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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-
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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]

1 Introduction

Many persistent questions about propulsion and power cycles
are generally related to the impact of gas properties at elevated
temperatures on performance [1,2]. One of the most important
questions is whether the variation in gas properties with tempera-
ture places any limits on the maximum useful pressures and tem-
peratures of gas turbines. Judging by the abundance of references
to the ideal Brayton cycle (IBC) (also known as the ideal air-
standard cycle and the ideal Joule cycle) found in the open litera-
ture (e.g., Refs. [3-7]), the IBC has provided the fundamental
basis for much of the understanding of and reasoning about many
devices that convert chemical energy into mechanical work, in-
cluding stationary ground and marine gas turbine power plants
and aircraft gas turbine engines. The purpose of this paper is to
examine the Brayton cycle in more realistic terms and to demon-
strate that the resulting real air Brayton cycle (RABC) is capable
of answering many questions, including important contemporary
ones concerning the behavior of power cycles capable of large
compression pressure ratios and high combustion temperatures.
This analysis is, of course, exact for cycles that directly transfer
heat to the air from geothermal, nuclear, or solar sources. The
RABC consists of four separate simple processes executed in se-
quence, as diagramed in Fig. 1. The station numbers used through-
out this paper conform to the gas turbine industry standard [8].

The thermal efficiency and mass specific work are of para-
mount importance to stationary power plants and aircraft engines
alike. In every case, the crucial initial step is to convert the chemi-
cal energy of the fuel into work that is available to produce power
and/or accelerate intake and fuel flows to ultimately produce re-
action thrust. Consequently, the thermal efficiency and the mass
specific work of the RABC are the primary focus of this investi-
gation. The thermal efficiency and mass specific work of the
closed RABC thermodynamic cycle are given by

(1)
9a 9a 9a

The main purpose of this study was to isolate and demonstrate

the 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 e., ., e,, 7, and T4/T, are
known and that T,=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% N, and
21% O, 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/Ibm°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 C, in-
creases steadily with temperature but not nearly in proportion to
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Fig. 1 A typical RABC thermodynamic cycle, showing the four
simple processes and station numbering. For this cycle, =,
=50, T;/Ty=7.0, e.=0.90, and e.=0.90.
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Fig. 2 Plot of the specific heat at constant pressure of real air
versus absolute temperature for static pressures greater than 1
atm and temperatures between 500° R and 4000° R
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the absolute temperature, so that the ratio 7/ 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]

RT dP

dT = - —
eC,. P
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

2)

R (™ 1 apr
T3=T)+— T (3)
o, G P

which can be combined with the constant specific heat version of

Eq. (3),
In| = | =
]]D e(j(:;,g

to allow the derived specific heat for the adiabatic compression
process to be evaluated from the equation

'ln(ﬂ}) (4)

0.256

0.254

0.252

0.25

0.248

0.246

[

Cp_ (BTU/Ibm-°R)

0.244

0.242

0.24

0.238 L L L L L

0 10 20 30 40 50
T

c

Fig. 3

111702-2 / Vol. 133, NOVEMBER 2011

60 70 80 90 100

Plot of C,. as a function of =, and e,

Transactions of the ASME

Downloaded From: https://gasturbinespower.asmedigitalcollection.asme.org on 06/18/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



0.295 T T T T T

0.285

0.28

0.275

a

Cp. (BTU/bm-°R)

0.27

0.265}

0.26

0.255 | | 1 ! !

——T4m0=7
-——-T4m0=8

! 1 1 |

0 10 20 30 40 50
L

c

60 70 80 90 100

Fig. 4 Plot of C,, as a function of =, and T,/ T, for e,=0.90
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Figure 3 presents the results of computations of C,. based on
Egs. (3) and (5) for the range of 1< ,<100. It should be noted
that C,,. depends on e, but is independent of 7,/T, because the
compression process precedes the heat addition process and that
C, varies slowly at the highest values of 7, for any value of e,
primarily because the temperature at the end of the compression
process changes slowly as 7, increases. These results highlight
the fact that C,. is dependent on e, and this would affect the
succeeding processes. In order to avoid associated complications,
it will be assumed hereinafter that e¢.=0.9 because that value is
representative of contemporary technology (e.g., p. 107 of Ref.
[11]).

