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Abstract

Supercritical Carbon Dioxide (sCO;) power cycles have recently garnered attention for use with high
temperature Gen IV nuclear reactors such as Molten Salt Reactors (MSR) due to prospects for improved
performance in high temperature regions, with the Recompression model being one of the most studied
configurations where the heat rejection step occurs near the CO, critical point of 30.98°C. An alternative
well researched variant is the transcritical condensing CO, cycle which reduces irreversibility in heat
rejection and shows higher efficiencies and specific work produced. The stable operation of an MSR
benefits from maintaining steady operating points, heat transfer and approach temperature between the
salt loop and the power cycle. Given the proximity of the critical point of CO, to ambient temperatures,
and the variability of thermodynamic properties near this point, sCO; cycles are susceptible to
unwelcome transients associated with ambient temperature fluctuations. Further, condensing cycles,
despite showing promising performance, are limited to regions with consistent ambient temperatures
which allow heat rejection below the critical temperature, year-round.

This study proposes a “Thermal Adapter” model, which uses a refrigeration bottoming cycle to maintain
stable operating points in a condensing sCO, recompression cycle, while allowing condensation
irrespective of ambient conditions, thereby addressing both these concerns. The isothermal heat
rejection from the CO; (in contrast to a Brayton cycle) to refrigerant, and refrigerant to the environment
mitigates some of the work lost through the operation of the refrigeration cycle. A thermodynamic and
exergy analysis was conducted comparing the Thermal Adapter model to the standard recompression
cycle at varying environmental temperatures. The results indicate that the Thermal Adapter successfully
isolates the CO; cycle and nuclear operation from transient ambient conditions, exhibiting a greater
specific work at all ambient temperatures, a higher net efficiency at Tre; > 32°C, and operational simplicity
on comparison with the Reference model.

Introduction

Recent years have seen large investments and technological advancements made towards the launch of
Gen IV nuclear reactors, as a step towards more efficient, and inherently safer nuclear power. These
reactors generate heat at higher temperatures compared to most existing powerplants, with
TerraPower’s Molten Salt Reactor slated to operate near 650°C, allowing for a higher Carnot efficiency in
the coupled power cycle.

One such advanced power cycle poised towards high temperature application is the supercritical carbon
dioxide (sCO,) cycles which operates at high efficiencies with relatively compact and simple plant layouts,
providing economic and operational benefits over competing supercritical steam cycles [1], and helium
Brayton cycles [2]. The advantages of sCO; cycles stem from the low compressibility of CO, near the
critical point, minimizing compression work, ability to internally recuperate heat, and the high density of
CO; in the expansion process, allowing for smaller machinery, and higher energy density [3]. The low
critical point of CO; at 31°C and 7.38 MPa allow the cycle to reject heat near ambient conditions. The
recompression cycle which operates entirely above the critical pressure is one of the most studied
configurations [4]. The condensing transcritical recompression CO2 cycle has been well studied by [5]
and involves condensation of a part of the CO2 stream, which is pumped from the liquid phase to
supercritical pressure, resulting in a higher net power and efficiency [6]. Wright et al. have described
how a slight reduction in heat rejection temperature can lead to significant efficiency gains [7]. The



50
51
52
53
54

55
56
57
58
59
60
61
62
63
64
65
66
67

68
69
70
71
72
73
74
75
76
77

78

The 8th International Supercritical CO, Power Cycles Symposium
February 27 — 29, 2024, San Antonio, Texas
Paper #26

higher efficiency of the condensing cycle can be partially explained by the slightly lower heat rejection
temperature implemented to facilitate condensation, resulting in a higher Carnot efficiency. The gain in
the real cycle efficiency is greater than the increase in the Carnot efficiency associated with the wider
temperature range. This observation is explained through the greater second law efficiency of the cycle
arising from nearly isothermal heat rejection via condensation and thereby lower irreversibility.

