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INTRODUCTION

The design of efficient aircraft engines is a cornerstone
of modern aeronautical engineering, with compressor pres-
sure ratio (CPR) playing a pivotal role in achieving optimal
engine performance. A well-designed CPR significantly
influences thermodynamic performance, fuel efficiency,
and overall thrust generation. Traditional approaches to
determine the optimal CPR primarily focus on thermody-
namic cycles, such as the Brayton cycle, considering param-
eters like thermal efficiency and specific fuel consumption
[1-3]. However, a growing body of literature suggests that
an exergetic approach, which evaluates energy quality and
irreversibilities, offers a more comprehensive understand-
ing of engine performance [4-13].

Exergy analysis, unlike conventional energy analysis,
accounts for the degradation of useful energy and provides
a systematic method to assess efficiency improvements.
Researchers have explored exergetic methodologies to opti-
mize energy systems [14]. Others applied these principles
to aircraft engines, demonstrating the effectiveness of exer-
gy-based optimization in aviation [2,15-17].

Despite these advancements, the nozzle’s contribution to
jet engine performance, particularly in relation to exergetic
efficiency, remains underexplored. Former studies have
highlighted the critical role of nozzle efficiency in thrust
generation. These works have shown that nozzle losses can
significantly degrade overall engine performance, particu-
larly in high-performance engines. However, there is lim-
ited integration of nozzle efficiency considerations into a
holistic exergetic optimization framework.

Moreover, a significant gap in the literature lies in the
simultaneous evaluation of thrust, exergy efficiency, and
CPR optimization. While individual studies have addressed
thrust or exergy efficiency independently, the coupling of
these metrics for determining optimal CPR has received
scant attention. This integrated approach is vital for devel-
oping design guidelines that balance thrust generation and
exergy efficiency, thereby enhancing the performance and
sustainability of jet engines.
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This paper seeks to address this gap by developing a
comprehensive framework that integrates thrust and exergy
efficiency into optimizing CPR for aircraft engine design.
The study highlights the interplay between CPR, nozzle
efficiency, and exergetic performance, providing insights
into achieving higher thermodynamic and operational effi-
ciency. By bridging the gap between traditional thermody-
namic metrics and exergy-based performance analysis, this
work aims to establish a novel methodology for designing
high-efficiency jet engines.

GOVERNING EQUATIONS

Energy can be explained as the summation of exergy
and anergy [18-22]:

Energy = Exergy + Anergy 1)
where exergy and anergy are maximum accessible work
and non-accessible work, respectively.
The specific energy can be written as [18-22]:

2
e=h+ > + gz (2)
where h, V2/2 and gz are specific enthalpy, kinetic and
potential energy terms, respectively.

In the absence of the effects of nuclear, magnetic, elec-
tric, and surface tension fields, the specific exergy can be
written as summation of physical, chemical, kinetic, poten-
tial, heat and work exergy terms [18-22]:

ex = exp, + ex., + ex, +ex, +ex, +ex,

3)

where eXpy = (h-hy) — Ty(s—sp), exq, = (Abgyrmation—
ToASformation) + ToR Z(ylny'/y'y), ex = v¥/2, and ex;, = gz.
Temperatures in these equations are in Kelvin. The exergy
values of heat and work are ex, = (1 - %) q and ex,, = w,

respectively, where temperatures in the ex, equation are in
Kelvin.
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Figure 1. Schematic of a jet engine.
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Noticing that 1, 2, 3, 4, 5 and 6 states in Figure 1
respectively introduce the diffuser inlet, compressor inlet
(diffuser outlet), combustion chamber inlet (compressor
outlet), turbine inlet (combustion chamber outlet), nozzle
inlet (turbine outlet) and exhaust (nozzle outlet), all equa-
tions required for the energy-exergy analyses and thermo-
dynamic optimization of jet engine have been summarized
in Table 1 [18-29].

RESULTS AND DISCUSSION

Validation

An engineering equation solver (EES) program has
been written for an open simple gas turbine cycle with
methane (CH4) as a fuel and results have been compared
with reference study [30].

