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ABSTRACT

Article History

Centrifugal compressors are widely used in gas turbines, so it’s important to
have an efficient performance; also, optimizing this part can affect the whole
engine’s performance. Adaptive Cycle Engines (ACEs) are a group of gas
turbine engines that can change key aerodynamic parameters such as pressure
and bypass ratio through geometric structure adjustment. In the present research,
the ACE with a centrifugal compressor as its high-pressure compressor (HPC)
is investigated, and the aim is to improve the engine performance through
compressor optimization. A three-dimensional surrogate-assisted aerodynamic
optimization method is applied to maximize the isentropic efficiency of the
centrifugal compressor with a constraint on the total pressure ratio. The
optimization results show a 3.4% improvement in the design point efficiency, a
1.4% increment of the choked mass flow rate, and a wider operating range is
obtained. Afterward, thermodynamic modeling of the engine performance is
used to calculate the engine characteristics before and after the optimization. 3D
performance maps of the compressor and fan, calculated by CFD simulation, are
used for accurate engine performance modeling. The final results of the engine
performance show a reduction of 2.0% in the specific fuel consumption of the
improved engine, which is an important achievement in these engines.

1. INTRODUCTION

in (Zangeneh et al, 1999;
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Centrifugal compressors are an important group of
turbomachines widely used in gas turbines in military and
civil applications, including aircraft propulsion, marine,
and land transportation, power generation, etc.
(Saravanamuttoo et al., 2017; Anjomrouz et al., 2023;).
Because of these wide applications, the design
optimization of these compressors is important.
Nowadays, high efficiency, high pressure ratio, dimension
minimization, and broad operating range are the common
goals of compressor design optimization problems (Cheng
etal., 2019; Xiang etal., 2021). In recent years, the design
optimization of centrifugal compressors has been
discussed in some research.

Verstraete (2010) developed a computer-aided design
and optimization (CADO) tool for turbomachines.
Application of the inverse design method in centrifugal
compressor optimization and modification is investigated

Poursadegh, 2013a, b). Mojaddam and Moussavi (2017)
studied the design and optimization of the meridional
profiles of the centrifugal compressor impeller by
comparing the circular and elliptical curves for the
meridional profile. They found that the elliptic curves can
be a better initial selection. Mojaddam and Pullen (2019)
optimized a centrifugal compressor of a turbocharger.
They used the Design of Experiments (DoE), Box-
Behnken design, and response surface method to increase
the efficiency and pressure ratio by 3% and 11%,
respectively. Hehn et al. (2018) applied the aerodynamic
optimization of a transonic centrifugal compressor with
the genetic algorithm (GA) and artificial neural networks
(ANN) to increase isentropic efficiency and reduce
acoustic effects. The optimization process was done for
three operating points on the constant speed line
corresponding to the design point, and as a result, a 1.4%
increase in the total-to-static isentropic efficiency was
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NOMENCLATURE

ACE Adaptive Cycle Engine

CFD Computational Fluid Dynamics
FFan Front fan

HPC High-Pressure Compressor

HPT High-Pressure Turbine

LPT Low-Pressure Turbine

ISA International Standard Atmosphere
m mass flow rate

MP mass parameter

N low-pressure shaft physical speed
Py, inlet total pressure

Py, outlet total pressure

PR;; total-to-total pressure ratio

RFan Rear fan

RVABI Rear Variable Area Bypass Injector
SST Shear Stress Transport

To,, inlet total temperature

To,y outlet total temperature

T, turbine inlet temperature

v velocity vector

(u, v, w) velocity components

B beta angle

Nis ¢ total-to-total isentropic efficiency
& vorticity vector

y heat capacity ratio

achieved. Zhang et al. (2020) applied a three-dimensional
multi-point and multi-objective optimization of a
centrifugal compressor. By integrating the multi-island
GA, the RANS solver, and a data mining method, they
performed this process and could increase the efficiency
and total pressure ratio by 3% and 5.4%, at the design
point, respectively. Ekradi and Madadi (2020) employed
the 3D optimization of a centrifugal compressor impeller
by using a 3D blade parameterization approach, the
genetic algorithm, the ANN, and a computational fluid
dynamics solver. The final results indicated that the design
point isentropic efficiency was improved by 0.97%.
Hosseinimaab and Tousi (2022) optimized the
performance parameters of a gas turbine engine by
improving its centrifugal compressor geometry. The
optimization process was based on three-dimensional
numerical simulation, GA, and ANN. Results showed that
the engine efficiency and power were increased by
13.93% and 11.07%, respectively, and the specific fuel
consumption was reduced by 12.15%. Heidarian Shahri et
al. (2024) improved the performance of a centrifugal
compressor by investigating the design variables of a
cavity squealer tip using the Taguchi method.