The common concerns associated with the industrial implementation of sCO; cycles are the variations of
the thermodynamic fluid properties in the vicinity of the critical point and the impact this may have on
the overall power cycle. Unlike traditional steam cycles, CO; cycles reject heat near ambient conditions,
and given the critical point of CO, is near the ambient temperature in most geographies, environmental
temperature fluctuations may further disrupt the stable operation of a sCO, power cycle. The steady
performance and operation of molten salt reactors is benefitted by a constant, and predictable heat
transfer out of the salt loop and into the CO; cycle, hence such aforementioned disturbances in the CO,
cycle as a result of transient ambient conditions are undesirable. The condensing sCO; cycle solves one
facet of this problem, by rejecting heat from the cycle at temperatures significantly below the critical
temperature. This process bypasses the critical point, and thereby any associated thermodynamic
instability regions, while exhibiting appreciable gains in efficiency and specific work. Nonetheless, such
cycles are limited geographically to regions where a sufficiently cold natural heat sink is available and are
yet susceptible to variations in external temperatures.

This study proposes the use of a refrigerating bottoming loop as a “Thermal Adapter”, which couples
with the heat rejection step of a condensing sCO; cycle. The Thermal Adapter will serve to maintain a
constant interface temperature with the CO,, thereby isolating the power cycle and nuclear operations
from variations in external temperatures, while allowing for condensation of CO; irrespective to climatic
conditions. A well-designed refrigeration loop will employ heat transfer between both the CO; cycle, and
the environment through largely isothermal phase change processes, thereby minimizing irreversibilities,
and reaping the benefits of a condensing cycle, which recoups some of the work lost through the
introduction of an additional process. This study reports the thermodynamic and exergy analyses on the
implementation of a Thermal Adapter and outlines the use cases wherein the use of such a configuration
results in net efficiency and performance benefits.
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Modelling

The thermodynamic modelling of the sCO, power cycle is carried out through the Aspen HYSYS modelling
software, using the Peng-Robinson equation of state. The alternate equations of state considered were
Lee-Kesler-Plocker and Redlich-Kwong-Soave. Peng-Robinson was selected due to the ease of
computation, and accuracy near the critical point.

The accuracy of the Aspen HYSYS model was verified through the replication of the state points in the
recompression cycle described by Wright et al. [7]. The model showed a variance of less than 1% in the
prediction of efficiency and a variance of 3.6% in prediction of specific power.

Reference Model

The Reference model is based on the well-studied recompression Brayton cycle model and is modelled
around the schematic described by Wright et al. [7], with some modifications as documented in Table 1.

The heat source is defined as an isothermal reservoir at 650°C. This analysis studies the effect of ambient
temperature fluctuation on the sCO; power cycle, hence the heat rejection temperature is varied from
15°C — 45°C. The high pressure point is 20 MPa, and the low pressure point post expansion is set slightly
above the critical pressure at 7.7 MPa, when the rejection temperature is above the critical temperature
of COz.

For a fair comparison with the Thermal Adapter model, the reference model is designed to allow for
condensation when the rejection temperature is sufficiently below the critical temperature (Tgej < 30°C).
This study does not directly refer to the ambient temperature as local conditions such as availability of
running water, the humidity of air, etc. will affect the approach temperature between the power cycle fluid
and ambient conditions, therefore the rejection temperature is used to denote the temperature of the
working fluid post the heat rejection step. In the Reference model, Tgej refers to CO, temperature exiting
the rejection step. The turbine outlet pressure is dropped to the saturation pressure corresponding to the
heat rejection temperature, allowing for condensation during the heat rejection step. Studies have shown
that the low variation of density between the vapor and liquid phases of CO, allow for a compressor to
function as a pump for liquid CO,, albeit at lower efficiencies. This study credits the Reference model with
the ability to pump condensed CO, by means of a compressor, with no penalty on adiabatic efficiency.

