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ABSTRACT
The feasibility study on supercritical methane Recuperated Brayton Cycle
for waste heat recovery
Aibolat Dyuisenakhmetov
Recuperated Brayton Cycle (RBC) has attracted the attention of research scientists not
only as a possible replacement for the steam cycle at nuclear power plants but also as an
efficient bottoming cycle for waste heat recovery and for concentrated solar power.
RBC’s compactness and the ease at which it can be integrated into existent power plants
for waste heat recovery require few modifications. Methane, carbon dioxide and
trifluoromethane are analyzed as possible working fluids. This work shows that it is
possible to achieve higher efficiencies using methane under some operating conditions.
However, as it turns out, the performance of Recuperated Brayton Cycle should be
evaluated based on net output work. When the performance is assessed on the net output
work criteria carbon dioxide still proves to be superior to other gases. This work also
suggests that piston engines as compressors and expanders may be used instead of
rotating turbines since reciprocating pistons have higher isentropic efficiencies.
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Chapter 1
Introduction
1.1 Motivation
Global warming problem possibly due to increase in carbon dioxide concentration in the
atmosphere gained attention in last few decades. The market share of renewable sources
of energy is still small and fossil fuels constitute to about 80% of world’s energy
consumption with natural gas accounting for 20% and coal for 40% (The World Bank,
2014). Moreover, it is expected that world energy consumption will rise by 56% by 2040
and fossil fuels will remain to be the dominant source of energy (EIA, 2013). There are
three primary strategies to reduce CO2 emissions: carbon capture and sequestration
(CCS), increasing the share of renewable energy resources, improving energy the
efficiency of conventional power plants.
The efficiency of current operating power plants around the world is around 40%. This
means that more than half of thermal energy is wasted and this significant amount of
energy can and therefore should be recovered. One way of increasing efficiency of power
plants is through employing bottoming cycles such as transcritical Organic Rankine
Cycle (ORC) or supercritical Recuperated Brayton Cycle (RBC). Both cycles can be
integrated into existent power plants without any substantial modifications required. The
very basic layout of ORC and RBC consists of five main elements: heat source and heat
sink, expander, regenerator with the only difference that a pump is used in ORC instead
of a compressor in supercritical RBC.
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In ORC, electricity is generated by expanding hot vapors acting on turbomachinery.
Compared to conventional Rankine Cycle (RC), moisture erosion at the turbine exit can
be avoided without superheating in ORC since a gas after expansion ends up in
superheated vapor region. One of the disadvantages of ORC is expensiveness of the
working fluids which are usually refrigerants such as freon R123 and R113. In addition to
being expensive, these compounds are known for their ozone-depletion and greenhouse
warming potential properties. Furthermore, phase change during evaporation in a heat
exchanger may lead to “pinching” subsequently diminishing thermodynamic efficiency.

Fig 1.1 Pinching inside a heat exchanger (adopted from Yang (2011))
This pinching is overcome in supercritical RBC since RBC operates above working
fluid’s critical temperature and therefore single phase in ensured. It was also shown that it
is possible to achieve higher thermal efficiency in supercritical RBC than in ORC when
operating between the same minimum and maximum temperatures. Furthermore, high
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densities inherent to the nature of the both cycles require the use of smaller size
turbomachinery, and this consequently may lead to the reduction in capital costs.