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

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

Since

Ty
9a= f CpadT (6)

T3

then the derived specific heat for the heat addition process is
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Ty
f CpudT
T3 9a

=0,y T T-To) @

Equation (7) can be integrated either numerically or analytically
(using the algebraic correlation of Sec. 2.6 of Ref. [4]). Equation
(7) reveals that C,, is equal to the temperature averaged value of
C,, over the temperature range of the integral. o

Figure 4 presents the results of computations of C,, based on
Egs. (3), (6), and (7) for the ranges of 1<m.<100 and 4
<T4/Ty<8. It should be noted that C,, depends also upon e,
because the compression process precedes the heat addition pro-
cess and that C,, varies slowly at the highest values of m, for any
value of 7,/ T, primarily because the temperature at the end of the
compression process changes slowly as 7, increases. Neverthe-
less, C,, varies with T,/T|, because of the strong dependence of
C, 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
differential equation can be combined to show that [3,4]
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Since the coefficient on the right hand side of Eq. (8) depends
only on temperature, Eq. (8) can be integrated numerically over
the entire pressure range to find

T ap
Ty=To+eR| — — ©)
b Coc P

which can be combined with the constant specific heat formula-
tion of Eq. (9) to allow the evaluation of the derived specific heat
for the adiabatic expansion process from the equation

1
_ g, dn(m)

ol
In{ —
T

C

pe

(10)

It is evident from the derivation of C,, that it is not an average
value of C, over the adiabatic expansion process.

Figure 5 presents the results of computations of C,, based on
Egs. (9) and (10) for the ranges of 1<m,<100 and 4<T7,/T,
<8. It should be noted that C,, depends on m, e, e, and T4/ T
because the expansion process follows both the compression pro-
cess and the heat addition process. C,, varies slowly at the highest
values of m, for any value of T,/T( primarily because the tem-
perature at the end of the expansion process changes slowly as ,
increases. Nevertheless, C),, varies with T4/, because of the
strong dependence of C, on temperature (see Fig. 2). As in the
case of the compression process, it has been assumed for the
expansion process that e,=0.9 because that value is representative
of contemporary technology (e.g., p. 107 of Ref. [11]). It has also
been assumed that 77,=r, for reasons given below.

2.5 The RABC Heat Rejection Process (Station 9 to Sta-
tion 0). The RABC heat rejection process is modeled as simple,
constant pressure heat transfer [3,4,9]. The constant pressure as-
sumption is justifiable because the air is immersed in the constant
static pressure ambient surroundings during this process. Applying
conservation of momentum to the exhaust stream control volume
during the heat rejection process reveals that the momentum of the

111702-4 / Vol. 133, NOVEMBER 2011

e and T,/ T, for w.=w, and e.=e,

air and hence the thrust do not change during this process.

Since
Ty
qr = f Cpde
Ty

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

by the expression
Ty
f C,dT
C = Ty 4qr

T (Ty=Ty)  (Ty=Ty)

Equation (11) can be integrated either numerically or analytically
(using the algebraic correlation of Sec. 2.6 of Ref. [4]). Equation
(12) reveals that C,,, is equal to the temperature averaged value of
C, over the temperature range of the integral. o

Figure 6 presents the results of calculations of C,, based on
Egs. (9), (11), and (12) for the ranges of 1<,<100 and 4
<T4/Ty<8. It should be noted that C,, depends on ., e., 7,, e,,
and T,/ T, because the heat rejection process follows the compres-
sion process, the heat addition process, and the expansion process.
C,, varies slowly at the highest values of m, for any value of
T4/ T, primarily because the temperature at the end of the expan-
sion process changes slowly as 7,=, increases. Nevertheless,
C,, varies with T,/ T because of the strong dependence of C, 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 m,=m,, so that only 7, appears in
the relationships that follow.