Thermal Adapter Model

The previously defined reference model has been modified to include a simple propane refrigeration cycle
which facilitates the condensation of the CO, in the CO, heat rejection step. The closed propane loop
consists of a compressor, compressing the propane to the saturation pressure at ambient conditions. The
propane vapor rejects heat to the environment, condensing into a saturated liquid, which is throttled to
form a two-phase mixture. The throttle outlet pressure is based on the level of Joule-Thompson throttling
required to drop the temperature to 12°C. The propane evaporates in the CO,-Propane phase change heat
exchanger consequently condensing CO; at 15°C. The low temperature range of the propane cycle (12°C
to Tgej), results in a high COP cycle. Tgej in this model refers to the temperature of propane leaving the
condenser. The propane cycle effectively isolates the CO, loop from any fluctuations in the ambient
temperature through modifications in the mass flow rate, and pressure ratio to maintain a constant CO»-
propane interface temperature. Figure 1 displays a process flow diagram highlighting the thermodynamics
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state points for a Tgej = 40°C case. The theoretical total efficiency of such a combined cycle can be calculated

as follows.
(1 B r’Top)

T’Overall = nTop - COP

The Thermal Adapter leverages the CO, condensation to replace the main compressor with a centrifugal
pump. The condensation of CO; allows the turbine to operate at a higher pressure ratio, expanding the
fluid to the expected saturation pressure at 15°C, well below the critical pressure to which traditional
cycles are limited. Further, the constant heat rejection temperature of 15°C allows for finetuning of the
split flow ratio to allow for more effective heat transfer in the low temperature recuperator.

Split Flow Ratio

The split flow ratio is defined as the amount of flow directed to the heat rejection step, and consequently
the pump and LTR, as opposed to the re-compressor. This ratio is dictated by the heat transfer in the LTR.
The hot side carries the low-pressure vapor CO,, while the cold side carries the high-pressure liquid CO,
which undergoes evaporation and superheating in the LTR. The difference in thermodynamic conditions
results in a high difference in the specific heat capacity between the streams potentially leading to
unfavorable heat transfer [8]. To allow for a constant approach temperature across the heat exchanger,
the total heat capacity of both flows must be matched.

ﬁlh * Cph * ATh = mc * Cp(,‘ * ATC
For constant approach: AT, = AT, ; (my, * Cp,, — m, * Cp.) = 0

Given the specific heat capacity is fixed by the pressure ratios, the mass flow is then controlled through
the split flow ratio to optimize operation. Figure 2 displays the effect of split flow ratio on the difference
in mass capacities (MmnCpn — McCy,c) across the heat exchanger and the corresponding impact on overall
cycle efficiency. The peak cycle efficiency is found at a split flow ratio of 0.544.

Results and Discussion

The performance of the Thermal Adapter Model and the Reference model are evaluated and compared
under varying ambient temperature conditions (heat rejection temperature varies from 15°C to 45°C). The
effect of the propane refrigeration loop on overall system performance, and the ability to isolate the power
cycle from extraneous thermal fluctuations is documented in this section. The primary parameters of
concern are system efficiency, specific work, and CO, inlet temperature to the primary salt heater.

Efficiency

Figure 3 shows that the thermal adapter model exhibits a significantly higher efficiency at all rejection
temperatures above the critical point (Trej > 33°C). At points greater than the critical temperature, the
Thermal Adapter model leverages isothermal phase change process to transfer heat from both the CO,
into the propane loop and reject heat from the propane loop to the environment. This results in minimal
heat transfer related entropy gain, and consequently high efficiencies.
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At rejection temperatures below the critical temperatures, the theoretical reference model reaps the
benefits of a condensing transcritical CO; cycle, without the parasitic load of the propane refrigeration
cycle, resulting in a theoretical higher efficiency. However, to reject heat via condensation, the system
must operate at higher pressure ratios, and repurpose the compressor to pump liquid CO,. Studies have
shown that such an application of compressors is possible, albeit at a less than ideal efficiency point
thereby diminishing the overall cycle efficiency [9]. For the reference model to outperform the thermal
adapter model while condensing CO; (Tgrej <31°C), a compressor designed for an 85% peak efficiency for
vapor phase application, must exhibit an adiabatic efficiency of greater than 75% while pressurizing the
liquid phase. A more feasible operational strategy under colder ambient conditions (Tambient < 31°C) in a
standard sCO, cycle would be to restrict the cooling of low-pressure CO; to near the critical temperature,
consequently underleveraging the available natural heatsink, given the restrictions imposed by the
turbomachinery. The operation of the Thermal Adapter model is not restricted by the ambient
temperatures to the same degree, however, is still susceptible to efficiency losses arising from off-design
operation of the Propane compressor.

