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The Brayton Cycle Using Real Air
and Polytropic Component
Efficiencies
This paper presents the results of a fundamental, comprehensive, and rigorous analytical
and computational examination of the performance of the Brayton propulsion and power
cycle employing real air as the working fluid. This approach capitalizes on the benefits
inherent in closed cycle thermodynamic reasoning and the behavior of the thermally
perfect gas to facilitate analysis. The analysis uses a high fidelity correlation to represent
the specific heat at constant pressure of air as a function of temperature and the poly-
tropic efficiency to evaluate the overall efficiency of the adiabatic compression and ex-
pansion processes. The analytical results are algebraic, transparent, and easily manipu-
lated, and the computational results present a useful guidance for designers and users.
The operating range of design parameters considered covers any current and foreseeable
application. The results include some important comparisons with more simplified con-
ventional analyses. �DOI: 10.1115/1.4003671�
Introduction
Many persistent questions about propulsion and power cycles

re generally related to the impact of gas properties at elevated
emperatures on performance �1,2�. One of the most important
uestions is whether the variation in gas properties with tempera-
ure places any limits on the maximum useful pressures and tem-
eratures of gas turbines. Judging by the abundance of references
o the ideal Brayton cycle �IBC� �also known as the ideal air-
tandard cycle and the ideal Joule cycle� found in the open litera-
ure �e.g., Refs. �3–7��, the IBC has provided the fundamental
asis for much of the understanding of and reasoning about many
evices that convert chemical energy into mechanical work, in-
luding stationary ground and marine gas turbine power plants
nd aircraft gas turbine engines. The purpose of this paper is to
xamine the Brayton cycle in more realistic terms and to demon-
trate that the resulting real air Brayton cycle �RABC� is capable
f answering many questions, including important contemporary
nes concerning the behavior of power cycles capable of large
ompression pressure ratios and high combustion temperatures.
his analysis is, of course, exact for cycles that directly transfer
eat to the air from geothermal, nuclear, or solar sources. The
ABC consists of four separate simple processes executed in se-
uence, as diagramed in Fig. 1. The station numbers used through-
ut this paper conform to the gas turbine industry standard �8�.

The thermal efficiency and mass specific work are of para-
ount importance to stationary power plants and aircraft engines

like. In every case, the crucial initial step is to convert the chemi-
al energy of the fuel into work that is available to produce power
nd/or accelerate intake and fuel flows to ultimately produce re-
ction thrust. Consequently, the thermal efficiency and the mass
pecific work of the RABC are the primary focus of this investi-
ation. The thermal efficiency and mass specific work of the
losed RABC thermodynamic cycle are given by

�th =
w

qa
=

qa − qr

qa
= 1 −

qr

qa
�1�

The main purpose of this study was to isolate and demonstrate
he importance of two physical effects that fit easily into the tra-
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ditional thermodynamic closed cycle analysis. It is therefore care-
fully constructed to avoid the complications of combustion reac-
tions, which require the specification of the chemical composition
of the fuel, the combustor operation and geometry, and the com-
plex chemical reaction analysis, and inevitably leads to open cycle
performance analysis and the introduction of other experiential
information such as heat transfer, cooling air sources and distri-
bution, turbine efficiency, and engine cycle parameters �e.g., by-
pass ratio, fan pressure ratio, and whether the exhaust flows are
separate or mixed�.

The four simple processes that constitute the RABC are next
described in detail in order to improve the understanding of their
individual behaviors and to develop analytical models that can be
used to provide quantitative results. For the remainder of this
investigation, it is assumed that ec, �c, ee, �e, and T4 /T0 are
known and that T0=518.7°R �288.2 K�. Further, all properties
have been and will be expressed in either intensive or mass spe-
cific terms.

2 Analysis

2.1 The Properties of Real Air. The chemical composition
of the representative air used in this paper consists of 79% N2 and
21% O2 by moles �or number of molecules�. The inclusion of such
trace constituents as argon or water will not appreciably affect the
results. Air is assumed to be in equilibrium throughout the RABC
and is observed to behave as a thermally perfect gas for pressures
above 1 atm and for temperatures between 500°R and 4000°R
�277.8 K and 2222 K� �see Sec. 2.6 of Ref. �4� and Sec. 2.5 of
Ref. �9��. The chemical composition of air for pressures above 1
atm varies insignificantly for temperatures between 500°R and
4000°R �whence the gas constant of air is also constant at
0.06854 Btu / lbm°R �0.2870 kJ/�kg K��. In order to facilitate
consistency between remote workers, the static conditions at Sta-
tion 0 usually correspond to the standard atmosphere �see Sec. 2.4
of Ref. �9� and Ref. �10��.