The related equations have been written for the com-
pressor, combustion chamber and turbine, and results have

Table 1. Thermodynamics equations for energy-exergy analyses [18-29]

Components Related equations
Diffuser m, = nmy
. v} . vi
m, (hz + 7) =my (hl + 7) V1 = Vingery V2 = 0
_ (mzhz,isen - mlhl) P =P
771,di/‘"f,ise‘n - (mzhz _ mlhl) » 2 — D2jisen
Exp gipy = Myex; — myex,
m,ex,
Niairf = m
Compressor my = (1 — caf)m,

VVcomp =m,(e; — e;)

Rr P
p

Ni,comppoly = =
Cp,airdT

ExD,comp = VVcomp + 1, (ex; — ex3)
(VVcomp - ExD,comp)

Nit,comp =

VVcomp

Cooling air fraction

T, = 0.8451(TIT) + 136.2,T.and TIT are in °C
_2(1+ far)(e, —e,)

caf

mcaf = (caf)my

(2e, —e3—ey)

Combustion chamber
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+3761 (n+%) [0
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Table 1. Thermodynamics equations for energy-exergy analyses [18-29] (continued)

Components Related equations
Turbine ms = (1 + far)m,
Wturb = VVcomp
Wturb = mcafe3 + m464 - Th5€5
_ CpgdTl
nl,turb,poly - _ dp
RT —
. p .
EXpturp = MeqreXs + Myex, — msexs — Wy
n _ Wturb
I, turb — F :
“ (Wturb + ExD,turb)
Nozzle M = Mg
: v\ _ vs
m6 h‘6+7 =m5 h5+7 ,USZO,P6=P0
__ (mghg —mhshs) _
Ninozzisen = 7, L , P6 - P6,L'sen
(mﬁhﬁ,,isen - mShS)
ExD,nozz = msexs - m6ex6
_ Mgexe
nll,nozz mS exs
Cycle Thrust = 1g (Vs — V;)

nl,cycle - mfuelLHV

. (vé v
(%)

ExD,cycle = ExD,diff + ExD,comp + ExD,cc + ExD,turb + ExD,nozz

2 2
. 12 V.
h (_6 _ _1)

2

Nitcycle =

ml exy + mfuelexfuel

been revealed through the calculations of compressor out-
let temperature (COT), turbine inlet temperature (TIT),
and turbine outlet temperature (TOT) via EES program.
Analysis indicates that the data differ by no more than
3.5%, which falls within an acceptable margin for this type
of parametric evaluation (Table 2).

Table 2. The Validation of EES Program’s Data for Simple
Gas Turbine Cycle vs. Reference [30]

Variables Reference  Presentstudy  Deviation
T, 15°C 15°C 0.0%
P, 101 kPa 101 kPa 0.0%
RH, 60% 60% 0.0%
T comp 20 20 0.0%
Mt comp poly 92% 92% 0.0%
cor 449.6 °C 438.6 °C 2.4%
Miee 100% 100% 0.0%
TIT 1331.3°C 1330 °C 0.1%
ML turb poly 86% 89% 3.5%
T0T 620 °C 617.1°C 0.5%

Jet engine

The jet engine performance was analyzed under steady-
state steady-flow (SSSF) conditions using a two-stage
turbine with blade cooling [29]. Dodecane (C,,H,,) was
selected as the fuel, and the energy efficiencies of the dif-
fuser, compressor, combustion chamber, turbine, and noz-
zle were assumed to be 90%, 95%, 100%, 92%, and 90%,
respectively. The combustion process was modeled as an
isobaric reaction with a constant turbine inlet tempera-
ture of 1200°C across all cases. Parametric studies were
conducted at sea level (T, = 25°C, P, = 101.325 kPa, RH,,
= 30%) and cruise altitude (T, = -=56.5°C, P, = 22.6 kPa,
RH, = 0%). Key performance indicators, including thrust,
exergy destruction, energy efficiency, and exergy efficiency,
were evaluated across various compressor pressure ratios. It
is important to note that all results are expressed on a mass
basis (per 1 kg of inlet air) rather than on a volumetric basis
(per 1 m’ of inlet air).