Specific Work

Figure 4 depicts the variation of specific work produced by the cycle, with variations in the heat rejection
temperature. The improved performance of the thermal adapter model is attributed to the higher-
pressure ratio across the turbine, and the lower work required to pump liquid CO,. The adapter model
exhibits a 15% higher net work at Trej of 26°C, quickly rising to a 60% higher net work at a Tgej of 39°C when
compared to the reference model.

Impact on Salt Heat Exchange Process

The primary heat input step in the proposed nuclear power application is through a salt heat exchanger.
The stable operation of the nuclear process benefits from maintaining a steady heat transfer between the
salt and the attached power cycle. Figure 5 and Figure 6 depict the impact of variations in environmental
conditions on the entry temperatures of CO; into the salt heat exchanger, as well as the heat absorbed by
the power cycle for a 1 kg/s mass flow rate of CO,, respectively. The graphs clearly show that the propane
refrigeration loop successfully isolates the power cycle, and consequently the nuclear process from any
transient environmental conditions, providing a constant CO; inlet temperature to, and constant Qo from
the salt loop.

T-S Diagram at Tgej = 40°C

A comparison between the T-S diagrams of the Thermal Adapter model, and the Reference model, when
operating under identical temperature boundary conditions is depicted in Figure 7 and Figure 8. This chart
depicts the ability of the propane refrigeration loop to pull the CO, into the liquid phase, allowing for near
isothermal heat rejection, as opposed to the large temperature gradient across the rejection step in the
reference model. The ability of the propane loop to exchange heat isothermally with both the CO, loop,
and the environment, results in an overall more efficient system. This behavior is consistent in all cases
where Tgej > 32°C.

Exergy Analysis and Second Law Efficiency
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A detailed exergy analysis was conducted to thermodynamically analyze and compare the performance of
the Thermal Adapter model with the Reference model. The analysis assumes heat input through an
isothermal heat source at 650°C, and an isothermal heat sink at the rejection temperature. The exergy
entering the system, and the irreversibility of each of the unit processes are calculated based on the
formulae in Table 2.

Figure 9 and Figure 10 display the comparison of irreversibility as a percentage of exergy entering the
system for a 40°C heat rejection case. The irreversibility of the “Rejection” process in the Reference model
refers solely to the work lost while rejecting heat to the environment. The irreversibility of rejection in the
Thermal Adapter model refers to the sum of the work lost across the CO,-propane heat exchanger, along
with the work lost in the propane cycle (compressor, condenser, and throttle).

The data shows that the irreversibility of heat rejection is significantly lower in the Thermal Adapter model,
despite the presence of additional equipment and processes. The facilitation of isothermal heat rejection
from the CO; loop to the Propane loop as opposed to direct heat rejection to the atmosphere results in an
overall less irreversible (more efficient) system. This behavior is exhibited for all cases where the heat
rejection temperature is greater than the critical temperature of CO..

Conclusion

The benefits of a condensing transcritical CO, power cycles are well established in literature. A primary
barrier associated with such a process is the proximity of the critical temperature to ambient conditions,
wherein variations in environmental temperatures disrupt the ability to condense CO; in the heat rejection
step. Further, this study is directed towards the application of sCO; cycles in the nuclear industry, where
maintaining stable operating conditions in the power cycle and the nuclear plant, irrespective of transient
ambient conditions, are of importance. This analysis follows a thorough modelling effort resulting in the
development of a “Thermal Adapter” system which incorporates a propane refrigeration bottoming loop
for a condensing CO, cycle and evaluates the ability of a such a loop to isolate the power cycle from
ambient temperature fluctuations, and the effect of the bottoming loop on the thermodynamic
performance of the overall system. The proposed system is compared against a standard condensing sCO;
power cycle rejecting heat directly to the environment.