The adaptive cycle engine changes key aerodynamic
design parameters like pressure ratio and bypass ratio of
the engine through geometric structure adjustment, so, it
has not only the advantage of large thrust of a low bypass
ratio turbofan engine and low fuel consumption of a high
bypass ratio engine, but also satisfies the power
performance and fuel economy, to achieve the optimal
performance. The United States government has tried to
complete the development of an adaptive variable cycle
engine prototype, to achieve a thrust and fuel efficiency
improvement by 10% and 25%, respectively, and, combat
radius increment by 25%~30%. In addition, the
governments of Britain, France, and Japan have
researched adaptive variable cycle engines and achieved
remarkable results (Johnson, 1996; Keith et al., 2000;
Jimmy et al., 2005; Baughman & Eheart, 2010). The
variable cycle compression component is one of the core
components of the adaptive variable cycle engine, which
is difficult to design and needs to adapt to multiple
variable cycle modes and run stably. This paper will carry
out an optimal design of the high-pressure compressor of
an adaptive cycle engine.
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Although improving the performance of simple gas
turbine engines (like single-shaft turbojet or turboshaft
engines) by optimizing the compressor part is discussed
in some papers (Hosseinimaab & Tousi, 2022;
Heidarian Shahri et al., 2023), applying this concept to
an ACE hasn’t been found in the open literature. Also,
the available literature on  multi-component
optimization of centrifugal compressors is limited.
Single-component (Zhou et al., 2018) and two-
component (Zhang et al.,, 2018) three-dimensional
optimization of centrifugal compressors has been done
in previous studies, while 3D three-component
optimization (which is implemented in the current
research) hasn’t been found in the open literature. In the
present research, the performance improvement of an
adaptive cycle engine is investigated by 3D
optimization of the centrifugal compressor used in the
engine. First, the configuration and specifications of the
ACE and centrifugal compressor are explained, then
modeling and optimization methods are described, and
finally, a detailed comparison of the performance
before and after optimization is presented for both
compressor and engine.

2. CASE DESCRIPTION

In the present study, the ACE with the three-stream
structure is investigated as the research object. The
configuration diagram is presented in Fig. 1, in which the
main components are the front fan (FFan), rear fan (RFan),
high-pressure compressor (HPC), combustion chamber,
high-pressure turbine (HPT), low-pressure turbine (LPT),
rear variable area bypass injector (RVABI), afterburner,
bypass, and core nozzles. The adaptive fan is coupled with
LPT, while the HPC is driven by HPT. This ACE has six
variable geometry mechanisms, as shown in Fig. 1,
including the inlet guide vanes (IGV) of the RFan, HPT,
LPT, RVABI, core, and bypass nozzles.

The HPC of the investigated ACE is a centrifugal
compressor consisting of an impeller, radial, and axial
diffusers, which is shown in Fig. 2. Some of the main
geometrical and performance parameters of the
centrifugal compressor are listed in Table 1.
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Fig. 1 Configuration of the investigated ACE
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Fig. 2 Three-dimensional geometry of the HPC

Table 1 Geometrical and performance parameters of

the HPC
Parameter [Unit] Value
Impeller blade count (main + splitter) 9+9
Radial diffuser blade count 19
Axial diffuser blade count 51
Hub-to-tip radius ratio at impeller inlet 0.42
Radial diffuser leading edge 1.02

diameter/impeller diameter

Height of radial diffuser/impeller diameter 0.06
Height of axial diffuser/impeller diameter 0.04
Design point mass flow rate [kg/s] 2.051
Design point pressure ratio (total-to-total) 4.097

3. METHOD

In this section, the ACE performance simulation
method, the CFD simulation method, and the optimization
procedure are presented.