Fig. 1.2 Echogen’s s-CO2 10MWe power turbine compared to a 10 MWe steam turbine.
(adopted from The Energy Collective (2014))
As it will be shown later, the performance supercritical RBC performance can be
improved by selecting fluid with high isobaric heat capacity (cp). The Fig. 1.3 below
served as a cause for this work.
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Fig. 1.3 Heat capacities and specific heat ratios temperature dependency for CO2 and CH4
NASA Polynomials.
The heat energy from combustion of fossil fuels is converted into mechanical or electrical
energy through thermodynamic cycles by heat engines and depending on the amount of
output power can be classified into three following categories (Invernizzi (2013)):
1) Steam turbines are typically used in RC. Output power usually varies from
hundreds of MW to couple of GW with efficiency typically around 45%.
2) Gas turbines are used in BC. Output power typically varies from several MW to a
few hundreds of MW
3) Internal combustion reciprocating engines are commonly used when output power
varies from several kW to 10 MW. Thermodynamic efficiencies range from 20%
to 45%.
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Internal combustion reciprocating engines have high isentropic efficiencies gas turbines
and steam turbines. The isentropic efficiencies of piston compressors and expanders are
typically greater than 90%.
1.2 Objectives and Approach
The primary objective of this work is investigation of the possibility of utilizing
supercritical methane as working fluid in simple RBC (see Fig. 3.4 for RBC) for waste
heat energy recovery compared to carbon dioxide. At the same time, the performance of
supercritical trifluoromethane RBC compared to carbon dioxide is studied as well. The
research work is conducted primarily using Engineering Equations Solver (EES) with
built-in NIST Reference Fluid Thermodynamic and Transport Properties Database
(REFPROP) and NASA polynomials library.
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Chapter 2
Literature Review
Feher (1968) proposed to use supercritical fluids in closed RC and especially RBC, since
compression work is significantly reduced near the critical point of fluid. After listing
several possible working fluids such as ammonia, sulfur hexafluoride, carbon dioxide and
some hydrocarbons, he stated that CO2 is superior others because of its medium critical
pressure, inertness, abundance, non-toxicity and it is the gas which supercritical
properties are well studied. However, he concluded that it was not possible to implement
this technology due to the absence of suitable materials for heat exchangers and suitable
power source. With the development of new materials and new heat exchangers in early
1990s, research in s-CO2 RBC field resumed. It is possible to classify research studies on
RBC into three main directions depending on the type of heat source: nuclear energy,
waste heat recovery, and combustion
2.1 Nuclear Energy
First studies were mainly focused on the possible application of supercritical carbon
dioxide s-CO2 RBC cycle in nuclear reactors. Different cycle layouts were studied and it
was found that partial cooling, recompression and pre-compression cycles are the most
efficient and suitable for nuclear energy purposes. Angelino (1968) was one of the first
researchers to suggest these configurations. He came to a conclusion that large
irreversibilities may arise due to the pinch-point problem caused by the high difference in
heat capacity values between the high-pressure fluid and the low-pressure fluid near a
critical point. The value of a specific heat of any substance experiences an abrupt
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increase near a critical point and this sudden increase smoothes down at higher pressures
as displayed in Fig 2.1.

Fig. 2.1 Isobaric specific heat capacity of CO2 at 75 bars and 250 bars.
An additional compressor (pre-compressor) between low-temperature and hightemperature recuperators is introduced in the pre-compression cycle as shown in Fig. 2.2.
Precompression increases both specific heat capacity and temperature of the low-pressure
stream eliminating the pinch-point problem. Although the introduction of an additional
compressor causes decrease in average temperature at which heat is rejected, it also raises
the temperature at which heat is injected resulting in overall efficiency increase.
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Fig. 2.2 Pre-compression cycle (adopted from Cho et. al (2015))
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Fig. 2.3. Partial cooling cycle (adopted from Cho et. al (2015))
The partial cooling cycle involves the use of two additional compressors C1 and C2 as
shown in Fig. 2.3. Low-pressure fluid after Low-Temperature Recuperator (LTR) is
cooled partially and enters compressor C3. The flow is then split into two branches where
one fraction of the fluid is directly compressed (C2) for the second time and it is injected
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into High-Temperature Recuperator (HTR). The other fraction is cooled again and then
compressed (C1) before entering LTR. Thus, the pinch-point problem is avoided through
reducing the mass flow rate in LTR on high-pressure side resulting in equal mass flow
weighted heat capacity of the both sides significantly improving both regenerator and
cycle efficiency.