A thermodynamic and exergy analysis resulted in the following conclusions:

e The Thermal adapter model successfully isolates the power cycle from ambient thermal
fluctuations, as measured by the constant inlet temperature to, and heat duty absorbed from the
salt HEX. In contrast, a 25°C variation in ambient temperature in the reference model results in an
83°C variation in CO; inlet temp to the salt HEX.

e The Thermal Adapter model boasts of a higher specific work at almost all ambient temperatures,
despite the presence of additional rotating equipment (12% higher at a Tge; of 25°C, and 61% higher
at 40°C). This is attributed to a higher pressure ratio across the turbine, and ease of pressurizing
liquid CO; as opposed to a gas compression process.
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e The Thermal Adapter model exhibits a significantly higher efficiency than the reference model at
all Trej > 32°C, due to the isothermal heat rejection via condensation. The exergy analysis around
this process shows that this isothermal rejection step compensates for the irreversibilities added
by the propane loop, resulting in a net efficiency gain when compared to the Reference model.

The reference model in this study shows a higher efficiency when the Tgejis between 25°C and 32°C, as the
model benefits from the condensation of the CO, without the parasitic load of the refrigeration cycle.
However, this performance is contingent on the compressor pressurizing liquid CO; at the same efficiency
as gaseous CO,, and such high performance has been shown to be unlikely. Further, the thermal adapter
model may be modified such that when the ambient conditions are sufficiently low, the propane loop may
be shut down, and the CO, stream can be redirected to reject heat directly to the environment, allowing
for natural condensation. Following these two considerations, the authors believe that the Thermal
Adapter model may thermodynamically outperform the reference model at all environmental conditions;
however, further investigation is recommended. Additional perks of the newly devised set up are the
ability to design a singular power cycle for application in various climatic zones with minor modifications
to the refrigeration loop alone, which result in engineering design cost saving and commonality of
hardware.
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271 Tables
272
Parameters Reference Thermal Adapter
Model Model
High Pressure 20 MPa 20 MPa
TSource 650°C 650°C
HTR Approach Temp 4°C 4°C
LTR Approach Temp 3.5°C 3.5°C
Total Mass Flow 1Kg/s 1Kg/s
Split Ratio (To Heat Rejection) 0.604 0.544
TRejecﬁon (TREJ) 15°C - 45°C 15°C - 45°C
N Main-compressor 0.85 -
r] Pump = 0.85
N Re-compressor 0.87 0.87
N Turbine 0.9 0.9
N Propane Compressor - 0.9
CO2-Propane HEX Approach Temp - 3°C
CO; Condensation Temp - 15°C
Pressure Drop 5% of total 5% of total
273 Table 1: Model Parameters
274
275
276

277
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Component

Formula

Exergy flow in

Turbomachinery

Valve

Heat Exchanger

Heater

Cooler

T,
cI)in=Qin*(1_T )
source
Irurbo = M * Ty * (Sout — Sin)

lyawe = M * Ty * (Sour — Sin)

iHEX = To * [mh(sh,out - Sh,in) + mc(sc,out - Sc,in)]

. . Qin
iheater = To * [m * (Sout — Sin) — T ]
source
. _ . Qout
lcooter = To * [ * (Sout = Sin) + T ]
sink

Table 2: Exergy Analysis Calculations
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Figure 1: Model Schematic (Tgej = 40 C)
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Appendix A

Analysis of Ideal and Real Heat Engine — Refrigerator Combined Cycle

Jon D. McWhirter, Ph.D., P.E.

TerraPower, LLC

1 PURPOSE
This work is to demonstrate the thermodynamic feasibility of a combined cycle with sub-ambient heat
rejection from a power cycle to a refrigeration system then ultimate heat rejection above the ambient
temperature.