3.1 ACE Performance Simulation

One of the most important methods of modeling gas
turbine engines is 0D or thermodynamic modeling. This
type of modeling is used in many design procedures, such
as controller design (Imani & Anjomrouz, 2025),
turbomachine design (Saravanamuttoo et al., 2017), etc.
The ACE performance simulation program is developed
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Table 2 Design point parameters of the ACE

Parameter [Unit] Value

FFan pressure ratio 1.944

FFan isentropic efficiency 0.829

RFan pressure ratio 1.502

RFan isentropic efficiency 0.860

HPC pressure ratio 4.097

HPC isentropic efficiency 0.743
Turbine inlet temperature (T4 [K]) 1300
Combustion efficiency 0.99
HPT expansion ratio 2.58

HPT isentropic efficiency 0.88
LPT expansion ratio 1.66

LPT isentropic efficiency 0.90
Net thrust (Fn [daN]) 333

Specific fuel consumption (SFC 0.939

[kg/(daN-h)])

in MATLAB-Simulink software, using the open-source
package T-MATS (Chapman et al., 2014). More details of
the ACE performance simulation are explained in (Zou, et
al., 2024b). In this research, the design point of ACE is
chosen to be at sea level and in a static state. The main
design point parameters are listed in Table 2, in which the
pressure ratios and efficiencies are in total-to-total states.

To validate the 0D performance simulation method, a
performance comparison between the T-MATS and test
results for a mixed-flow turbofan engine (Zou et al.,
2024a) was done and the results (which are normalized by
the corresponding test value at the design speed) are
shown in Fig. 3. The difference between the T-MATS and
test data is less than 2%, which is acceptable for this
research.

3.2 CFD Simulation

Three-dimensional, steady state, viscous, and
compressible RANS equations are solved by the ANSYS
CFX commercial solver. Air ideal gas with variable Cp is
used for the working fluid, and the Shear Stress Transport
(SST) turbulence model (Menter, 1994) is applied.
TurboGrid commercial software is used for mesh
generation. Total temperature and pressure are considered
as the inlet boundary conditions from the ISA
(International Standard Atmosphere), and average static
pressure is considered for the outlet boundary condition.
The periodic boundary condition is used for lateral faces,
and the no-slip condition is for walls. The mixing plane
interface is defined between the rotating and stationary
domains (Aghaei tog et al., 2008). Some detailed views of
the generated mesh for impeller, radial, and axial
diffusers, as well as the inlet and outlet boundary
conditions, are shown in Fig. 4.

Grid independence check is done by solving the flow
field with different mesh sizes from about 700000 to more
than 2000000 grid elements, and the main performance
parameters are calculated and compared to each
other. Normalized values of the pressure ratio, isentropic
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Fig. 4 Details of the generated mesh

efficiency, and mass flow rate versus element number are
presented in Fig. 5. A grid with about 1700000 elements
has an acceptable accuracy and is chosen for this research.

The CFD simulation method was evaluated on a
combined axial-centrifugal compressor by our lab team in
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Fig. 6 Validation of CFD simulation method (Li et
al., 2023)

the previous research (Li et al., 2023), and the results are
presented in Fig. 6. The difference between the CFD
results and test data is less than 3%, which is acceptable
for the present study. A similar simulation method is used
in this research to obtain the steady-state performance of
the centrifugal compressor.

3.3 Optimization

In the present study, 3D design point aerodynamic
performance optimization of the centrifugal compressor is
carried out, and the objective is to maximize the isentropic
efficiency by considering a constraint on the total pressure
ratio. The definition of this optimization problem is as
follows (f (x) is the objective function and g(x) is the
constraint):

Maximize f(x) = n;

subject to (1)
gx) <o

In which:
g(x) =4—PR, 2)

There are many parameters affecting the centrifugal
compressor geometry and performance, including
meridional curves of hub and shroud, blade camber line,
thickness distribution, blade count, etc. Considering these
parameters for the impeller, radial and axial diffusers form
a large (high-dimensional) design space; but for an
optimization problem, it’s not necessary to change all
the geometrical parameters, and sometimes it’s suitable to
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Fig. 7 Camber line definition by Beta angle
(Verstraete, 2010)

reach the optimized geometry with minimum parameters
to have less computational cost.

In this research, the blade camber line is selected as
the design variable. Camber line is defined by the f(uw)
angle distribution between the meridional direction m and
the streamline S (Fig. 7) in which u € [0,1] is the non-
dimensional meridional length, has a value of 0 at the
leading edge and 1 for the trailing edge. The camber line
circumferential position 6 is defined as follows and allows
the transformation from the f domain to the Cartesian
coordinate.