The algebraic correlation of Sec. 2.6 of Ref. �4� was used to
calculate the values of the specific heat at constant pressure shown
of real air in Fig. 2. These values are within 1% of the exact
values over the temperature range of interest. Should greater ac-
curacy be required, thermodynamic equilibrium calculations by
means of Gibbs function minimization can be rapidly accom-
plished �see Chap. 6 of Ref. �9��. It should be noted that Cp in-

creases steadily with temperature but not nearly in proportion to
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the absolute temperature, so that the ratio T /Cp increases almost
linearly with absolute temperature. Since real air behaves as an
ideal or perfect gas under all anticipated conditions, only the gas
constant and the specific heat are needed to calculate the remain-
ing thermodynamic coefficients, such as the specific heat at con-
stant volume and the ratio of specific heats �3�.

2.2 The RABC Adiabatic Compression Process (Station 0
to Station 3). The RABC compression process is modeled as
adiabatic, and the inevitable irreversibility of the work interaction
is modeled by constant polytropic efficiency �3,4�. Any compres-
sion resulting from the deceleration of the freestream flow is in-
cluded in the overall process �i.e., points 0–3� �3,4�. The
freestream compression in flight is primarily a function of Mach
number and can be substantial, the isentropic compression pres-
sure ratio being about 1.89 for a Mach number of 1. The poly-
tropic efficiency is best described as the efficiency of a differential
or infinitesimal pressure change and therefore represents the es-
tablished level of technological capability rather than the demon-
strated performance of an entire device. Since the compression
produces a finite pressure change, the overall efficiency decreases
with compression pressure ratio and is always less than the poly-
tropic efficiency. The reverse is true for the expansion process
�3,4�.

The definition of compression polytropic efficiency and the
Gibbs differential equation can be combined to show that �3,4�

dT =
RT

ecCpc
·

dP

P
�2�

Since the coefficient on the right hand side of Eq. �2� depends
only on temperature, Eq. �2� can be integrated numerically over
the entire pressure range to find

T3 = T0 +
R

ec
�

P0

�cP0 T

Cpc
·

dP

P
�3�

which can be combined with the constant specific heat version of
Eq. �3�,

ln�T3

T0
� =

R

ecCpc

· ln��c� �4�

to allow the derived specific heat for the adiabatic compression
process to be evaluated from the equation
ig. 1 A typical RABC thermodynamic cycle, showing the four
imple processes and station numbering. For this cycle, �c
50, T /T =7.0, e =0.90, and e =0.90.
ig. 2 Plot of the specific heat at constant pressure of real air
ersus absolute temperature for static pressures greater than 1
unction of �c and ec
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Cpc =
R

ec
·

ln��c�

ln�T3

T0
� �5�

Figure 3 presents the results of computations of Cpc based on
qs. �3� and �5� for the range of 1��c�100. It should be noted

hat Cpc depends on ec but is independent of T4 /T0 because the
ompression process precedes the heat addition process and that

pc varies slowly at the highest values of �c for any value of ec
rimarily because the temperature at the end of the compression
rocess changes slowly as �c increases. These results highlight
he fact that Cpc is dependent on ec, and this would affect the
ucceeding processes. In order to avoid associated complications,
t will be assumed hereinafter that ec=0.9 because that value is
epresentative of contemporary technology �e.g., p. 107 of Ref.
11��.

From this point on, a careful distinction must be drawn between
he derived value of Cp that is appropriate for an entire simple
rocess and the particular value of Cp that corresponds to the
revailing absolute temperature of the air. The former are derived
rom the latter. It is evident from the derivation of Cpc that it is not
n average value of Cp over the adiabatic compression process.

2.3 The RABC Heat Addition Process (Station 3 to Station
). The RABC combustion process is modeled as simple, constant
ressure heat addition �3,4,11�. The pressure may be taken to be
onstant in the combustor because the designer reduces the veloc-
ty as much as possible in order to support the combustion process
y increasing the pressure, temperature, and residence time, so
hat the resulting pressure losses are negligible.

