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ABSTRACT

The pressure ratio of a compressor increases when the engine performance is
improved, which leads to a higher air velocity in the combustion chamber. This
aggravates the pressure loss in a conventional diffuser, which is proportional to
the square of the inlet velocity. It is, therefore, an urgent need for a new diffuser
technology. Regardless of whether high-temperature, or low-pollution,
combustion chambers are being used, the significant difference when compared
with other chambers is the notable increase in the combustion air and its entry
through the dome of the flame tube. However, the increased amount of air in the
dome causes a mismatch between the diffuser outlet and the dome intake of the
flame tube. Therefore, to solve the problem of an excessive total pressure loss
and a mismatch of the intake air in the combustor, a novel air-bleeding
aerodynamic diffuser has here been proposed. The effects of various parameters
(including the number of air-bleed holes, the position of the first row of holes,
and the position of the second row of holes) and their interactions on the
performance of this diffuser have then been investigated by using the
experimental design presented by Taguchi. The maximum static pressure
recovery was achieved by using a genetic algorithm combined with the CFD
method. Among the three parameters, the results revealed that the position of the
first row of holes had the largest impact on the performance of the diffuser. Also,
the optimal values of the three parameters varied for the inlet Mach numbers
0.10, 0.15, and 0.20. The relative difference between the predicted values and
the values obtained by the numerical simulations were all below 3%, which
showed the reliability of the predictions. As compared with the reference case,
the optimized results for the three working conditions increased by 19.16%,
21.38%, and 40.62%, respectively.
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With the development of the aviation industry, the
pressure ratios of compressors have been gradually
increased. As a result, the inlet air velocity into the
combustor chambers has become increased. The pressure
loss of the diffusers has also increased significantly since
it is proportional to the square of the inlet velocity.
Additionally, in both high-temperature and low-pollution
combustion chambers, a considerable portion of the total
combustion air (up to 80 percent or even more) needs to
pass through the combustor dome (Chin, 2019), and all
combustion air is required to enter from the head of the
flame tube.

combustion chamber, the airflow into the dome is
regulated by increasing the head capture area to
approximately 60% - 70%. The conventional faired
diffuser shows low pressure losses, but this favourable
characteristic is offset by several severe drawbacks that
make this diffuser unsuitable for modern aircraft engines.
For instance, the faired diffuser requires a considerable
length and is very sensitive to variations in the inlet
velocity profile (Klein, 1995). A dump diffuser has,
therefore, been proposed to solve these problems, and it
has been widely used. (Fishenden, 1977; Sanal Kumar et
al.,, 2007; Arvanid et al., 2020). However, the dump
diffuser is no longer appropriate when the dome intake
increases. Shen et al. (2014) performed numerical
simulations of the combustor diffusion system, and they
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NOMENCLATURE

A area of the total number of holes

Co-pre  predicted value of the static pressure recovery
coefficient.

Cons  results of the numerical simulations of the
static pressure recovery coefficient

k specific heat capacity

L length of the diffuser

L+ start position of the first row of holes

Ls start position of the second row of holes

mg airflow of the combustor head

m; airflow of the inner annuli

Mo airflow of the outer annuli

n number of holes

Pin static pressure at the diffuser inlet

Pout static pressure at the diffuser outlet
R gas constant

Rr  radius of the holes
Ss  spreading spacing

T inlet temperature

vi inlet velocity

W width of the diffuser

Wy distance between the center of the most marginal
hole and the wall

X1 dimensionless number of holes

X2 dimensionless length for the start-position of the
first row of holes

X3 dimensionless length for the start position of the
second row of holes

Y1  static pressure recovery coefficient for working

condition 1

Y,  static pressure recovery coefficient for working
condition 2

Ys;  static pressure recovery coefficient for working
condition 3

@  entropy generation rate

0 relative difference between the predicted value
and the numerically simulated value of the static
pressure recovery coefficient

mainly focused on the effects of the cowling geometry, the
area ratio of the pre-diffuser, and the axial length of the
dump gap. It was then shown that both the spillage and
total pressure loss decreased with a smaller cowl capture
area. However, the spillage of air from the dome region
into the inner and outer annuli was clear for an increased
cowling capture area. This affected the flow besides the
cowl, and resulted in a significant total pressure loss. He
et al. (2013) presented experimental results where they
showed that up to 60% of the airflow from the pre-diffuser
flew into the dome. They found that the proportion of the
pre-diffuser loss with respect to the overall loss was larger
than for the conventional dump diffuser. Furthermore,
Walker et al. (2009) studied the dump gap for a flow
fraction of the compressor efflux, which entered into the
combustor cowl, which was set to a representative lean
module level (50% - 70%). Also, an optimization strategy
for a novel dome geometric shape adjacent to the flame
tube head has here been proposed, and the effective flow
pattern and pressure distribution caused by the dome shape
were analyzed using the ANSYS Fluent software (Rose et
al., 2023). The numerical data revealed that when the
dump gap was required for the lean module injector, it was
unlikely that the pre-diffuser would benefit from the flame
tube blockage.