R df = dmtan (B) (3)

The beta angle (f) of the impeller, radial, and axial
diffusers is selected as a design variable. A fourth-order
Bezier curve with five control points is selected to define
the 8 angle distribution in the hub and shroud. Also, f3, to
B, are the analogous angles for the leading edge to the
trailing edge.

B) = B(1 —w* +4pu(l —u)?
+ 6B,u*(1 — u)? 4)
+4B;u(1 —w) + pu

The coordinates of the Bezier curves’ control points
are chosen as the design variables that should be changed
to optimize the objective function. The possible variations
of the Bezier curves’ control points are presented in Fig.
8, by the arrow. The inlet blade angle of the impeller main
blade and the outlet blade angle of the axial diffuser are
fixed from the base geometry for better matching between
the optimized geometry with other parts of the engine.

An experiment involves conducting tests or a series
of runs where desired changes are applied to the input
variables of a system. This is done to identify the reasons
for any changes that may occur in the output response.
Fitting response surfaces is greatly aided by the suitable
selection of an experimental design. In recent years,
different space-filling designs have been proposed. One
such method is the Latin Hypercube Sampling (LHS)
design (Montgomery, 2017).

The Kriging method was first developed in 1960 by
D. G. Krige, a South African engineer, for mining
applications and later adopted for optimization purposes.
The model uses input responses to fit a curve based on
regression analysis. This can be expressed as equation (5),
in which the known function f(x) shows the trend over

0.0 12.5 250 375 50.0 62.5 75.0 87.5 100.0
%M
Fig. 8 Beta angle distribution by the Bezier curve
modeling

the design space and the unknown function F(x) is to be
estimated. The function Z (x) creates a localized deviation
to interpolate the sampled data with a Gaussian connection
(Kim et al., 2019).

F(x) = f(x) + Z(x) ®)

In this research, samples are produced by the LHS,
and then the Kriging method is used to make a surrogate
model based on the three-dimensional CFD simulation
results that have been done for the generated samples. In
this step, each sample is also checked to reach desired
objectives.

The optimization problem of the present study is
nonlinear, constrained, and has a large number of local
optimums so the nondominated sorting genetic algorithm
IT (NSGA 1II) (Deb et al., 2002), which is a fast and elitist
evolutionary algorithm, is applied as a modern optimizer
to solve the optimization problem. The general flowchart
of the proposed optimization process is observed in Fig. 9.
According to this figure, a surrogate model-assisted
optimization method is applied in this study. The
optimization algorithm is applied to the surrogate model
generated by Kriging to accelerate the optimization
process, and the final CFD calculation of the optimal
design certifies the accuracy of the results.

4. RESULTS AND DISCUSSION

The centrifugal compressor optimization results are
presented in this section, and then, the ACE performance
is evaluated before and after the optimization. The mass
parameter, total-to-total pressure ratio, and isentropic
efficiency, which are used in the results, are calculated

from  the following  equations, respectively
(Saravanamuttoo et al., 2017).
. Toin
MP =m K (6)
Py
PR, = Pg: (7)
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Fig. 9 Optimization process flowchart

Hub

Shroud

Fig. 10 Impeller blade profile in hub and shroud
before and after optimization

Mise = Tott— ®)

4.1 Compressor Optimization Results

In this section, first, the geometrical changes of the
impeller, radial, and axial diffusers are presented. As
stated before, no change has been made in the inlet angle
of the impeller main blade and the axial diffuser
outlet blade angle. Both optimized and base geometries are

Shroud

Fig. 11 Radial diffuser blade profile in hub and
shroud before and after optimization

Optimized

Hub

Shroud

Fig. 12 Axial diffuser blade profile in hub and shroud
before and after optimization

plotted in the same figure to show the changes for the hub
and shroud during the optimization process in Fig. 10. to
Fig. 12. A 3D view of the impeller blade is shown in Fig.
13. before and after optimization, in which the black color
is used for the base geometry.

The three-dimensional view of the impeller blade is
shown in Fig. 13 before and after optimization, in which
the black color is used for the base geometry. This figure
shows 3D geometrical changes in the impeller blade
through optimization and clarifies that the splitter blade
has experienced more changes than the main blade.
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Fig. 13 3D view of the impeller blade before and after
optimization

Table 3 Design point performance parameters for the
base and optimized compressors

Parameter Base and

[unit] Base | Optimized optimized
difference (%)

Mass flow

rate [kg/s] 2.051 2.102 25
Tol 1 4007 | 4.001 0.1

pressure ratio
Isentropic | ¢ 743 1 0,768 3.4
efficiency

A comparison has been made between the design
point performance parameters of the base and optimized
compressor, and the results are shown in Table 3. For the
optimized compressor, although the design point total
pressure ratio is decreased by 0.1%, the isentropic
efficiency is increased by 3.4%. Also, the mass flow rate
is increased by about 2.5%.