Fig. 2.4 Recompression cycle (adopted from Cho et. al (2015))
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Recompression configuration, displayed in Fig. 2.4, is somewhat simpler than partial
cooling configuration since less number of components is used, but, as the partial cooling
cycle, recompression cycle makes the use of flow-split to solve the pinch-point problem.
Some attempts were made in the past to build a supercritical RBC for nuclear energy. In
early 1970s Nuclear Power Institute of the Belorussian SSR Academy of Sciences
designed and developed a mobile nuclear reactor mounted on a truck, “Pamir-630D”. It
was operational for 3000 hours in different working regimes. Despite its high
corrosiveness, nitrogen tetraoxide was used as a working fluid because of its dissociation
and recombination capabilities. One mole of nitrogen tetraoxide (N204) dissociates into
two mole of nitrogen dioxide (N04) when it is heated which in turn dissociates into two
moles of nitrogen monoxide (N0) and one mole of oxygen (202) with everything
recombining back to nitrogen tetraoxide when cooled. This significantly increases
efficiency since recombination reduces compressor work and dissociation increases
expander work. Furthermore, recombination and dissociation also enhance heat transfer
in heat exchangers.
Sandia National Laboratories built pilot supercritical CO2 recompression RBC facility
with pressure ratio (Pr) around 1.8 (Sandia National Laboratories). This facility was
specially built to study different operating conditions of s-CO2 RBC and suitability of
materials for nuclear energy applications.
2.2 Waste heat recovery
Recently researchers have turned their attention on using supercritical RBC for waste
heat recovery. Probably one of the most extensive studies on s-CO2 RBC as a secondary
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cycle was carried out by Cho et.al (2015) and Kimzey (2012). Kimzey (2012) compared
s-CO2 RBC waste heat recovery on Siemens H class and GE LM6000 gas turbines with
already existing steam bottoming cycles. He performed analysis of about thirty different
cycle layouts, and three of his proposed layouts outperformed bottoming cycles of GE
LM6000, but those cycles were inferior to the bottoming cycle in case of Siemens H class
gas turbine. He also analyzed pre-compression, recompression and partial cooling cycles
and concluded that these three cycles are not suitable for waste heat recovery.
Echogen Power Systems (Echogen Power Systems, 2012) highlighted the important
difference between a constant heat flux source, e.g. nuclear energy, and a variable heat
flux source, e.g. waste heat. A nuclear energy source is characterized by a constant heat
flux in spite of temperature the energy is being delivered. However, the heat available
from a waste heat source is proportional to the temperature change of the exhaust stream,
and it is roughly equal to 𝑄 = 𝑚𝑒𝑥ℎ𝑎𝑢𝑠𝑡 𝐶𝑝 ∆𝑇. To explain the importance of that, consider
the data in Table 2.1 below generated as part of this work. Carbon dioxide and
trifluoromethane are heated by exhaust gases to 823 K. Exhaust gases, in turn, are cooled
to the recuperator outlet temperature of high- pressure fluid (Tx) (see Fig. 3.4). Since
carbon dioxide has the lower specific ratio of heat capacities than trifluoromethane,
carbon dioxide has lower expander outlet temperature (T4) after expansion and
subsequently lower temperature Tx. Thus, although being less efficient than
trifluoromethane, carbon dioxide absorbs more energy than trifluoromethane from
exhaust stream such that the net output work is higher for carbon dioxide. Therefore, the
net output work should be performance evaluation criteria for RBC.
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Table 2.1 CHF3 vs CO2 performance comparison
Tx
Tx
Qin
Qin
(CO2) (CHF3) (CO2) (CHF3)
Pr (oK)
(oK)
(MW) (MW)
2,4 520,8 561,5 112,97 83,11

Wnet
(CO2)
(MW)
34,62

Wnet
(CHF3)
(MW)
28,09

ηCO2
0,3065

ηchf3
0,338

2,8

508,5

550,4

121,91

91,23

37,77

31,45

0,3099

0,3448

3,2

499,8

542,1

128,24

97,35

39,72

33,97

0,3097

0,349

3,6

493,3

535,6

132,92

102,17

40,87

35,90

0,3075

0,3514

4,0

488,4

530,2

136,57

106,09

41,52

37,40

0,304

0,3526

4,4

484,4

525,7

139,46

109,39

41,78

38,60

0,2996

0,3528

Realizing the difference between a constant heat flux source and a waste heat source, Cho
and his colleagues (2015) proposed and analyzed seven different layouts of s-CO2 RBC
for Siemens SCC5-4000F and were able to show that one of their layouts, shown in Fig
2.5, slightly outperforms reference steam cycle. But the number of components used
increased. The exhaust gas temperature in their seven cycles is within 65-90 oC
temperature range. Therefore, it can be said that it is almost impossible to extract energy
from the exhaust stream.
To date, there are no RBC facilities used for waste recovery. However, recently, Echogen
has introduced their EPS100 10MW heat engine working on s-CO2 ORC (The Energy
Collective (2014)). We may expect to see RBC plants for waste heat recovery soon.
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Fig. 2.5 Cascade cycle 3 by Cho et al.(2015)

2.3 Combustion
The different variation of RBC, called ‘Allam Cycle’ and named after its inventor, has
been recently proposed and has received a lot of attention (Allam et. al, 2012). The
schematic diagram of Allam cycle is shown in Fig. 2.X. In Allam cycle, carbon dioxide is
used as a working fluid. The heat comes from the oxy-combustion of methane in s-CO2
rather than nuclear energy or waste heat. 99.5% pure oxygen is obtained through
cryogenic separation. Combustion significantly raises the temperature of carbon dioxide
resulting in high efficiency and increased net output power.

27
One of the main advantages of the cycle is that products of the combustion, carbon
dioxide, and water, can be easily separated and the surplus of almost pure carbon dioxide
produced during combustion can be then sequestrated.