(11)

(12)

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,

(ﬁ) =(1 _ec)gﬁ

dr/, (13)
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Since C,,/T is a thermodynamic property of air that decreases with
temperature (see Fig. 2), all four of the simple process lines bend
upward with increasing temperature. The typical RABC of Fig. 1
is based on the results of the four simple process calculations
described earlier and Egs. (13)—(16), with 7,.=50, T4/ Ty=7.0, e,
=0.90, and e,=0.90. The Gibbs differential equation for entropy
can be integrated in closed form around the RABC to prove that
the T-s diagram of Fig. 1 must close perfectly (i.e., return to the
starting point).

3 RABC Results

3.1 RABC Thermal Efficiency. Equations (1), (7), and (12)
can be combined to show that the cycle thermal efficiency is given
by the expression

—_ 1
C T, T
mp=1-== 0 (17)
o
Ty To

provided that the derived specific heats of heat addition and rejec-
tion and the temperature ratios correspond to the selected values
of compression pressure ratio and peak heat addition temperature.
Equation (17) highlights the fact that the thermal efficiency of the
RABC is entirely thermodynamic in the sense that it depends only
upon absolute temperatures. It is therefore thermodynamically
correct to view the adiabatic compression process solely in terms
of the temperature increase (rather than the pressure increase) that
it creates.

Similarly, Egs. (5), (10), and (17) can be rearranged and com-
bined to yield

Journal of Engineering for Gas Turbines and Power

T
W;(e(,R/CW) Ly

C,, T
=1-=Z g (18)
Tth
Cpa & _ #(R/ECCPC)
c

Ty

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 T,/ Ty=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-
sion pressure ratio and peak heat addition temperature are in-
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Fig. 7 Plot of the thermal efficiency of the RABC as a function of =, and
T,/ T, for e,=e,=0.90

creased. Many studies have shown that the need for increasing
amounts of compressed air to cool the turbines as the compression
pressure ratio and peak heat addition temperature increase further
diminishes the thermal efficiency. Consequently, the thermal effi-
ciencies shown in Fig. 7 should also be regarded as increasingly
optimistic as the compression pressure ratio and peak heat addi-
tion temperature increase because of high temperature material
limitations.

Two examples based on Eq. (18) are presented below in order
to illustrate its consequences and versatility. Many variations on
these and other themes are possible.

3.1.1 Example 1: Sensitivity Analyses. The sensitivity of ther-
mal efficiency to variations of the derived specific heats at con-
stant pressure can be found by differentiating Eq. (18) to find that

R
5 ok In(,)
T (1 - nth)_c% (19)
Cp, (,n_—(R/e(C_p[) 14 1)
c TO
o _ (1- 771h) (20)
&Cpa C pa
T. R
25 In(m)
87]th TO C e
= (= D e
ICp, ( 1y ,n_(.eeR/C’,e)>
T, ¢
/I 1) 22)
iC,, C,

Since the sum of the absolute numerical values of the partial dif-
ferentials calculated from Egs. (19)—(22) is less than about 10 for
typical RABC conditions, it follows that the derived specific heats
must be known within about 0.4% in order to evaluate thermal
efficiency within 0.01 (or 1%) from Eq. (18), provided that the
adiabatic compression and expansion polytropic efficiencies are
known. This sensitivity led to stringent convergence requirements
on the computation of the C, values presented in Figs. 3-6. De-

111702-6 / Vol. 133, NOVEMBER 2011

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 C,, accuracy through the integration of Egs. (3), (6), (9),
and (11). The C,, values shown in Figs. 3—6 are within about 0.2%
of their values found after 1X 10° equal steps, the latter being
presumed to be exact because they were no longer changing.

3.1.2 Example 2: The Single Value of C, That Yields the Cor-
rect RABC Thermal Efficiency. Equation (18) can be used to cal-
culate a single value of C, 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 C, 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: w.=50, T,/Ty=4.0, e.=0.90, e,=0.90
point B: w.=50, T,/T;=6.0, e.=0.90, e,=0.90
point C: m.=100, T,4/Ty=8.0, e.=0.90, e,=0.90
The results of the operations described above are
point A:  7,=0282, C,
=0.253 Btw/lbm°R or 1.059 kJ/(kg K)
point B: 7,=0514, C,
=0.268 Btw/lbm°R or 1.122 kJ/(kg K)
point C:  7,=0582, C,