For further investigation, the characteristic lines at
design speed are calculated for both optimized and base
compressors and are presented in Fig. 14 and Fig.15 for
the total-to-total pressure ratio and isentropic efficiency,
respectively. According to these figures, the choked mass
flow rate of the optimized compressor is 1.4% higher than
the base case and provides a wider operating range. For
the same mass flow rate, the total pressure ratio and
isentropic efficiency of the optimized compressor are
higher than the base one.

For a detailed investigation, some of the flow
characteristics are presented and compared in both
optimized and base geometries. One such characteristic is
the vorticity. It’s defined as the curl of the velocity field
and is calculated from the following equations, in which
is the velocity vector, (u, v, w) are its components, and &
is the vorticity vector (White, 2021).

V(x,y,2) =iu(x,y,z) +jv(x,y,z) ©)
+kw(x,y,2)

4.6
4.4 al AY A

4.2 A o
4 Base DP A Optllgnplzed
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34
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Fig. 14 Total-to-total pressure ratio performance line
of the optimized and base compressors at the design

speed
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= Base A
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Fig. 15 Total-to-total isentropic efficiency performance
line of the optimized and base compressors at the
design speed

i i Kk
f=crlV=vxv=|9 9 2 (10)
dx 0dy 0z
u v ow
¢ ,<6W 6v)+.<au OW)
=1\ —— ] -
dy 0z 0z Ox (11

K v Odu
<6x ay)
The velocity streamlines for the base and optimized
geometries are presented in Fig.16 and Fig.17 in the blade-
to-blade view for two spans. Near the hub region, there are
vortical flows in both optimized and base compressors.
For example, in the 0.05 span, there is a vortical region in
the axial diffuser inlet of the base compressor and a
smaller one in the axial diffuser outlet of the optimized
compressor. For the base case, the vortical flow region
transfers from the inlet to the outlet of the axial diffuser
and increases for spans of upper than 0.5, but in the
optimized compressor, the vortical flow region is
decreased for upper spans, and there is no vortex in the
near shroud region. According to Fig. 17, the vortical flow
region in the optimized compressor is eliminated for the
0.95 span, but in the base geometry, there are some
vortices at the axial diffuser outlet. Also, the separation
zone near the outlet of the impeller passage (which is
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Fig. 16 Velocity streamlines in blade-to-blade view for
the optimized and base geometries at 0.05 span
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Fig. 17 Velocity streamlines in blade-to-blade view for
the optimized and base geometries at 0.95 span

shown in Fig. 17 with a red oval) is reduced in the
optimized compressor.

The relative Mach number contours of the
compressors in meridional view are compared in Fig. 18.
According to this figure, in the impeller region, the
relative Mach number has a more uniform distribution and
reaches a higher value at the impeller outlet in the
optimized geometry. This causes a better impeller
performance.

Similar to the relative Mach number contour, the
pressure distribution is more uniform in the impeller
region of the optimized geometry (Fig. 19).
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Fig. 18 Relative Mach number contour in meridional

view for the optimized and base geometries

Optimized
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Fig. 19 Pressure contour in meridional view for the

optimized and base geometries
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The pressure distribution on the blade surfaces
(suction and pressure sides) in the impeller, radial, and
axial diffusers is presented as follows for the optimized
and base geometries. The minimum difference between
the blade loading before and after optimization occurs in
the axial diffuser (Fig. 23). For the radial diffuser (Fig.
22), the pressure value on the base blade (on both pressure
and suction sides) is generally higher than the optimized
blade. In the impeller section (Fig. 20 and Fig. 21), the
behavior is more complex but it is generally observed that,
in the splitter blades, the pressure value on the suction side
of the base geometry is higher than the optimized
geometry and for the main blades, the pressure value on
the pressure side of the base geometry is higher than the
optimized one.