Fig. 2.6 Allam cycle layout (adopted from Allam et. al (2012))
A pilot 50 MW Allam cycle plant which commissioning is planned for summer 2017 will
utilize a turbine designed by Toshiba especially for s-CO2 (Allam, 2017).
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2.4 Working fluid selection for waste heat recovery
Yang (2011) states that over 50 working fluids were studied and most of them were down
selected based on four main criteria: toxicity, flammability, ozone depleting potential
(ODP) and global warming potential (GWP). Therefore, hydrofluorocarbons (HFC) and
chlorofluorocarbons (CFC) are not considered for their GWP and ODP properties
respectively, and fire safety is the issue of concern for chemicals such as isobutene and
ammonia.
Invernizzi (2013) listed several chemical compounds that have a critical temperature
close to room temperatures and can be used in supercritical RBC. However, as he pointed
out the thermal stability of these fluids limits the maximum operating temperature. He
conducted some studies on the thermal stability of some of these refrigerants such as
HFC-134a and HFC-23 and came to the conclusion that they are stable up to 673 K.
Table 2.2 Some of working fluids listed by Invernizzi (2013)
Fluid

Critical Temperature

Critical Pressure

Molecular
Weight (g/mol)

(oC)

(bar)

Carbon dioxide

30.97

73.74

44.01

HFC-23

25.82

48.36

70.014

Ethane

32.17

48.72

30.07

Sulphur
hexafluoride

45.57

36.15

146.056

HFC-125

66.02

36.15

120.022

29
No information on using supercritical methane was found in the literature. Most likely,
the possible use methane was not considered of because of its flammability issues. In
addition to being explosive, methane is known to be one of the greenhouse gases
contributing to global warming. It should be noted that all research work on RBC as well
as ORC was carried out using either MATLAB or Engineering Equations Solver (EES)
with NIST REFPROP database.
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Chapter 3
Results and Discussion
3.1 EES calculations assumptions
3.1.1 Pressure
The minimum pressure (P1 compressor inlet) is set to 75 bars which is slightly above
CO2 critical pressure (see Table 2.1). The performance of supercritical RBC cycles is
studied for different pressure ratios ranging from Pr=1.2 to Pr=8.8.
3.1.2 Pressure Losses
BC and RBC are sensitive to pressure losses (ΔP) inside pipes, heat exchangers, heaters,
and coolers. Because of pressure losses, pressure ratio in an expander is slightly less than
in a compressor. The effect of pressure losses on efficiencies and net output work of real
gases is studied for pressure losses of ΔP=0%, ΔP=0.5%, and ΔP=1%. It is assumed that
every time fluid passes through cooler, heater and recuperator its pressure drops by ΔP.
Pressure losses in pipes are neglected.
3.1.3 Maximum and minimum temperature
In real RBC, the maximum expander temperature (T3) (see Fig. 3.4 for temperatures) is
limited by the temperature of exhaust gases of the topping cycle and T3 is lower than the
exhaust temperature. The typical temperature of exhaust gases of a combined cycle gas
turbine is approximately in the range of 723~873 K. Siemens SCC5-4000F gas turbine is
selected for s-CH4 and s-CO2 RBC comparison. The mass flow rate of exhaust gases is
688 kg/s and the temperature of exhaust gases is 873 oK. The maximum temperature,
therefore, is set to 823 K. For s-CHF3 and s-CO2 RBC comparison, the maximum
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temperature is restricted by the thermal stability temperature of CHF3 which is equal to
673 K. The minimum temperature (cooler outlet temperature) is limited by the critical
temperature of carbon dioxide and it is set to 310 K, if otherwise stated, since methane
and trifluoromethane have lower critical temperatures.
3.1.4 Isentropic Efficiencies of Turbines and Compressors
In an ideal RBC, compression and expansion occur isentropically. This assumption is
only valid if there are no heat losses to the surroundings. Isentropic efficiency of 90 % is
assumed for both compressor and expander. Piston expanders and compressors have
isentropic efficiencies that are typically greater than 90%.

Fig 3.1 Isentropic efficiency of a compressor

Fig. 3.2 Isentropic efficiency of turbine

(adopted from OU Engineering Media Lab eCourses)

𝜂𝑒 =

ℎ2𝑎 −ℎ1
ℎ2𝑠 −ℎ1

Eq. (3.1)

𝜂𝑐 =

ℎ2𝑠 −ℎ1
ℎ2𝑎 −ℎ1

Eq. (3.2)

3.1.5 Recuperator Performance
A recuperator, which is nothing but a countercurrent heat exchanger, performance can be
modeled in two ways: recuperator efficiency or minimum terminal temperature
difference. The former method is chosen with the efficiency of 95%.
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Fig. 3.3 Recuperator (adopted from MIT)
In the Fig. 3.3 above stream b is being heated and the recuperator efficiency (𝜂𝑟 ) can be
defined as a ratio between actual and the maximum possible changes in enthalpy. It is
described by the following formula:

𝜂𝑟 =

ℎ(𝑇𝑎1 )−ℎ(𝑇𝑎2 )
ℎ(𝑇𝑎1 )−ℎ(𝑇𝑏1 )

Eq. (3.3)
𝑃

𝑇

𝑐

𝑇𝑐

Although ideal gas assumptions are only valid for situations when 𝑃 ≪ 1 and

≫ 1,

they can be used to understand the effect of different physical properties on the
performance of a system. In the case of an ideal gas, it is possible to obtain simple
algebraic efficiency equation for the BC and the RBC since the specific heat capacity of
an ideal gas is assumed to have some constant value independent of temperature and
pressure.
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3.2 Recuperated Brayton Cycle (RBC)

Fig. 3.4 Recuperated Brayton Cycle
(1-2) adiabatic compression
(2-3) isobaric heat addition
(3-4) adiabatic expansion
(4-1) isobaric heat rejection
𝑇

𝑖
𝑄𝑖𝑛
= ∫𝑇 3 𝐶𝑝 𝑑𝑇 = 𝑊𝑒𝑖 Eq. (3.2.1)
𝑋

𝑇

𝑖
𝑄𝑜𝑢𝑡
= − ∫𝑇 1 𝐶𝑝 𝑑𝑇 = 𝑊𝑐𝑖 Eq. (3.2.2)
𝑌

𝑖
𝑖
𝑖
𝑊𝑛𝑒𝑡
=𝑄𝑖𝑛
– 𝑄𝑜𝑢𝑡
Eq. (3.2.3)
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In an ideal regenerator, TX=T4 and TY=T1.
𝑖
𝑄𝑜𝑢𝑡

𝑖
𝜂𝑡ℎ
= 1−

𝑖
𝑄𝑖𝑛

=1−

𝑇
1
𝑇
∫𝑇 3 𝐶𝑝 𝑑𝑇
4

∫𝑇 2 𝐶𝑝 𝑑𝑇

(3.2.4)

Since isobaric heat capacity for an ideal gas is independent of temperature and pressure,
the above equation (8) reduces to:
𝑇
𝑇1 ( 1 −1)

(𝑇 −𝑇 )

𝑇2

𝑖
𝜂𝑡ℎ
= 1 − (𝑇2 −𝑇1 ) = 1 − (
3

with

𝑃1
𝑃2

𝑃

= 𝑃4 and
3

𝑎𝑏 −1
1

1− 𝑏
𝑎

𝑇 )
𝑇3 (1− 4 )

4

= 1−(

𝑇3

𝑃1

𝛾−1

) Eq. (3.2.5)

𝑃
𝑇3 (1−( 4 ) 𝛾 )
𝑃3

= 𝑎𝑏

𝑇

𝑃

𝑖
𝜂𝑡ℎ
= 1 − 𝑇1 (𝑃2 )
3

1

𝛾−1
𝛾

𝑖
𝑊𝑛𝑒𝑡

= 𝐶𝑝 𝑇3 (1 − (𝑃𝑟)

𝑖
𝑄𝑖𝑛

𝑇3
∫𝑇 𝐶𝑝 𝑑𝑇
4

=

𝛾−1

𝑃
𝑇1 (( 2 ) 𝛾 −1)

𝑇

=

𝑊𝑒𝑖

1

𝛾−1
𝛾

Eq. (3.2.6)

) − 𝐶𝑝 𝑇1 (𝑃𝑟

= 𝐶𝑝 𝑇3 (1 − (𝑃𝑟)

𝑖
𝑄𝑜𝑢𝑡
= ∫𝑇 2 𝐶𝑝 𝑑𝑇 = 𝑊𝑐𝑖 =𝐶𝑝 𝑇1 (𝑃𝑟
1

1

𝛾−1
𝛾

𝛾−1
𝛾

-1) Eq. (3.2.7)

𝛾−1
𝛾

) Eq. (3.2.8)

-1) Eq. (3.2.9)
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3.3 Simple Brayton Cycle (BC)

Fig. 3.5 Brayton Cycle
The BC is composed of the same four processes with the only difference that there is no
recuperator.
𝑇

𝑖
𝑄𝑖𝑛
= ∫𝑇 3 𝐶𝑝 𝑑𝑇 = 𝐶𝑝 (𝑇3 − 𝑇2 ) Eq. (3.3.1)
2

𝑇

𝑖
𝑄𝑜𝑢𝑡
= − ∫𝑇 1 𝐶𝑝 𝑑𝑇 = 𝐶𝑝 (𝑇4 − 𝑇1 ) Eq. (3.3.2)
4

𝑖
𝜂th
= 1−

𝑖
𝑄𝑜𝑢𝑡
𝑖
𝑄𝑖𝑛

𝑃

𝛾−1
𝛾

with ideal gas adiabatic equations (𝑃2 )
1

𝑇

𝑇

give us 𝑇2 = 𝑇3
1

4

= 1−

𝑇

= 𝑇2
1

(𝑇4 −𝑇1 )
(𝑇3 −𝑇2 )

