B GAS TURBINES

SUPERCRITICAL GO, BRAYTON GYGLE

S-CO, REPRESENTS AN ADVANCE IN POWER CONVERSION TECHNOLOGY

L.EONID MOROZ, YURIY GOVORUSHCHENKO, OLEG GURIEV

he supercritical CO, (S-CO,) Brayton cycle 1s the most
promising of the power conversion cycles currently under
development. Similar in configuration to an ideal gas closed-
loop Brayton system, it can suit both bulk thermal and the lat-
est generation of nuclear reactors. The simplest recuperated closed
system consists of a heat source, heat exchanger, turbine and gener-
ator, a recuperating heat exchanger, a waste heat removal heat
exchanger and a compressor (Figure 1).

Numerous studies have been conducted over the last decade on
S-CO, cycle optimization for different applications and for over-
coming the challenges in using supercritical CO, as a working fluid.
The biggest advantage of S-CO, is higher cycle efficiency compared
with a Helium Brayton system. This 1s the result ot lower compres-
sor work due to the fact that the cold end ot the loop operates at tem-
peratures and pressures near the critical point of CO,, which leads to
a rapid increases in density and specific heat (Figure 2).

The other feature is the compact size of the turbomachmery
which is the result of the high density of the CO, working fluid.
Compressors and turbines with fewer stages may allow lower com-
ponent cost and a smaller energy conversion system footprint in
comparison to steam or ideal gas Brayton systems (Figure 3).

The S-CO, Brayton cycle also eliminates the need to deal with
sodium-water reactions in the licensing and safety evaluation which
makes them more attractive than superheated and supercritical steam
cycles. And the temperature profile in the supercritical region can
provide a better match to the heat source temperature glide, avoiding
so-called “pinching.” In comparison to the Organic Rankine Cycle
(ORC) for low-grade heat recovery, the advantages of the S-CO,
cycle are stability, environmental impact and cost.

The ideal gas law cannot be applied to the S-CO, cycle
because gas expansion and compression are not ideal. High pres-
sures and high temperatures may also create challenges 1 com-
ponents design. And the high power density of S-CO, requires that
turbomachinery components be designed to deal with heavy
torque. Further, advanced sealing systems need to be considered
for rotating components.

To increase cycle efficiency when operating below the critical
point [3], CO, has to be cooled to around 20°C, which may pose a
challenge for cooling system design. Corrosion should also be taken
into account for temperatures higher than S00°C. Special measures
should be considered, such as fabrication of components from high-
cost alloys or use of protective coating.

Nuclear application
A simple Brayton cycle scheme for a sodium-cooled fast reactor was
analyzed for a 100 MW net electrical output. The core temperature
was higher than 500°C, but because of temperature losses in the
intermediate contour, the heat exchanger outlet temperature was set
as 480°C. The overall scheme parameters are:
Electrical power production 100 MW
Thermal efficiency 31.54%

Temperature at turbine nlet 480°C

Note that S-CO, cycle efficiency is sensitive to operating
conditions at the bottom of the cycle. That 1s why the intluence
of the minimum cycle pressure and temperature on cycle etfi-
ciency was studied (Figure 4).
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Figure 2: Cycle efficiency comparison of advanced power cycles

Steam turbine: 55 stages / 250 MW
Mitsubishi Heavy Industries Ltd, Japan (with casing)

Figure 3: Comparison of turbine sizes for steam, helium and CO,
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Figure 4: Cycle efficiency vs. Cycle minimd);i pressure and temperature

The results demonstrate that when supercritical pressure 1s main-
tained, cycle thermal efficiency benefits from cooling CO, below its
critical temperature. But in this case, the turbine will have to operate
with liquid and vaporized CO, which may raise some difficulties
from an aerodynamic and corrosion resistance point of view. Cooling
CO, lower than the critical temperature necessitates the creation of
an additional circuit as the usual heat sink temperature 1s around
20°C, which will raise the capital cost of the power plant.

Based on calculated cycle design point results, turbine and com-
pressor preliminary designs were created and the main parameters
were defined, such as, axial length, hub and shroud diameters, num-
ber of stages and number of blades. Boundary conditions for the
COMPIressor are:

Inlet total temperature — 310 K

Inlet total pressure — 7.5 MPa

Outlet total pressure — 21 MPa

Mass flow rate — 1,310.6 kg/s

Rotational speed — 3,600 rpm

During the design process a study was also conducted on the
influence of rotational speed on efficiency. The compressor is sup-
posed to be designed for 3,600 rpm in the usual power plant layout.
As one can see from the chart the efficiency of the compressor for
3,600 rpm 18 85%. But, if a different rotational speed 1s considered,
cycle efficiency can be improved (Figure 5).

For example, the efficiency of the compressor is 89.6% for 6,000
rpm (the cycle efficiency also increases by 0.77% and produced elec-
trical power rises by 2.9 MW). Further, the overall dimensions of this
compressor would be much smaller. But in this case it would raise
the necessity for a reduction gear. Therefore, this option needs to be
considered from a cost-efficiency point of view.

For turbine design, both axial and radial configurations were con-
sidered, each designed as follows:

Inlet total temperature — 753 K

Inlet total pressure — 21 MPa

Outlet total pressure — 7.5 MPa

Mass flow rate — 1,310.6 kg/s

Rotational speed — 3,600 rpm

The impact of various stages was considered for an axial turbine.
After five stages, an efficiency gain of 0.1% to 0.2% proved not to be
cost effective (after nine stages, efficiency begins to decrease). The
selected variant of axial turbine total-to-static efficiency was 94%.
While modeling of the radial turbine showed lower efficiency (85%)
and twice the dimension, it turned out to be preferable from a manu-
facturing point of view. But it 1s important to consider the influence
of rotational speed on radial turbine efficiency. The efficiency of a
radial turbine may be improved to 92%, for example, by raising rota-
tional speed to 6,000 rpm. This option may lower manufacturing
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costs by using a radial turbine instead of axial, without significant
cycle ethiciency loss.

Steam turbines and S-CO, turbines have different structural load
patterns. The average power per stage 1s 6.5 MW for a steam turbine
and 31 MW for an S-CO, turbine. This mean that for blades with the
same D/l the torque 1s 4.77 times greater. And if the blades of the S-
CO, turbine are intended to be full strength, the chords should be
doubled in dimension for the same profile.

Development prospects

Most studies have concentrated on overall cycle design and opti-
mization. The next stage will be concentrated on component detail.
The obstacles that may appear at this stage include the structural lim-
itations of material, control of cycle operation, corrosion and power
plant overall layout. Further development of the S-CO, cycle will be
continued as 1t 1s one of the most promising power conversion tech-
nologies for next-generation nuclear reactors. il
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