The results indicate that maximum thrust is achieved
within a low CPR range of 15 to 25 across all scenarios. At
cruise conditions, higher thrust levels are observed, though
less thrust is required as flight speed increases to maintain
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steady flight. Exergy destruction shows a consistent decline
with increasing CPR, as illustrated in Figure 2.

Energy and exergy efficiencies exhibit distinct patterns.
At sea level, these efficiencies peak at CPR values of 50
to 60, whereas at cruise altitude, optimal efficiencies are
reached at CPR values exceeding 100 (Figure 3).
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Additionally, the cooling air fraction (caf) and fuel-air
ratio (far) respond to changes in CPR and altitude. The far
increases with altitude due to lower ambient temperatures,
which require higher fuel input to sustain TIT, while caf

decreases as inlet air cooling capacity improves (Figure 4).
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Figure 2. Thrust production and exergy destruction of jet engine at different flight scenarios.
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Figure 3. Energy and exergy efficiency of jet engine at different flight scenarios.

026 —t—t— - i
%4 —s—caf, Cruise Level, V=200 m/s
022 ==+=-caf, Cruise Level, V=100 m/s
3 —w=—caf, Sea Level, V=200 m/s
-—-=caf, Sea Level, V=100 m/s
02
w= 0.18- 1
[
o
0.16
/"'—
0.14
0.12 ,/ "
llt/ l/
O 1 / " . . " I . . . . " "
0 20 40 60 80 100

Tp.comp

003, - .

—s—far, Cruise Level, V=200 m/s
———far, Cruise Level, V=100 mfs 1
—+—far, Sea Level, V=200 m/s
-——far, Sea Level, V=100 m/s

0.025

0.02
L\‘\"‘—__
.E --__‘__-_1-—
.
0.015 B
\m\ﬁa_ﬁ__\ﬁ
.
oo01f T TSN
~—.—_
0.005 . :
0 20 40 60 80 100
Tp,comp

Figure 4. Cooling air fraction and fuel air ratio of jet engine at different flight scenarios.
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Figure 5. Max simultaneous thrust- exergy efficiency as an
operating design point at sea level

Table 3. Design point’s pressure ratios for different flight
scenarios

Flight Scenario T4, comp
Sea level, V=100 m/s 44.2
Sea level, V=200 m/s 29.1
Cruise level, V=100 m/s 65.0
Cruise level, V=200 m/s 41.6

The intersection of thrust and exergy efficiency curves,
identified as the optimal design point, marks the CPR
where simultaneous maximization of these parameters
occurs. Figures 5 and 6 highlight this phenomenon, with
the corresponding CPR values summarized in Table 3.
These optimal CPR values exhibit a direct correlation with
altitude and an inverse correlation with flight speed.
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Figure 7. Performance parameters of jet engine at design
point for different flight scenarios.
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Figure 6. Max simultaneous thrust- exergy efficiency as an
operating design point at cruise level

All performance parameters of the jet engine at design
points have been plotted in the bar diagram of Figure 7.
As can be seen in this diagram, while exergy destruction
is increased thrust, energy efficiency, and exergy efficiency
of jet engine are decreased with speeding of an aircraft.
Moreover, all performance parameters of jet engine are
upgraded with rising altitude.

As illustrated in Figure 8, the specific fuel consumption
(SEC) at the optimal design points decreases by 22.27% to
14.44% at sea flight level and by 13.43% to 5.15% at cruise
flight level, compared to the SFC at maximum thrust con-
ditions for velocities of 100 m/s and 200 m/s, respectively.
Furthermore, Figures 5 and 6 indicate that the optimal
design points exhibit significantly lower compressor pres-
sure ratios compared to the points with maximum exergy
efficiency. The reduced SFC and pressure ratio at the opti-
mal points, alongside simultaneous maximization of thrust
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max thrust and optimal design point for different flight
scenarios.
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and exergy efficiency, makes these points highly favorable
from a practical design perspective.