2 NOMENCLATURE

n - efficiency

T - temperature

Q - heat

- coefficient of performance of refrigerator

W - work

3 SUMMARY
The Supercritical CO; Brayton cycle with Recuperation and Recompression, being investigated by
various parties for application to nuclear plants but may suffer from issues related to the instability of
operations in the vicinity of the critical point. The ambient temperatures worldwide vary enough to
be above and below the CO; critical point of 31.1 °C. A combined cycle with Supercritical CO, power
cycle rejecting heat to a refrigeration cycle is a potential scheme to maintain stable operating points
of the CO, while having the ‘bottoming’ refrigeration cycle as a ‘thermal adapter’ to absorb variations
in the ambient temperature while maintaining fixed CO; state points. To demonstrate that there is
no violation of the Second Law of Thermodynamics, it is shown that the overall cycle efficiency does
not exceed the Carnot Cycle efficiency for a heat engine operating between a high temperature
reservoir and the ambient temperature. It is emphasized that the combined cycle efficiency is not
guaranteed to be higher that the stand-alone Brayton cycle.

4 BACKGROUND

The Supercritical CO; Brayton cycle with Recuperation and Recompression is being investigated by
various parties for application to nuclear plants (Dostal, Driscoll, & Hejzlar, 2004). However, the
potential difficulty of maintaining stability in the vicinity of the critical point, 31.1 °C, and the strong
variation of the cycle performance as the ambient temperature changes, are complications, though
some analyses show stable operation of a compressor in the vicinity of the critical point (Wright,
Radel, Vernon, Rochau, & Pickard, 2010). The notion of using a refrigeration cycle to create a stable
cold space for the power cycle heat to be rejected to is proposed as a method of avoiding the issues
associated with the critical point and the ambient temperature variation by having the heat sink
sufficiently cool so that the CO, can be readily condensed regardless of the ambient temperature. To
demonstrate that there is no violation of the Second Law of Thermodynamics, ideal efficiencies (i.e.,
Carnot) for the heat engine and the refrigerator are employed to arrive at equations demonstrating
the efficiency for such a scheme relative to the Carnot efficiency.
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5 ANALYSIS

5.1 Combined cycle description

A schematic of the system is shown below in Figure 1. Four thermal reservoirs are involved: the high
temperature Heat Source at Ty, the ultimate Heat Sink at Tamsient, the heat rejection temperature for
the heat engine T;, and the cold space temperature for the refrigerator, 7. For heat to flow from the
heat engine heat sink temperature to the refrigerator cold space, a temperature difference, DT =T, -
T2 0, is introduced. Heat from a high temperature reservoir is converted to work in a Carnot cycle
with the rejected heat discharged to heat engine heat sink; this heat in its entirety then flows to a
colder temperature region generated by the refrigeration cycle. The Carnot refrigerator then takes
this quantity of heat, and with a portion of the work produced by the heat engine, compresses the
refrigerant to a temperature at ambient; the ultimate heat rejected must include the contribution due
to the refrigeration compressor work. The combined cycle net work, Wy gr is then the heat engine
work Wy less the work required for the refrigeration compressor, Wggg.

5.2 Ideal Analysis

Beginning with a standard Carnot Heat Engine (Van Wylen & Sonntag, 1986) operating between a
thermal reservoir heat source at Ty and a thermal reservoir heat sink at T;, we have:

NcarRNOT = Ty

SO

Wy = (1 TL)
HE_QH TH

And, by reversibility and the definition of absolute temperature,

%u_Q
Ty T,

Thus

Ty Ty Ty
w, :Q—(l——)=Q (__1)
HE L TL TH L TL

Next we introduce a Carnot Refrigerator absorbing heat at 7;- and rejecting heat to the ambient at

TAMBIENT-

(7-1)

(7-2)

(7-3)

(7-4)
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HEAT ENGINE HEAT SOURCE, 7

Qn

1% Wyer= Wyg - W,
CARNOT HEAT HE NET HE -~ T REF
ENGINE

&
\ CARNOT

Y WREF REFRIGERATOR
HEAT ENGINE HEAT SINK, 7;

AT l 0, ¢r

REFRIGERATED COLD SPACE, 77

391
392 Figure 11: Schematic of the Combined Cycle
393
394 The Coefficient of Performance of the Carnot Refrigerator (Van Wylen & Sonntag, 1986) is
QL QL Ty, (7-5)
COPcarnor = Bcarnor = = =
RNor ot Wrer  Qamient — Qv Tamient — Tur
395
396 So
Tampient — Ty TamBiENT (7-6)
Wrer = Q1 <—) = QL( - 1)
TL’ TL’
397
398 Hence
Ty TamBiENT (7-7)
WNET=WHE_WREF=QL(__1>_QL( —1>
TL TLI
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The goal is to find the overall efficiency, hoverawi, as a function of the thermal reservoir and ambient
temperatures and the difference between the two low-temperature reservoirs, DT. Since