Since

qa =�
T3

T4

CpadT �6�

Fig. 4 Plot of Cpa as a funct
hen the derived specific heat for the heat addition process is
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Cpa =

�
T3

T4

CpadT

�T4 − T3�
=

qa

�T4 − T3�
�7�

Equation �7� can be integrated either numerically or analytically
�using the algebraic correlation of Sec. 2.6 of Ref. �4��. Equation
�7� reveals that Cpa is equal to the temperature averaged value of
Cp over the temperature range of the integral.

Figure 4 presents the results of computations of Cpa based on
Eqs. �3�, �6�, and �7� for the ranges of 1��c�100 and 4
�T4 /T0�8. It should be noted that Cpa depends also upon ec
because the compression process precedes the heat addition pro-
cess and that Cpa varies slowly at the highest values of �c for any
value of T4 /T0 primarily because the temperature at the end of the
compression process changes slowly as �c increases. Neverthe-
less, Cpa varies with T4 /T0 because of the strong dependence of
Cp on temperature �see Fig. 2�.

It is tempting at this point to include factors that represent
losses in the heat addition process resulting from either the incom-
plete combustion of the fuel or from the pressure drops within the
combustor necessary for the mixing of reactants and products.
However, these losses are insignificant in modern machines, and
the complexity required for their inclusion is not worth the small
improvement in accuracy.

2.4 The RABC Adiabatic Expansion Process (Station 4 to
Station 9). The RABC expansion process is modeled as adiabatic,
and the inevitable irreversibility of the work interaction is mod-
eled by constant polytropic efficiency �3,4�. Any expansion taking
place in components designed to convert the cycle work to an-
other useful form, such as power turbines or nozzles, is included
in the overall process. The expansion pressure ratio is defined here
as the pressure at Station 4 divided by the pressure at Station 9,
and therefore exceeds 1.

The definition of expansion polytropic efficiency and the Gibbs

of �c and T4 /T0 for ec=0.90
differential equation can be combined to show that �3,4�
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dT =
eeRT

Cpe
·

dP

P
�8�

ince the coefficient on the right hand side of Eq. �8� depends
nly on temperature, Eq. �8� can be integrated numerically over
he entire pressure range to find

T4 = T9 + eeR�
P0

�eP0 T

Cpc
·

dP

P
�9�

hich can be combined with the constant specific heat formula-
ion of Eq. �9� to allow the evaluation of the derived specific heat
or the adiabatic expansion process from the equation

Cpe = eeR ·
ln��e�

ln�T4

T9
� �10�

It is evident from the derivation of Cpe that it is not an average
alue of Cp over the adiabatic expansion process.

Figure 5 presents the results of computations of Cpe based on
qs. �9� and �10� for the ranges of 1��e�100 and 4�T4 /T0
8. It should be noted that Cpe depends on �c, ec, ee, and T4 /T0

ecause the expansion process follows both the compression pro-
ess and the heat addition process. Cpe varies slowly at the highest
alues of �e for any value of T4 /T0 primarily because the tem-
erature at the end of the expansion process changes slowly as �e
ncreases. Nevertheless, Cpe varies with T4 /T0 because of the
trong dependence of Cp on temperature �see Fig. 2�. As in the
ase of the compression process, it has been assumed for the
xpansion process that ee=0.9 because that value is representative
f contemporary technology �e.g., p. 107 of Ref. �11��. It has also
een assumed that �e=�c for reasons given below.

2.5 The RABC Heat Rejection Process (Station 9 to Sta-
ion 0). The RABC heat rejection process is modeled as simple,
onstant pressure heat transfer �3,4,9�. The constant pressure as-
umption is justifiable because the air is immersed in the constant
tatic pressure ambient surroundings during this process. Applying
onservation of momentum to the exhaust stream control volume

Fig. 5 Plot of Cpe as a function o
=0.90
uring the heat rejection process reveals that the momentum of the

11702-4 / Vol. 133, NOVEMBER 2011
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air and hence the thrust do not change during this process.
Since

qr =�
T0

T9

CprdT �11�

then the derived specific heat for the heat addition process is given
by the expression

Cpr =

�
T0

T9

CprdT

�T9 − T0�
=

qr

�T9 − T0�
�12�

Equation �11� can be integrated either numerically or analytically
�using the algebraic correlation of Sec. 2.6 of Ref. �4��. Equation
�12� reveals that Cpr is equal to the temperature averaged value of
Cp over the temperature range of the integral.