Eventually, the effect of nozzle energy efficiency is
investigated on the jet engine’s performance, revealing
changes of the most critical design parameters of thrust and
exergy efficiency at previously mentioned operating design
conditions.

As disclose in Figure 9, at sea level, by increasing the
efficiency of nozzle from 60 to 100% the thrust is increased
from 540.7 to 727.4 kN/kg , and the exergy efficiency of
engine boosts from 24.4% to 41.1%, for the speed of V =
100 m/s. These values for the speed of V = 200 m/s are
473.2 to 670.1 kN/kg thrust increase, and 21.7% to 37.7%
exergy efficiency boost. At cruise level, for the same nozzle
efficiency improvement in Figure 10, the similar values at
cruise level are 652.3 to 871.7 kN/kg and 578.2 to 805.9 kN/
kg increase in thrust, with 30.0% to 50.4% and 26.3% to
45.1% boost in exergy efficiency, for the speeds of V = 100
m/s and V = 200 m/s, respectively.

As shown in Table 4, the performance improvement of
a jet engine with increasing nozzle efficiency is even greater
for sea level flight altitude at the optimal design points.

Jet engine performance is significantly influenced by
the pressure ratio and nozzle efficiency, as they determine
the thrust and efficiency of the engine. Meanwhile, there
are the limitations of each. Higher pressure ratios lead
to higher temperatures in the combustion chamber and
turbine. These temperatures can exceed material limits,
requiring advanced cooling techniques or high-tempera-
ture materials. As the pressure ratio increases, the com-
pressor stages require higher efficiency. Beyond a certain
point, increasing pressure ratio results in diminishing
returns due to inefficiencies, such as mechanical losses and
flow separation. High pressure ratios can increase the risk
of compressor stall or surge, especially at off-design con-
ditions, reducing operational reliability. Higher pressure
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Figure 9. Improvement of jet engine performance operat-
ing in optimal design condition by increasing nozzle effi-
ciency at sea level

Table 4. Design point’s thrust and overall exergy efficiency
improvements by increasing nozzle energy efficiency from
60% to 100% for different flight scenarios

Flight Scenario Improvement

Thrust N, cycle
Sea level, V=100 m/s 34.5% 68.4%
Sea level, V=200 m/s 41.6% 73.7%
Cruise level, V=100 m/s 33.6% 68.0%
Cruise level, V=200 m/s 39.3% 71.4%

ratios demand more work from the turbine to drive the
compressor, which can limit the available for thrust gen-
eration. Increasing the pressure ratio typically requires
more compressor stages, which adds weight and mechan-
ical complexity to the engine. Very high-pressure ratios
might not match the ideal cycle conditions for specific
flight regimes, such as low-speed or high-altitude opera-
tions. On the other hand, low nozzle efficiency results in
incomplete conversion of thermal and pressure energy
into kinetic energy, reducing thrust output. At off-design
conditions, such as low-speed or high-altitude operation,
flow separation within the nozzle can reduce efficiency and
stability. In supersonic nozzles, imperfect expansion due to
mismatched atmospheric pressure can lead to shock waves,
causing energy losses and efficiency reduction. At varying
altitudes, the nozzle may be under-expanded (not fully con-
verting pressure) or over-expanded (causing shocks and
flow separation), limiting efficiency. If the nozzle material
is not adequately insulated, heat losses can occur, slightly
reducing the energy available for thrust. Designing a nozzle
optimized for multiple flight regimes (subsonic, transonic,
supersonic) is challenging. Fixed geometry nozzles may
perform sub-optimally in some conditions, while variable
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geometry nozzles add weight and mechanical complex-
ity. Considering the combined impact on performance, a
proper high-pressure ratio and efficient nozzle are essential
for maximizing thrust and minimizing SFC. Limitations in
either reduce overall engine performance. Higher pressure
ratios improve efficiency, but this is only beneficial if the
nozzle effectively converts the energy into thrust. By bal-
ancing these limitations, the design of jet engines should
meet the specific performance requirements for different
aircraft types and missions.