=0.275 Btw/lbm°R or 1.151 kJ/(kg K)

The quoted values of 7y, agree with those of Fig. 7, even the very
low value of point A. These results suggest that the variation in C,,
with the temperature of air affects every aspect of RABC perfor-
mance. On the one hand, these results show that the single value
of C, depends strongly on the cycle operating conditions. On the
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Fig. 8 Plots of the thermal efficiency as a function of =, and T,/ T, for the
RABC and for the Brayton cycle with constant C,=0.240 Btu/lbm°R for e,
=e,=0.90. The thermal efficiency of the RABC is shown in lighter lines, and
that of the constant C, Brayton cycle is shown in darker lines.

other hand, Fig. 8 shows that the behavior of the thermal effi-
ciency of the RABC is quite different from that of the Brayton
cycle with constant C,=0.240 Btu/Ibm°R (1.005 kJ/(kg K)). The
information found in Fig. 8 reveals, for example, that both the
optimum 7. for a given 74/T, and the 7, for a given 7. and
T4/ T, are significantly different between the RABC and the con-
stant C,, Brayton cycle. The choice of C,=0.240 Btu/lbm°R in
this and later examples is based solely on the fact that this value is
very frequently used in the open literature.

3.2 Dimensionless RABC Mass Specific Work w/C,T .
There is equal interest in the net mass specific work of the RABC
[5-7] because this quantity determines the required size of the

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 C_ T4 T3 C_ T4 e C_
__M'<___)'77[h= a'<__775/[clm * T

Coly Cpo \Ty Ty Cpo \Tp

(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/C,zT of

3.5 T T T T T

w/ CpOT0

Fig. 9 Plot of the dimensionless mass specific work of the RABC as a
function of =, and T,/ T, for e.=e.,=0.90
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w/ CpOT0

Fig. 10 Plots of the dimensionless mass specific work as a function of
and T,/T, for the RABC and the Brayton cycle with constant C,
=0.240 Btu/lbm°R for e.=e.,=0.90. The dimensionless mass specific work
of the RABC is shown in lighter lines, and that of the constant C, Brayton

cycle is shown in darker lines.

the RABC increases rapidly with heat added (or 7,/T,) and that
the optimum 7, is significantly less than those found in Fig. 7
corresponding to optimum thermal efficiency. These conflicts will
inevitably require designers to consider compromises that split the
difference, especially because RABC dimensionless mass specific
work steadily diminishes as . increases (see Fig. 9) and RABC
thermal efficiency can fall off quickly at the lower values of .
(see Fig. 7).

Three examples based on Eq. (23) are presented below in order
to illustrate its consequences and versatility. Many variations on
these and other themes are possible.

3.2.1 Example 1: The Optimum Compression Pressure Ratio
for a Given T4/ T, . After estimating reasonable, constant (but not

necessarily equal) values of C, for the four simple processes from
Figs. 3-6, Eq. (23) can be differentiated at constant T,/ T} to show
that the compression pressure ratio that yields the highest dimen-
sionless RABC mass specific work occurs when

o (E_E - Q )1/(1+e(e(,(q/c_p‘,))»(eCCI)C/R)
c C TO

pa

The results found from Eq. (24) are consistent with those of Fig.
9.

(24)

3.2.2 Example 2: The Maximum Dimensionless Mass Specific
Work for a Given T,/ T, . The value of a7, obtained from Eq. (24)
can be substituted into Eq. (23) to estimate the highest RABC
dimensionless mass specific work for the given T,/T|. These re-
sults are also consistent with Fig. 9. Inspection of Eq. (23) reveals
that the dimensionless RABC work increases rapidly as heat ad-
dition (or T4/ T,) increases, and inspection of Eq. (24) shows that
the optimum compression pressure ratio also increases with
T4/T,. Both of these trends are evident in the computations pre-
sented in Fig. 9.