Figure 6 presents the results of calculations of Cpr based on
Eqs. �9�, �11�, and �12� for the ranges of 1��e�100 and 4
�T4 /T0�8. It should be noted that Cpr depends on �c, ec, �e, ee,
and T4 /T0 because the heat rejection process follows the compres-
sion process, the heat addition process, and the expansion process.
Cpr varies slowly at the highest values of �e for any value of
T4 /T0 primarily because the temperature at the end of the expan-
sion process changes slowly as �e=�c increases. Nevertheless,
Cpr varies with T4 /T0 because of the strong dependence of Cp on
temperature �see Fig. 2�.

It should be noted that the procedures described above do not
require iteration and that the constant pressure models for heat
addition and rejection render �e=�c, so that only �c appears in
the relationships that follow.

2.6 The RABC T-s Diagram. Once the temperatures at the
end points of the four simple processes have been determined by
the methods described above, the entire RABC T-s diagram can be
computed and drawn by integrating the differential equations
listed next, the derivations of which are based on the definitions of
polytropic efficiency and the Gibbs differential equation,

� ds � = �1 − ec�
Cpc �13�

e and T4 /T0 for �e=�c and ec=ee
f �
dT c T
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� ds

dT
�

a

=
Cpa

T
�14�

� ds

dT
�

e

= �1 −
1

ee
�Cpe

T
�15�

� ds

dT
�

r

=
Cpr

T
�16�

ince Cp /T is a thermodynamic property of air that decreases with
emperature �see Fig. 2�, all four of the simple process lines bend
pward with increasing temperature. The typical RABC of Fig. 1
s based on the results of the four simple process calculations
escribed earlier and Eqs. �13�–�16�, with �c=50, T4 /T0=7.0, ec
0.90, and ee=0.90. The Gibbs differential equation for entropy
an be integrated in closed form around the RABC to prove that
he T-s diagram of Fig. 1 must close perfectly �i.e., return to the
tarting point�.

RABC Results

3.1 RABC Thermal Efficiency. Equations �1�, �7�, and �12�
an be combined to show that the cycle thermal efficiency is given
y the expression

�th = 1 −
Cpr

Cpa�
T9

T4
·

T4

T0
− 1

T4

T0
−

T3

T0

	 �17�

rovided that the derived specific heats of heat addition and rejec-
ion and the temperature ratios correspond to the selected values
f compression pressure ratio and peak heat addition temperature.
quation �17� highlights the fact that the thermal efficiency of the
ABC is entirely thermodynamic in the sense that it depends only
pon absolute temperatures. It is therefore thermodynamically
orrect to view the adiabatic compression process solely in terms
f the temperature increase �rather than the pressure increase� that
t creates.

Similarly, Eqs. �5�, �10�, and �17� can be rearranged and com-

Fig. 6 Plot of Cpr as a function
ined to yield

ournal of Engineering for Gas Turbines and Power
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�th = 1 −
Cpr

Cpa��c
−�eeR/Cpe� ·

T4

T0
− 1

T4

T0
− �c

�R/ecCpc� 	 �18�

Equation �18� can be used to calculate the RABC thermal effi-
ciency and thereby reveal the general behavior of the RABC. This
convenient algebraic relationship separates and exposes the sepa-
rate influence of each of the contributing factors and is easily
manipulated to achieve other desirable ends. It also confirms that
use of polytropic efficiencies and derived specific heats makes the
behavior of the RABC transparent. The thermal efficiency of the
RABC of Fig. 1 obtained from Eq. �18� is 0.514.

Figure 7 presents an extensive set of computations of RABC
thermal efficiency based on the values of the derived specific
heats shown in Figs. 3–6. The general features of Fig. 7 have been
previously observed and documented �e.g., Ref. �2��, some of
which can be understood by imagining a series of T-s diagrams
and applying Eq. �1�. On the one hand, as the adiabatic compres-
sion pressure ratio approaches one from above, the heat added
approaches the heat rejected and the thermal efficiency ap-
proaches zero �see Eq. �1��. On the other hand, as the temperature
at the end of compression approaches the peak cycle temperature
from below, the heat added approaches zero while the heat re-
jected increases and the thermal efficiency becomes negative and
arbitrarily large �see Eq. �1��. Consequently, both the maximum
RABC efficiency and a thermal efficiency of zero must occur
sequentially before the temperature at the end of compression
reaches the peak cycle temperature. This reasoning is confirmed,
for example, by the curve in Fig. 7 for T4 /T0=4, which shows that
the maximum thermal efficiency occurs where the temperature
ratio at the end of compression is approximately 2.7 and passes
through a thermal efficiency of zero where the temperature ratio at
the end of compression is approximately 3.6. Again, it is the ab-
solute temperatures that matter. These features appear in Fig. 7, as
well as the tendency of the maximum RABC thermal efficiency to
increase as the compression pressure ratio and peak heat addition
temperature are increased. Figure 7 also reveals that there is a law
of diminishing returns at work, for which the potential improve-
ments in RABC thermal efficiency become less as the compres-