Ty TamBIENT Ty TampienT (7-8)
W = Wis —eee = 00 (7 =1) = (1)) = 0y

TL TH TAMBIENT TL TAMBIENT
W = 0 T Tawn) _ o (T T

H TH TL TL’ TH TL’

n _ WyEer _ { _ ETAMBIENT}
OVERALL _QH T, —TL’

With the power cycle heat rejection temperature slightly higher than the refrigeration cycle heat
removal temperature,

T, =T, + AT, AT > 0 (7-9)

there results:

Wner — 1 (TL' + AT) (TAMBIENT)

NovERALL = T Ty T,
. _ (TL' + AT) (TAMBIENT)
TOVERALL T, T, (7-10)
Now for some limiting cases. Note that for DT = 0, we arrive at the expected overall efficiency for an
ideal heat engine operating between the high temperature reservoir and the ambient, ncarnoT:
T\ (TamBienT TamBiENT (7-11)
AT =0 - NOVERALL = 1- (_) <—> =l-—= NcarnoT
TL’ TH TH

for a cycle between Ty and Tavsient. Now, as DT > 0 (by definition), the overall efficiency is less than
the Carnot efficiency — the numerator of the subtrahend in Eq. (7-11) is larger than that of the ideal
case, so the difference is smaller. Hence, the Second Law of Thermodynamics remains observed since
the Carnot cycle efficiency is not exceeded. Some other observations of the mathematics can be
demonstrated more readily by looking at the ratio of the Carnot efficiency and the Overall Efficiency:
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NovERALLAT#0 _ - (TLIT-ll:'AT) (TAMTB;ENT) - (TAMYQ:ENT) - (?1_3:) (TAMﬁ;ENT)

CARNOT 1— TamBIENT 1— TamBIENT
Ty Ty

AT
NOVERALL AT=0 (Ty — Tampient) — TampienT (T_L’)
NcARNOT Bl (Ty — TampienT)
AT
TamBIENT (ﬁ)
TNOVERALLAT#0 _ V. 1 VAT >0
NcArNOT Ty — TampienT

So as derived above, the Carnot efficiency is approached as AT—0. Also, the relative deviation from
Carnot efficiency rises as Tamsient rises, a reasonable expectation.

REAL CYCLES

The objective of the real cycle analysis is to express the efficiency of an overall cycle in terms of the
performance metrics of the heat engine and the refrigeration system. For a real heat engine with
efficiency h and a refrigeration cycle with coefficient of performance b, with appropriate
temperatures to foster the heat flows from higher to lower temperature, the work produced by the
heat engine, for a heat input Qu, is Wxe = h Qu. The rejected heat is, therefore,

QL=1—-n0y

which is the heat that must be lifted and rejected by the refrigeration cycle. The coefficient of
performance, S, for the refrigeration cycle is

B = QL/Wggr = Qi = BWhggr

substituting for Q, yields

Wrer = (1 =1)Qx/B

(7-12)

(7-13)

(7-14)

(7-15)
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The net work for the system is the heat engine work less the refrigeration cycle work, or

1—
Wyer = Wyg — Wrer = 1Qnu _% =Qu(m—QA-n)/B)

The overall efficiency is found by dividing the net work by the heat input, or

Novera, =N — (1 —1)/B

7 CONCLUSIONS

Ideal and real analyses have demonstrated that such a combined cycle with a cold space operating
below ambient temperature, created by a refrigeration cycle rejecting heat to ambient, follows
expected behavior mathematically. However, the test of whether this results in a gain over the
‘original’ Brayton cycle rejecting heat directly to ambient alone is not evaluated herein. That analysis
is more complicated mathematically and must be realistically evaluated numerically with real
thermodynamic state point data.
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