4.2 Engine Performance Results

The engine performance improvements are illustrated
by comparing the key parameters of the base and
improved ACEs. By considering the turbine inlet
temperature (T4) as the engine control variable and fixing
it in the base and improved engines, it’s possible to have a
comparison between the base and improved engines. The
comparison results for this case are presented in Table 4.
According to this table, the SFC is decreased by 0.3% for
the improved engine, and the net thrust and normalized N
are increased by 0.9% and 2.0%, respectively.
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Table 4 Design point performance parameters for the
base and improved ACEs with T4 constant

Base and
Parameter .
[unit] Base | Improved . improved
difference (%)
SFC
ke/(daN-h)] 0.939 0.936 0.3
F, [daN] 333 336 0.9
Normalized N. | 1.00 1.02 2.0

In the present research, the low-pressure shaft
physical speed Ny is mainly chosen as the engine control
variable. By this selection, Ny, is constant in the base and
improved ACEs. It should be noted that other results of
this research are presented for this case. For this situation,
a comparison of some main performance characteristics of
the base and improved engines at the design point is
presented in Table 5. According to this table, the SFC, net
thrust, and turbine inlet temperature of the improved
engine are decreased by 2.0%, 2.1%, and 2.4%,
respectively. The thrust reduction of the improved engine
is reasonable because of the reduction in T4, which is an
important parameter for the net thrust. The lower turbine
inlet temperature can also increase the turbine blade
lifetime for the reduction of thermal loading.
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Table 5 Design point performance parameters for the
base and improved ACEs with NL constant

Base and
Parameter Improve .
[unit] Base d . improved
difference (%)
SFC
[ke/(daN-h)] 0.939 0.920 2.0
Fn [daN] 333 326 2.1
T4 [K] 1300 1269 2.4

Table 6 Design point performance parameters for the
base and improved ACEs with Fn constant

Base and
Parameter .
[unit] Base | Improved . improved
difference (%)
SFC
[ke/(daN-h)] 0.939 0.931 0.9
T4 [K] 1300 1290 0.8
Normalized |y 55 |1 g5 2.0
NL

Another comparison between the base and improved
ACE:s is performed at fixed thrust. From Table 6, it’s
observed that the SFC and T4 are decreased by 0.9% and
0.8%, respectively, while Ny is increased by 2.0%. This
shows the benefit of SFC reduction is also available at
fixed thrust.

The performance of the base and optimized
compressors and engines is investigated at the design
point in the previous sections of this research. Now the
performance is investigated for off-design conditions. In
Fig. 24, the specific fuel consumption is plotted versus the
net thrust for the base and improved engines on the
working line. It is observed that for the same thrust, the
SFC of the improved ACE is lower than the base engine,
which is an important achievement of this research.

The ACEs working lines on the total pressure ratio
and isentropic efficiency performance maps of the
centrifugal compressor are presented in Fig. 25 and Fig.
26, respectively. Results show that the improved engine
working line has a lower pressure ratio and higher
efficiency than the base case, for the same mass flow rate.
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Fig. 24 SFC versus net thrust of the base and
improved engines
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Fig. 25 Total pressure ratio performance map of the
HPC with the engine working line
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5. CONCLUSION

Nowadays, many researchers are focused on various
aspects of adaptive cycle engines because of the important
capabilities of these engines. In the ACEs, some
aerodynamic parameters, such as bypass and pressure
ratio, can change by geometric structure adjustment. This
paper aimed to improve the performance of the ACE by
aerodynamic optimization of its HPC. A three-
dimensional surrogate-assisted method is applied for the
aerodynamic optimization of the centrifugal compressors
at the design point to maximize the efficiency with a
constraint on the total pressure ratio. The optimization
results showed good achievements in the compressor
performance. The isentropic efficiency was increased by
3.4% while the total pressure ratio was decreased by 0.1%
at the design point. Also, the compressor operating range
became wider, and the choked mass flow rate was
increased by 1.4% through optimization.

After that, the performance simulation of the ACE
was done by the 0D modeling method in combination with
the performance map obtained by 3D CFD simulation. By
fixing T4 between the base and improved engines, the SFC
was decreased by 0.3%, and the net thrust was increased
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by 0.9% for the improved engine. Also, by choosing the
N as the engine control variable and fixing it between the
base and improved engines, the specific fuel consumption
and net thrust decreased by 2.0% and 2.1%, respectively.

For future work related to this research, it is
recommended to apply the optimization method on both
FFan and RFan to achieve better performance for the
adaptive fan as well as the whole engine.
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