e=�c and T4 /T0 for ec=ee=0.90
of �
sion pressure ratio and peak heat addition temperature are in-
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reased. Many studies have shown that the need for increasing
mounts of compressed air to cool the turbines as the compression
ressure ratio and peak heat addition temperature increase further
iminishes the thermal efficiency. Consequently, the thermal effi-
iencies shown in Fig. 7 should also be regarded as increasingly
ptimistic as the compression pressure ratio and peak heat addi-
ion temperature increase because of high temperature material
imitations.

Two examples based on Eq. �18� are presented below in order
o illustrate its consequences and versatility. Many variations on
hese and other themes are possible.

3.1.1 Example 1: Sensitivity Analyses. The sensitivity of ther-
al efficiency to variations of the derived specific heats at con-

tant pressure can be found by differentiating Eq. �18� to find that

��th

�Cpc

= �1 − �th�

R

ecCpc
2

· ln��c�

��c
−�R/ecCpc�T4

T0
− 1� �19�

��th

�Cpa

=
�1 − �th�

Cpa

�20�

��th

�Cpe

= ��th − 1�

T4

T0
·

eeR

Cpe
2

· ln��c�

�T4

T0
− �c

�eeR/Cpe�� �21�

��th

�Cpr

=
��th − 1�

Cpr

�22�

ince the sum of the absolute numerical values of the partial dif-
erentials calculated from Eqs. �19�–�22� is less than about 10 for
ypical RABC conditions, it follows that the derived specific heats

ust be known within about 0.4% in order to evaluate thermal
fficiency within 0.01 �or 1%� from Eq. �18�, provided that the
diabatic compression and expansion polytropic efficiencies are
nown. This sensitivity led to stringent convergence requirements

Fig. 7 Plot of the thermal efficiency
T4 /T0 for ec=ee=0.90
n the computation of the Cp values presented in Figs. 3–6. De-

11702-6 / Vol. 133, NOVEMBER 2011
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spite the apparently smooth behavior of the curve of Fig. 2, the
commercial MATLAB program required that the simple processes
be divided into at least 40,000 equal steps in order to achieve the
desired Cp accuracy through the integration of Eqs. �3�, �6�, �9�,
and �11�. The Cp values shown in Figs. 3–6 are within about 0.2%
of their values found after 1�106 equal steps, the latter being
presumed to be exact because they were no longer changing.

3.1.2 Example 2: The Single Value of Cp That Yields the Cor-
rect RABC Thermal Efficiency. Equation �18� can be used to cal-
culate a single value of Cp for all four simple processes that can
be used to produce the correct RABC thermal efficiency for any
given set of operating conditions. This is accomplished by setting
the thermal efficiency to the value found from a complete calcu-
lation and by finding the single Cp by iteration that will give the
identical result in Eq. �18�. In order to understand the conse-
quences of this approach, consider the three typical operating
points:

point A: �c = 50, T4/T0 = 4.0, ec = 0.90, ee = 0.90

point B: �c = 50, T4/T0 = 6.0, ec = 0.90, ee = 0.90

point C: �c = 100, T4/T0 = 8.0, ec = 0.90, ee = 0.90

The results of the operations described above are

point A: �th = 0.282, Cp

= 0.253 Btu/lbm ° R or 1.059 kJ/�kg K�

point B: �th = 0.514, Cp

= 0.268 Btu/lbm ° R or 1.122 kJ/�kg K�

point C: �th = 0.582, Cp

= 0.275 Btu/lbm ° R or 1.151 kJ/�kg K�

The quoted values of �th agree with those of Fig. 7, even the very
low value of point A. These results suggest that the variation in Cp
with the temperature of air affects every aspect of RABC perfor-
mance. On the one hand, these results show that the single value

