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ABSTRACT

Super critical carbon dioxide (sCO2) power cycles have the potential for high thermodynamic
efficiencies. The high cycle efficiencies are achieved by operating with the turbine inlet at high
temperatures and pressures and the compressors generally close to the critical point. Each
cycle implementation will have different geometries and likely different ratios between the low-
pressure and high-pressure sides of the loop. When the cycle is not operating, without other
intervention the loop will naturally achieve one pressure throughout the loop. Determining that
settle out pressure and the distribution of temperatures if shutting down from an operating
condition can drive critical design decisions. It is important to be able to accurately predict the
settle out conditions for closed loop sCO2 systems. Because of the large difference in the sCO2
conditions at different locations in a power cycle loop, predicting the settle out conditions can be
challenging. This paper will discuss a variety of methods that were used to predict the settle out
pressure and temperature distribution and compare those predictions to test data collected
during commissioning and operation of the simple cycle configuration of the STEP Facility.

INTRODUCTION

Closed loop power cycles when operating have a distribution of different pressures and
temperatures at different locations around the loop. Pressure differential is what drives the fluid
flow, if there are no pressure differentials in the loop there would be no net mass flow around
the loop. Compressors and pumps are used to increase the pressure while turbines and
expansion valves are used to decrease the pressure. Additionally, there is pressure loss that
naturally occurs due to viscous losses as the working fluid flows through the piping and heat
exchangers in the loop. The working fluid temperature is also changing as the working fluid
travels around the closed loop.

Supercritical carbon dioxide (sCOz) has properties that are very sensitive to temperature.
Relatively small changes in the temperature of the fluid can drive significant changes to the
pressure when the fluid is in a closed volume. Designing components to the maximum conditions
that they will be exposed to is critical to proper loop design. During cycle operation the loop will
have a large distribution of pressures with the portion between the compressor discharge and
the turbine inlet significantly higher pressure than between the turbine discharge and the
compressor inlet, see Figure 1. When the system is not flowing the pressure in the loop will
assume a settle out pressure, depending on the amount of mass in the loop and the conditions
before settle out is achieved will determine the settle out pressure. For the same inventory mass,
higher temperature working fluid will result a higher settle out pressure. Accurately predicting
both the operating and the settle out conditions is critical to determining the appropriate design
conditions for the system components. Heim et. all describe several methods to predict the settle
out conditions [1].
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Figure 1: Simplified Closed Loop Cycle

STEP DEMO

The United States Department of Energy (DOE) has funded the Supercritical Transformational
Electric Power (STEP) Demo project to design, procure, commission, and operate a 10MWe
pilot scale powerplant. An overview of the STEP Demo project is described with additional
details by Marion et. all in [2].

Figure 2 shows the STEP facility high bay with the compressor on the right side of the image and
the turbine on the left side. Figure 3 shows a plan view of the facility layout, in addition to the

piping and equipment seen in Figure 2 the process heater is shown that is located outside of the
facility.

Figure 2: Step facility picture
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Figure 3: STEP facility layout

Figure 4 shows the simple cycle configuration Process and Instrumentation Diagram (P&ID) of
the STEP Demo facility with three key areas identified. The areas are the piping between



compressor discharge (CBA-001) to the check valve (NRV-248) in yellow, the piping from the
check valve (NRV-248) to the turbine stop valve (CV-470A) in green, and from the turbine stop
valve (CV-470A) to the compressor inlet (CBA-001) in blue. The colors used for the three piping
sections in Figure 4 match the colors of the pressure plots for those same locations in Figure 5.
Figure 5 shows the pressures verses time of those three pipe volumes plus the rotor speeds for
the turbine and the compressor. As can be seen, the turbine speed increases slightly before the
turbine stop valve tripped, causing the turbine speed to rapidly decrease. When the turbine
tripped the compressor continued to operate in full recycle before the compressor tripped less
than one minute after the turbine trip occurred.

As can be seen in the pressure plots of Figure 5, when the turbine stop valve (CV-470A) closes
and the flow stops, the check valve (NRV-248) closes and bottles up the pressure. The loop has
two zones for settle out with different pressures. This strategy was used to ensure that the low
pressure side of the loop, between the turbine discharge and the compressor inlet maintained a
relatively low settle out pressure condition. Additionally, this strategy controls the distribution of
the post heater high temperature CO; ensuring that it doesn’t backflow through the system to
piping and equipment not designed for the highest temperatures in the loop.
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Figure 4: Key pressure locations map
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Figure 5: Key location pressures during a system trip

CONCLUSIONS

The settle out conditions for an sCO; closed loop system are very dynamic and a detailed
transient model is required to accurately predict the behavior. Bulk models can be used to get
approximate values but the behaviors observed, specifically the increase in the heater pressure



(Figure 5) after the trip will not be predicted without a transient model. The pressure increase
observed in the heater section is due to heat addition from the heater even though the
combustion is tripped off with the process trip.

The two zone settle out strategy was successful as can be observed by the heater pressure
zone maintaining a pressure approximately 100 bar above the compressor discharge and
turbine sections.
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