduced compared to the reference case (Figure 2). Two possible reasons
may be identified for the efficiency reduction. First, in the reference cycle configuration
the temperature change in the Na-to-CO, HX is about the same on the Na and CO, sides
(as a result of close specific heats for Na and CO,). When the Na flow rate in the Na-to-
CO, HX is reduced due to a Na flow split between the two heat exchangers, the
temperature change on the CO, side is reduced in order to maintain a heat balance. As a
result, CO, is heated up to a much lower temperature compared to the reference case (400
°C vs. 470 °C). For the same reasons, CO, heatup in the reheater is not very effective as
well — CO; is reheated to only 415 °C. The other reason for the efficiency loss, although
to a lesser degree, is doubling of the turbine exit losses for the two turbines in a serial
configuration. CO, flow speed has to be reduced after the HPT to enter the reheater then
the CO, flow has to be accelerated again to the LPT design speed.

Although Figure 18 shows the results of the 50/50 flow split for the intermediate sodium,
an attempt to optimize this flow split failed since the cycle efficiency increases with the
flow fraction to the main Na-to-CO, HX such that the most optimal configuration would
be with 0 % flow to the reheater; i.e., for the cycle configuration without a reheat.
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7. Component Size and Optimization

In previous analyses, the S-CO, cycle components such as heat exchangers and
turbomachinery were designed to achieve reasonable performance at a reasonable cost
(size). The exact meaning of what “reasonable” performance or cost means is not clearly
defined; the components size selection has been carried out according to engineering
judgment based on a tradeoff between the component size/performance and the benefits
to the cycle performance. No detailed cost analysis for the entire cycle has yet been
developed and applied to the size selection for each component.

Figure 19 shows how the size of the heat exchangers for the ABTR [8] has been selected.
The size of each heat exchanger was selected at the point beyond which a return for the
cycle efficiency starts to diminish with further increase in component size. Still, as it
follows from Figure 19, there is a clear potential to increase the cycle efficiency beyond
the reference value by selecting the heat exchangers to be larger that those assumed for
the reference case. Figure 20 demonstrates a similar dependency of the ABTR cycle
efficiency on the number of turbine stages. Similar to the heat exchangers, some gain in
the cycle performance could be realized with a larger than reference turbine.

To determine the potential gain in cycle efficiency from component size increase, the S-
CO; cycle performance has been calculated with larger components to compare to the
reference case. First, to investigate how much efficiency is lost due to heat exchanger
non-ideal performance, the cycle performance is calculated assuming “ideal” heat
exchangers, i.e. heat exchangers with infinite heat transfer area and zero pressure drops.
To model the “ideal” heat exchangers, the cross-sectional area (volume) of each heat
exchanger is simply increased ten times. Figure 21 demonstrates that about a 3 %
efficiency gain can theoretically be realized with larger heat exchangers. In addition to
that, doubling the number of stages for the turbine (Figure 22) can add another 0.7 %
efficiency resulting in total efficiency gain of up to 4 % from larger components. (An
attempt to increase the cycle efficiency by implementing more compressor stages has not
been carried out here since the previous analysis [8] demonstrates that the compressor
operating near the critical point has a narrower design parameter selection range than the
turbine such that an increase in number of stages is not always beneficial for its
performance and for the performance of the cycle.) Even though the above numbers are
calculated for an unrealistic ten-time increase in heat exchanger volume and, therefore,
are not practical, they still show that there is a potential to increase the cycle efficiency
beyond the reference case value. For example, calculations with twice the heat exchanger
volume show that the cycle efficiency can be increased by about 1.5 %.