f the RABC as a function of �c and
o
of Cp depends strongly on the cycle operating conditions. On the
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ther hand, Fig. 8 shows that the behavior of the thermal effi-
iency of the RABC is quite different from that of the Brayton
ycle with constant Cp=0.240 Btu / lbm°R �1.005 kJ/�kg K��. The
nformation found in Fig. 8 reveals, for example, that both the
ptimum �c for a given T4 /T0 and the �th for a given �c and
4 /T0 are significantly different between the RABC and the con-
tant Cp Brayton cycle. The choice of Cp=0.240 Btu / lbm°R in
his and later examples is based solely on the fact that this value is
ery frequently used in the open literature.

3.2 Dimensionless RABC Mass Specific Work w ÕCp0T0 .
here is equal interest in the net mass specific work of the RABC

5–7� because this quantity determines the required size of the

Fig. 8 Plots of the thermal efficienc
RABC and for the Brayton cycle wit
=ee=0.90. The thermal efficiency of t
that of the constant Cp Brayton cycl

Fig. 9 Plot of the dimensionless m

function of �c and T4 /T0 for ec=ee=0.90
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machine. Equations �1�, �5�, and �7� can be combined to show that
the RABC dimensionless mass specific work is given by the ex-
pression

w

Cp0T0
=

Cpa

Cp0
· �T4

T0
−

T3

T0
� · �th =

Cpa

Cp0
· �T4

T0
− �c

R/ecCpc� · �th

�23�
Equation �23� highlights the fact that the dimensionless mass spe-
cific work of the RABC is entirely thermodynamic in the sense
that it depends only upon absolute temperatures.

Figure 9 shows the results of computations based on Eq. �23�
that reveal that the dimensionless mass specific work w /Cp0T0 of

s a function of �c and T4 /T0 for the
onstant Cp=0.240 Btu/ lbm°R for ec
RABC is shown in lighter lines, and
shown in darker lines.

s specific work of the RABC as a
y a
h c
he
as
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he RABC increases rapidly with heat added �or T4 /T0� and that
he optimum �c is significantly less than those found in Fig. 7
orresponding to optimum thermal efficiency. These conflicts will
nevitably require designers to consider compromises that split the
ifference, especially because RABC dimensionless mass specific
ork steadily diminishes as �c increases �see Fig. 9� and RABC

hermal efficiency can fall off quickly at the lower values of �c
see Fig. 7�.

Three examples based on Eq. �23� are presented below in order
o illustrate its consequences and versatility. Many variations on
hese and other themes are possible.

3.2.1 Example 1: The Optimum Compression Pressure Ratio
or a Given T4 /T0 . After estimating reasonable, constant �but not

ecessarily equal� values of C̄p for the four simple processes from
igs. 3–6, Eq. �23� can be differentiated at constant T4 /T0 to show

hat the compression pressure ratio that yields the highest dimen-
ionless RABC mass specific work occurs when

�c = �Cpr

Cpa

·
T4

T0
�1/�1+ecee�Cpc/Cpe��·�ecCpc/R�

�24�

he results found from Eq. �24� are consistent with those of Fig.
.

3.2.2 Example 2: The Maximum Dimensionless Mass Specific
ork for a Given T4 /T0 . The value of �c obtained from Eq. �24�

an be substituted into Eq. �23� to estimate the highest RABC
imensionless mass specific work for the given T4 /T0. These re-
ults are also consistent with Fig. 9. Inspection of Eq. �23� reveals
hat the dimensionless RABC work increases rapidly as heat ad-
ition �or T4 /T0� increases, and inspection of Eq. �24� shows that
he optimum compression pressure ratio also increases with
4 /T0. Both of these trends are evident in the computations pre-
ented in Fig. 9.

3.2.3 Example 3: The Single Value of Cp That Yields the Cor-
ect RABC Dimensionless Mass Specific Work. Equation �23� can
e used to calculate a single value of Cp for all four simple pro-

Fig. 10 Plots of the dimensionless
and T4 /T0 for the RABC and th
=0.240 Btu/ lbm°R for ec=ee=0.90. T
of the RABC is shown in lighter line
cycle is shown in darker lines.
esses that can be used to produce the correct RABC dimension-