Eq. (3.3.3)

𝑃

and (𝑃3 )
4

𝛾−1
𝛾

𝑇

= 𝑇3
4

𝑃

𝑃

and 𝑃1 = 𝑃4 will
2

3
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Hence,

𝑖
𝜂𝑡ℎ

=1−

𝑇
𝑇1 ( 4 −1)
𝑇1
𝑇
𝑇2 ( 3 −1)
𝑇2

𝑇

= 1 − 𝑇1 = 1 −
2

𝑊𝑒𝑖

1
𝛾−1
𝑃
( 2) 𝛾
𝑃1

𝛾−1

Eq. (3.3.4)

(𝑃𝑟) 𝛾

1

= 𝐶𝑝 𝑇3 (1 − (𝑃𝑟)

𝑊𝑐𝑖 =𝐶𝑝 𝑇1 (𝑃𝑟

𝑖
𝑊𝑛𝑒𝑡

1

= 1−

𝛾−1
𝛾

1

𝛾−1
𝛾

) Eq. (3.3.5)

-1) Eq. (3.3.6)

= 𝐶𝑝 𝑇3 (1 − (𝑃𝑟)

𝛾−1
𝛾

) − 𝐶𝑝 𝑇1 (𝑃𝑟

𝛾−1
𝛾

-1) Eq. (3.3.7)

Some important conclusions can be drawn from above equations:
a) The use of gas with the lower ratio of specific heats or in other words with higher
isobaric heat capacity will lead to an improvement in the efficiency of RBC whereas the
use of gas with the high ratio of specific heats is favored in BC.
b) Increasing turbine inlet temperature (T3) and/or decreasing compressor inlet
temperature raise (T1) the efficiency of RBC but this does not affect the efficiency of BC
and increase the net output work of both RBC and BC.
c) Decreasing pressure ratio also increases efficiency but lowers net output work. As
pressure ratio approaches unity, supercritical RBC is equivalent to Otto cycle efficiency
(but no power is generated).
d) It also can be noticed that compressor, expander and net output works are equal for
both BC and RBC when operating between same maximum and minimum temperatures
using same working fluid.
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e) RBC is more efficient than BC at low pressure ratios.

Fig. 3.6 Ideal gas efficiency of isentropic RBC and BC (γco2=1.28, γch4 =1.32)
The cycle efficiencies decrease when isentropic efficiencies of a compressor and an
𝑎
expander are introduced. The actual expander work (𝑊𝑒𝑎 ) is less than the isentropic 𝑄𝑖𝑛
=
𝑎
𝑊𝑒𝑎 = 𝜂𝑒 𝑊𝑒𝑖 , whereas the real compressor work (𝑄𝑜𝑢𝑡
= 𝑊𝑐𝑎 ) is greater than the
𝑎
isentropic 𝑄𝑜𝑢𝑡
= 𝑊𝑐𝑎 =

𝑊𝑐𝑖
𝜂𝑐

.

𝑎
𝜂𝑡ℎ
= 1−

𝑖
𝑄𝑜𝑢𝑡
𝑖
𝜂𝑐 𝜂𝑒 𝑄𝑖𝑛

=1−𝜂

𝑇1
𝑐 𝜂𝑒 𝑇3

𝑃

(𝑃2 )
1

𝛾−1
𝛾

Eq. (3.3.10)
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𝑎
𝑊𝑛𝑒𝑡
= 𝜂𝑒 𝑊𝑒𝑖 −

𝑊𝑐𝑖
𝜂𝑐

Eq. (3.3.11)

3.4 NASA polynomials
A more realistic simulation still uses ideal gas equation of state, but the specific heat
capacities now depend only on temperature and can be described by the following
polynomial equation:
𝐶𝑝 (𝑇)
𝑅

= 𝑎0 + 𝑎1 𝑇 + 𝑎2 𝑇 2 + 𝑎3 𝑇 3 + 𝑎4 𝑇 4 Eq. (3.4.1)

Table 3.1 NASA polynomials coefficients for CO2, CH4
CO2

CH4

a0

2.35677352

5.14987613

a1
(1/K)

8.98459677E-03

-1.36709788E-02

a2

-7.12356269E-06

4.91800599E-05

2.45919022E-09

-4.84743026E-08

-1.43699548E-13

1.66693956E-11

(1/K2)
a3
(1/K3)
a4
(1/K4)
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3.4.1 CO2 vs CH4 (NASA Polynomials)