The analysis of the present research underscores
the critical role of optimal CPR and nozzle efficiency in
enhancing jet engine performance at different flight scenar-
ios. Achieving maximum simultaneous thrust and exergy
efficiency at practical design points provides significant
operational benefits, including reduced SFC and improved
sustainability.

CONCLUSION

This study provides a comprehensive investigation into
the optimization of jet engine performance using an ener-
gy-exergy analysis framework. By introducing the concept
of the optimal design point as the optimum compressor
pressure ratio of the intersection of thrust and exergy effi-
ciency curves, a novel methodology for jet engine design
optimization is proposed. This approach considers varia-
tions in compressor pressure ratio (CPR), flight altitude,
and nozzle efficiency.

The findings demonstrate that the optimal design points
significantly enhance the practical viability of engine oper-
ation. At sea level, the specific fuel consumption (SFC) at
the optimal conditions is reduced by up to 22.27%, while at
cruise altitudes, it decreases by 13.43%, compared to maxi-
mum thrust conditions. These results emphasize the impor-
tance of balancing thrust and exergy efficiency for achieving
sustainable and efficient engine designs. Furthermore, the
study reveals that the optimal CPR is lower than CPR value
at maximum exergy efficiency, making the design both
practical and efficient for real-world applications.

A critical aspect of this research is the impact of noz-
zle efficiency on engine performance. Enhancing nozzle
efficiency from 60% to 100% leads to substantial improve-
ments in thrust and exergy efficiency under optimal design
conditions. At sea level, thrust increases by up to 41%, while
exergy efficiency improves by 73%. Similarly, at cruise alti-
tude, these parameters are enhanced by up to 39% and 71%,
respectively. These improvements highlight the vital role of
nozzle efficiency in maximizing engine performance and
reducing environmental impact.

The study also addresses the limitations of high-pres-
sure ratios and nozzle inefficiencies, including mechanical
complexities, material constraints, and off-design perfor-
mance challenges. By integrating these considerations into
the optimization framework, the research offers valuable

insights into the design trade-offs required for efficient
propulsion systems.

In summary, this research bridges the gap between tra-
ditional thermodynamic approaches and exergy-based
methodologies, offering a robust framework for the future
design and optimization of jet engines. The results provide
actionable guidance for achieving higher efficiency, reduced
fuel consumption, and improved sustainability in aviation
propulsion systems, setting a benchmark for innovative and
environmentally conscious aerospace engineering solutions.

NOMENCLATURE
e Specific energy, k] / kg
eff Dimensionless efficiency
ex Specific exergy, k] / kg
g Gravitational acceleration constant, m / s>
M Molar mass, kg / kmole
Mach Dimensionless mach number
th Mass flow rate, kg / s
P Pressure, Pa
Specific heat rate, k] / kg
r_p Dimensionless pressure ratio
s Specific entropy, k] / kg
t Time, s
T Temperature, °C
Vv Velocity, m /s
w Specific work rate, kJ / kg
Greek symbols
A Dimensionless excess air
n Dimensionless efficiency
Subscripts
lorl First law or energetic
2orIl  Second law or exergetic
0 Ambient condition
cc Combustion chamber
ch Chemical
comp Compressor
D Destruction
diff Diffuser
isen Isentropic
k Kinetic
nozz Nozzle
p Potential
ph Physical
poly Polytropic
q Heat
r Rotator
turb Turbine
w Work
Abbreviations
caf Cooling air fraction
cortr Compressor outlet temperature
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CPR Compressor pressure ratio
far Fuel air ratio

RH Relative humidity

SEFC Specific fuel consumption
SSSF Steady state steady flow
TIT Turbine inlet temperature
TOT Turbine outlet temperature
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