11702-8 / Vol. 133, NOVEMBER 2011

 https://gasturbinespower.asmedigitalcollection.asme.org on 06/18/2019 Terms o
less mass specific work for any given set of operating conditions.
This is accomplished by setting the dimensionless mass specific
work to the value found from the complete calculation and finding
the single Cp by iteration that will give the identical result in Eq.
�23�. In order to understand the consequences of this approach,
consider the three typical operating points:

point D: �c = 10, T4/T0 = 4.0, ec = 0.90, ee = 0.90

point E: �c = 20, T4/T0 = 6.0, ec = 0.90, ee = 0.90

point F: �c = 40, T4/T0 = 8.0, ec = 0.90, ee = 0.90

The results of the operations described above are

point D: w/Cp0T0 = 0.772, Cp

= 0.255 Btu/lbm ° R or 1.068 kJ/�kg K�

point E: w/Cp0T0 = 1.833, Cp

= 0.266 Btu/lbm ° R or 1.114 kJ/�kg K�

point F: w/Cp0T0 = 3.100, Cp

= 0.274 Btu/lbm ° R or 1.147 kJ/�kg K�
The results plotted in Fig. 10 show that the behavior of the

dimensionless mass specific work of the RABC is quite different
from that of the Brayton cycle with constant Cp
=0.240 Btu / lbm°R. The information of Fig. 10 reveals that the
optimum �c for a given T4 /T0 and the dimensionless mass spe-
cific work for a given set of �c and T4 /T0 are both significantly
different between the RABC and the constant Cp Brayton cycle.

4 Conclusions
This fundamental study of the RABC has yielded several inter-

esting results. Some of the most important are summarized below.

ss specific work as a function of �c
Brayton cycle with constant Cp
dimensionless mass specific work
nd that of the constant Cp Brayton
ma
e
he

s, a
• This approach has achieved its primary goal of producing
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algebraic results that are accessible, transparent, and easily
applied for the RABC, a more complex version of the Bray-
ton cycle.

• The use of a high fidelity correlation to represent the specific
heat at constant pressure of air as a function of temperature,
the derived values of Cp to represent each of the four simple
processes, and the polytropic efficiency to evaluate the over-
all efficiency of the adiabatic compression and expansion
processes has improved the quality of the results without
increasing the complexity of the analysis.

• The cycle thermal efficiency and dimensionless mass spe-
cific work are purely thermodynamic quantities in the sense
that they depend only upon the absolute temperature distri-
bution throughout the cycle.

• The variation in the specific heat at constant pressure of air
for contemporary propulsion and power cycles has a major
impact on the cycle thermal efficiency and dimensionless
mass specific work that must be taken into account in order
to produce accurate results.

• The RABC thermal efficiency generally increases with com-
pression pressure ratio and peak cycle temperatures, but the
benefits diminish rapidly as compression pressure ratio and
peak cycle temperatures approach their highest probable
values.

• The RABC dimensionless mass specific work increases rap-
idly with peak cycle temperature at any compression pres-
sure ratio, but the optimum compression pressure ratio is
relatively low.

• The two preceding observations inevitably lead to the con-
clusion that the RABC designer will be driven to choose
moderate compression pressure ratios and high peak cycle
temperatures.

• Conventional analyses employing a fixed specific heat at
constant pressure can regrettably lead to different and mis-
leading conclusions.
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omenclature
Cp � specific heat at constant pressure at a given

absolute temperature, Btu / lbm°R or kJ/�kg K�
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Cp � derived specific heat at constant pressure for
an entire simple process, Btu / lbm°R or
kJ/�kg K�

e � adiabatic process polytropic efficiency
P � absolute pressure, lbf / ft2 or Pa
q � mass specific heat exchanged with the thermo-

dynamic cycle, Btu/lbm or kJ/kg
R � gas constant, Btu / lbm°R or kJ/�kg K�
s � mass specific entropy, Btu / lbm°R or kJ/�kg K�
T � absolute temperature, °R or K
w � mass specific work generated by the thermody-

namic cycle, Btu/lbm or kJ/kg
�th � thermal efficiency of the thermodynamic cycle

� � compression or expansion pressure ratio

Subscripts
a � simple heat addition process
c � simple adiabatic compression process
e � simple adiabatic expansion process
r � simple heat rejection process
0 � start of the adiabatic compression process and

end of the heat rejection process, also
freestream conditions

3 � start of heat addition process and end of the
adiabatic compression process

4 � start of the adiabatic expansion process and
end of the heat addition process

9 � start of the heat rejection process and end of
the adiabatic expansion process
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