Fig. 3.7 RBC efficiency of CO2 and CH4 at different isentropic efficiencies with 𝜂𝑟 = 1
and ΔP=0%
It can be seen from Fig. 3.7 that methane RBC is negligibly more efficient than carbon
dioxide RBC. It is also clear from the same figure that isentropic efficiencies of an
expander and a compressor simply decrease the efficiency of RBC without changing the
shape of curves. With the introduction of expander and compressor irreversibilities,
methane is still slightly better than carbon dioxide. As in the case of ideal gas, the
efficiency of RBC is inversely proportional to pressure ratio.
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Fig. 3.8 RBC efficiencies of CO2 and CH4 at 𝜂𝑟 = 1 and 𝜂𝑟 = 0.95 with ΔP=0%
As it can be seen from Fig. 3.8, the picture changes when recuperator efficiency is less
than 100%. Efficiencies of methane and carbon dioxide RBC still have approximately
equal values, but the dependence of efficiency on pressure ratio is less evident. The
maximum efficiencies are obtained at Pr=2.4 and Pr=2.6 in case of supercritical carbon
dioxide and methane respectively.
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Fig. 3.9 RBC efficiencies of CO2 and CH4 at 𝜂𝑟 = 0.95 and 𝜂𝑟 = 0.9 with ΔP=0%
The efficiency of RBC reduces with the recuperator efficiency, and the point of
maximum efficiency is achieved at a little higher pressure ratios
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3.4.2 CO2 vs CHF3 (NASA Polynomials)

Fig. 3.10 RBC efficiencies of CO2 and CHF3 at 𝜂𝑟 = 1 and 𝜂𝑟 = 0.95 with ΔP=0%
CHF3 is included in this analysis not only as a compound that has similar to carbon
dioxide critical temperature and pressure but also as a gas with a higher specific heat
capacity. Trifluoromethane is superior to carbon dioxide with 100% recuperator
efficiency. Nevertheless, as it can be noted from Fig. 3.10 and Fig. 3.11, CHF3 would be
still preferable working fluid in terms of the RBC efficiency even when regenerator
efficiencies are considered.
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Fig. 3.11 RBC efficiencies of CO2 and CHF3 at 𝜂𝑟 = 0.95 and 𝜂𝑟 = 0.9 with ΔP=0%
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3.5 Real gas effects
3.5.1 CO2 vs CH4 (Real gas)

Fig. 3.12 RBC efficiency of CO2 and CH4 at different isentropic efficiencies with 𝜂𝑟 = 1
and ΔP=0%
Since the compression occurs near the critical point of carbon dioxide, real gas effects
become important and should be considered. The efficiency of s-CO2 rockets when
compared with NASA polynomials due to reduced compression work as seen fron Fig.
3.13. It can be shown that isentropic compression work is significantly reduced near
critical point using the compressibility factor (Z).
𝑃

𝑃

𝑅𝑇

1

1

𝑃

𝑊𝑐 = ∫𝑃 2 𝑉𝑑𝑃= ∫𝑃 2 𝑍

𝑑𝑃 Eq. (3.5.1)

The compressibility factor can be defined as the deviation of fluid from ideal gas. The
compressibility factor of unity indicates that fluid behaves as an ideal gas and if its value
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is close to zero the fluid can be treated as incompressible. It has the value of 0.2-0.5 near
critical point for carbon dioxide.
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Fig 3.13 CO2 compression work calculated using NASA Polynomials and REFPROP
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Fig 3.14 CH4 compression work calculated using NASA Polynomials and REFPROP
But because for supercritical methane compression work is done far away from its critical
point real gas effects are negligible as in it can be seen in Fig. 3.14, and its efficiency is
the same as when calculated using NASA polynomials with 100% efficiency regenerator.
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Fig. 3.15 RBC efficiencies of CO2 and CH4 at 𝜂𝑟 = 0.95 and 𝜂𝑟 = 0.9 with ΔP=0%
However, having regenerator efficiencies less than 100% drastically lowers the RBC
overall efficiencies such that s-CH4 and s-CO2 have comparable efficiencies. In fact, sCH4 cycle has higher efficiencies than s-CO2 at low pressure ratios. The s-CO2 efficiency
curve becomes flatter, and the position of its maximum efficiency point shifted to higher
pressure ratios when compared with NASA polynomials (see Fig. 3.9).
It can be noted from ideal gas equations for RBC that reducing compressor inlet
temperature favorably influences the efficiency of the RBC by decreasing compression
work. Since methane has lower critical pressure and temperature than carbon dioxide it is
possible to operate the s-CH4 RBC at different inlet compressor conditions. Therefore, it
can be seen from the Fig. 3.15 that cooling methane to 280 K (carbon dioxide
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temperature is 310 K) before compressor and keeping other operating parameters
constant raises the efficiency of methane cycle.