3.2.3 Example 3: The Single Value of C,, That Yields the Cor-
rect RABC Dimensionless Mass Specific Work. Equation (23) can
be used to calculate a single value of C,, for all four simple pro-
cesses that can be used to produce the correct RABC dimension-

111702-8 / Vol. 133, NOVEMBER 2011

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 C,, 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: m,=10, T,T,=4.0, e.=0.90, ¢,=0.90
point E: w,=20, T,Ty=6.0, ¢.=0.90, e,=0.90
point F:  m.=40, T,/T;=8.0, e.=0.90, e,=0.90

The results of the operations described above are

point D:  w/CyTy=0.772, C,

=0.255 Btw/lbm®R or 1.068 kJ/(kg K)
point B w/CpTo=1.833, C,

=0.266 Btw/lbm°R or 1.114 kJ/(kg K)
point E: w/CpyT,=3.100, C,

=0.274 Btw/Ibm°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 C,
=0.240 Btu/lbm°R. The information of Fig. 10 reveals that the
optimum 7, for a given T,/T, and the dimensionless mass spe-
cific work for a given set of 7. and T,/T, are both significantly

different between the RABC and the constant C,, Brayton cycle.

4 Conclusions

This fundamental study of the RABC has yielded several inter-
esting results. Some of the most important are summarized below.

e 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.

e 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 C), 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.

e 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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Nomenclature

C,. =

» specific heat at constant pressure at a given

absolute temperature, Btu/Ibm°R or kJ/(kg K)

Journal of Engineering for Gas Turbines and Power

C, = derived specific heat at constant pressure for
an entire simple process, Btu/lbm°R or
kJ/(kg K)

= adiabatic process polytropic efficiency

absolute pressure, 1bf/ft> or Pa

mass specific heat exchanged with the thermo-

dynamic cycle, Btu/lbm or kJ/kg

= gas constant, Btu/Ibm°R or kJ/(kg K)

= mass specific entropy, Btu/Ibm°R or kJ/(kg K)

absolute temperature, °R or K

= mass specific work generated by the thermody-
namic cycle, Btu/lbm or kl/kg

n¢w = thermal efficiency of the thermodynamic cycle

T = compression or expansion pressure ratio

< e
([l

S Nw X
Il

Subscripts

simple heat addition process

simple adiabatic compression process

simple adiabatic expansion process

simple heat rejection process

start of the adiabatic compression process and
end of the heat rejection process, also
freestream conditions

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

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

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

SOSN8 o Q
Il

References

[1] Wilcock, R. C., Young, J. B., and Horlock, J. H., 2002, “Gas Properties as a
Limit to Gas Turbine Performance,” ASME Paper No. GT-2002-30517.

[2] Guha, A., 2001, “Performance and Optimization of Gas Turbines With Real
Gas Effects,” Proc. Inst. Mech. Eng., Part A, 215, pp. 507-512.

[3] Oates, G. C., 1997, The Aerothermodynamics of Gas Turbine and Rocket Pro-
pulsion (AIAA Education Series), 3rd ed., AIAA, Reston, VA.

[4] Mattingly, J. D., 2005, Elements of Propulsion, Gas Turbines and Rockets
(AIAA Education Series), AIAA, Reston, VA.

[5] Sonntag, R. E., 1982, Introduction to Thermodynamics, Classical and Statis-
tical, 2nd ed., Wiley, New York.

[6] Cengel, Y., and Boles, M., 1989, Thermodynamics: An Engineering Approach,
6th ed., McGraw-Hill, New York.

[7] Boyce, M. P., 2006, Gas Turbine Engineering Handbook, 3rd ed., Elsevier,
Boston.

[8] SAE, 1974, “Gas Turbine Engine Performance Station Identification and No-
menclature,” Society of Automotive Engineers, Aerospace Recommended
Practice (ARP), Report No. 755A.

[9] Heiser, W. H., and Pratt, D. T., 1994, Hypersonic Airbreathing Propulsion
(AIAA Education Series), AIAA, Washington, DC.

[10] 1976, U.S. Standard Atmosphere, 1976, U.S. Government Printing Office,
Washington, DC.

[11] Mattingly, J. D., Heiser, W. H., and Pratt, D. T., 2002, Aircraft Engine Design
(AIAA Education Series), 2nd ed., AIAA, Reston, VA.

NOVEMBER 2011, Vol. 133 / 111702-9

Downloaded From: https://gasturbinespower.asmedigitalcollection.asme.org on 06/18/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