Figure 23 shows how the performance of the condensation cycle (Figure 16) can be
increased by about 2 % by implementing heat exchangers and a turbine which are twice
the size of the original (reference) case. The calculated efficiency, about 45 %, is the
highest efficiency calculated so far for the CO; cycle for the assumed SFR temperature
range.
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Figure 20. Turbine Optimization for the ABTR. [8]
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Figure 21. S-CO, Cycle Performance with *"ldeal' Heat Exchangers.
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ABTR TEMPERATURES, PRESSURES, HEAT BALANCE, AND EFFICIENCIES 100 % POWER

Efficiencies
Cycle= 429 % 1455 | 472.6 | 171. 105.7
Net = 423 % kg/s | 20.00 | @
CO; > TURBINE 332.6 359.6
1259 20.00 17626
kg/s | 488.0
Na 472.6 298.6 HTR
—& ) 20.00
. 175.4 178.2
86.1 178.3 20.00 7.625
Na-CO, HX 7.621 20
| Na N 14 250 easesssnasiie s ol COMP. #2 |-isssrmssmamsnamnnamnnnsas .’
: 510.0 1 : 84.0 173.8 |t 178.2
i | 1atm l" 7.431 33.1 2000 }l7624
i
i \ — ][ 332.6 163.4 LTR
: 20.00
i 355.0 84.3 86.1
i 20.00 7.623
I 250 o8 4 I T ToTorEEMEAESsS=======
CORE
: 355.0] 4 o.mMw[ T.,°C
- P,MPa 65%
| .
I 1264 kg/s : 35%
| H
REACTOR
VESSEL

Figure 22. S-CO; Cycle Performance with "'Ideal’ Heat Exchangers and a 12-stage Turbine.
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Figure 23. Performance of CO, Condensation Cycle with Large Components.
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8. Summary

Several options for efficiency improvement for S-CO, Brayton cycle power conversion
for a sodium-cooled fast reactor (SFR) have been investigated. The S-CO, Brayton cycle
efficiency has been investigated for each of the options in the context of a power
converter for the 250 MWt Advanced Burner Test Reactor (ABTR) concept developed at
Argonne National Laboratory. The calculated efficiencies have been compared with
conditions for the reference ABTR S-CO, Brayton cycle power converter.

Some of the options did not improve the cycle efficiency as could be anticipated
beforehand. Those options include: a double recompression cycle, intercooling between
the compressor stages, and reheating between the turbine stages. Among the main reasons
which prevent efficiency improvement for these options are: CO, properties variation
near the critical point, recompression cycle configuration (to partially compensate for the
properties variation), and limiting sodium temperature on the low end of the sodium
temperature range.

For the other group of the considered options, the current analysis confirms the
possibilities of improving the cycle efficiency that have been indentified in previous
investigations. The options in this group include: increasing the heat exchanger and
turbomachinery sizes, raising of the cycle high end pressure (though the improvement
potential of this option is very limited), and optimization of the low end temperature
and/or pressure to operate as close to the (pseudo) critical point as possible.

On the other hand, the analyses carried out for this work have shown that sometimes
significant cycle performance improvement can be realized if the cycle operates below
the critical temperature at its low end. Such operation, however, requires the availability
of a heat sink with a temperature lower than 30 °C for which applicability of this
configuration is dependent upon the climate conditions where the plant is constructed
(i.e., site specific). The significant improvement in cycle efficiency makes this approach
worthwhile considering if site conditions allow its implementation. This approach does
not favor design certification of a standard plant design that includes tropical conditions,
however.

Overall, it has been shown that the S-CO; cycle efficiency can potentially be increased to
45 %, if a low temperature heat sink is available and incorporation of larger components
(e.g.., heat exchangers or turbomachinery) having greater component efficiencies does
not significantly increase the overall plant cost.

All promising options considered in this work achieve an improvement in efficiency at
the expense of capital cost increase. Therefore, additional analysis is required to
investigate how the options affect the overall plant economics. In other words, a tradeoff
study is required to compare the costs and benefits of each option. Also, additional
analysis is required to determine how options that may be attractive from the tradeoff

42



between cost and performance enhancement viewpoint affect the controllability and
safety of the entire plant.
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Appendix A.

Carbon Dioxide Temperature-Entropy and Enthalpy-Entropy
Diagrams’

! The diagrams are plotted based on the data obtained from the NIST Thermophysical Properties of Fluid
Systems website, http://webbook.nist.gov/chemistry/fluid/
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Carbon Dioxide T-s Diagram
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Carbon Dioxide h-s Diagram
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