Fig. 3.16 RBC efficiencies of CO2 and CH4 at 𝜂𝑟 = 0.95 and 𝜂𝑟 = 0.9 with ΔP=0%
(T1=280 K)
However, as pointed out in the literature review, the performance of RBC should be
based on the net output power. In fact, more energy is produced in s-CO2 RBC than sCHF3. Therefore, there is no point of using CHF3 as working fluid in RBC
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Fig 3.17 Wnet of CO2 and CH4 with 𝜂𝑟 = 0.95 and 𝜂𝑐 = 𝜂𝑒 = 0.9, ΔP=0% (T1=280 K)
The introduction of pressure losses in calculations slightly decreases both efficiency and
Wnet as it can be seen from Fig. 3.17, 3.18, 3.19, 3.20 and 3.21.
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Fig 3.18 Wnet of CO2 and CH4 with 𝜂𝑟 = 0.95 and 𝜂𝑐 = 𝜂𝑒 = 0.9, ΔP=1% (T1=280 K)
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Fig. 3.19 RBC efficiencies of CH4 at 𝜂𝑟 = 0.95, 𝜂𝑐 = 𝜂𝑒 = 0.95 at different ΔP
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Fig. 3.20 RBC efficiencies of CO2 at 𝜂𝑟 = 0.95, 𝜂𝑐 = 𝜂𝑒 = 0.95 at different ΔP
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Fig. 3.21 RBC efficiencies of CO2 and CH4 at 𝜂𝑟 = 0.95, 𝜂𝑐 = 𝜂𝑒 = 0.95 and ΔP=1%
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Fig. 3.22 RBC efficiencies of CO2 and CH4 at different compressor and expander
isentropic efficiencies
Having turbomachinery with higher isentropic efficiencies positively affects the RBC. At
ηc=ηe=0.85 s-CO2 definitely surpasses s-CH4 as a working fluid but increasing isentropic
efficiencies makes s-CH4 more efficient than s-CO2 at low pressure ratios.
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3.5.2 CO2 vs CHF3 (Real gas)

Fig. 3.23 RBC efficiency of CO2 and CHF3 at 𝜂𝑟 = 0.95 and 𝜂𝑟 = 0.9 with 𝜂𝑒 = 𝜂𝑐 =
0.9 and ΔP=0%
As it can be seen from Fig. 3.23 CHF3 outperforms CO2 in terms of efficiency when real
gas effects are taken into consideration. However, as in case the of CH4, s-CO2 RBC
produces more net output work and pressure losses does not affect the performance of sCO2 compared to s-CHF3 as seen in Fig. 3.24, 3.25,3.26, 3.27
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Fig 3.24 Wnet of CO2 and CHF3 with 𝜂𝑟 = 0.95 and 𝜂𝑐 = 𝜂𝑒 = 0.9, ΔP=0%
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Fig 3.25 Wnet of CO2 and CHF3 with 𝜂𝑟 = 0.95 and 𝜂𝑐 = 𝜂𝑒 = 0.9, ΔP=1%
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Fig. 3.26 RBC efficiencies of CO2 and CHF3 at 𝜂𝑟 = 0.95, 𝜂𝑐 = 𝜂𝑒 = 0.90 and ΔP=1%
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Fig. 3.27 RBC efficiencies of CHF3 at 𝜂𝑟 = 0.95, 𝜂𝑐 = 𝜂𝑒 = 0.90 at different ΔP
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Fig. 3.28 RBC efficiencies of CO2 at 𝜂𝑟 = 0.95, 𝜂𝑐 = 𝜂𝑒 = 0.90 at different ΔP
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Chapter 4
Conlusion
In this thesis, we explore the effect of changing working fluid from CO2 to CH4 or to
CHF3 in RBC for waste heat recovery. CHF3 and, at some particular conditions, CH4 are
found to be slightly more efficient than CO2; this is due to larger specific heat capacities
of CH4 and CHF3. It is demonstrated that the performance of RBC for waste heat
recovery should be assessed based on the net output work.
It is also shown that net output work and efficiencies strongly depend on compressor and
expander efficiencies. While most modeling assumes that the RBC uses gas turbines
which usually have isentropic efficiencies less than 90% and in the particular case of
"Allam Cycle" required the design of a new gas turbine, we, therefore, suggest to use
piston engines as expanders and compressors because they have a greater isentropic
efficiencies than the equally sized gas turbine.
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