To reduce the total pressure loss in the diffuser, Liang
et al. (2013), Zhao et al. (2014), and Li et al. (2012)
designed a new distributor diffuser. Tests were conducted
to investigate the influence of the distributor diffuser plate
geometry. As a conclusion, the area ratio of the distributor
diffuser was larger than for traditional diffusers, with a
smaller construction and higher-pressure recovery
performance. However, the flow loss through the
distributor diffuser was not larger than the traditional
limit. Moreover, Meng et al. (2020) and Guo et al. (2021)
inserted short splitter vanes in the diffuser to improve the

performance. The flow field in the diffuser, with and
without a splitter vane, was also quantitatively analyzed.
Even though this ensured that the airflow didn’t separate
at large expansion angles, the friction loss increased
accordingly. Therefore, the performance was not superior.
Bohan et al. (2017) created successfully a variable
geometry diffuser. They tested it for a number of diffuser
feather positions and total inlet mass flow rates, with and
without cavity combustion. When the variable geometry
diffuser was tested for several equivalence ratios, and with
different hybrid guide vanes, additional benefits of the
variable diffuser were obtained. However, it is currently
only used in ultra-compact combustion chambers. Guo et
al. (2021) obtained length-to-area ratios of the flow
separation zone in a diffuser with a fixed angle, with and
without a splitter vane. Moreover, Adkins (1975)
proposed a vortex-controlled diffuser and verified this
diffuser with experimental data. Also, Smith et al. (1978)
constructed a short annular dump diffuser by using
suction-stabilized vortices. Adkins et al. (1980) reported
on a hybrid diffuser, which was based on a hybrid
arrangement of conventional and vortex-controlled
diffusers. It was found to be efficient by Walker et al.
(2004, 2005, 2009) and Srinivasan et al. (1990). The
current problem is that the characteristics of the hybrid
diffuser are not yet fully mastered, such as the design of
the vortex chamber. There is also the problem that a part
of the gas is being withdrawn, and there is a need to make
up for this part of the cooling air. There is, therefore, an
urgent need for a new type of diffuser to meet the demands
of advanced combustion chambers.

When performing parametric studies, the design of
experimental (DOE) method can be used for the design of
important parameters. The effects of different parameters
on the objectives can be, thereby, obtained. This will
decrease the costs of the experiments. The objectives can
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also be optimized by using the genetic algorithm method.
This strategy has been widely used in the fields of
chemistry and chemical engineering (Sun et al., 2020),
biology (Shen et al., 2021), and food engineering (Wu et
al., 2022). In engineering, parameter optimizations have
been conducted for use in blade film cooling (Zhang et al.,
2022). However, application in combustor diffusers has
not yet been reported.

In the present study, a novel air-bleeding aerodynamic
diffuser has been proposed and carefully designed by
using the Taguchi approach (Taguchi, 1990). The effects
of various parameters and their interactions on the
performance of this diffuser have then been obtained. A
genetic algorithm was used to obtain the values of three
parameters for the achievement of the maximum static
pressure recovery. The flow fields and entropy production,
before and after optimization, were also analyzed and
compared in detail.

For the novel air-bleeding aerodynamic combustor
diffuser, this is the first time the DOE method has been
used, and the first time the coupling between the different
parameters of the diffuser has been obtained. Furthermore,
this was the first time the optimal combination of
parameters was obtained, thereby providing technical
support for the design of air-bleeding aerodynamic
combustor diffusers.

2. COMPUTATIONAL MODEL AND
NUMERICAL SETUP

A numerical simulation method has been used in the
present study. As presented in Fig. 1, the numerical
simulation methodology consisted of building a model,
generating a mesh, importing a fluent, selecting a solver,
a solution method, boundary conditions, specified
physical properties, an initialized flow field, and post-
processing. It was also necessary to iterate and repeat this
process.

[ Build model J

I

Generate mesh

]

Import fluent

l

Select solver and solution method

]

Set boundary condition

]

Specify the physical properties

l

Initialize the flow field

|

[ Postprocessing ]

Fig. 1 Diagram of the numerical methodology
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Fig. 2 Sketch of the air-bleeding aerodynamic
diffuser

2.1 Parameter Design Method

Figure 2 presents a brief illustration of the air-
bleeding aerodynamic diffuser, which is different from
other types of diffusers (like conventional dump
diffusers). This is because the air in this diffuser is
bleeding through holes in the diffuser walls towards inner
and outer channels, and is being used as a liner cooling air.
Most of the air passes through the dome as combustion air.
Also, the profile of the diffuser is a tangent double arc,
where the opening direction of the holes is perpendicular
to the incoming flow direction.

In the present study, the effect of the openings in the
diffuser walls has been studied by changing the number of
holes, the start position of the first row of holes, and the
start position of the second row of holes. The following
constraints were then used;

R = 1)
XN
L
R<L<Z-R @)
L
R<L<Z-R ®)
2Rr<ss<W—Wd><2—|:\’r><2 (4)
n
-1
2

where R; is the radius of the holes, A is the total area of the
holes (765 mm?), n is the number of holes, and Ss is the
spreading spacing. In addition, L, L¢, and Ls are the length
of the diffuser (157 mm), the start position of the first row
of holes, and the start position of the second row of holes,
respectively. Also, W is the width of the diffuser (170 mm)
and Wy is the distance between the center of the most
marginal hole and the wall.

A three-level Taguchi experimental design was used
to obtain the flexural properties of the factors n, Ly, and Ls.
Based on the constraints presented in egs. 1-4 and the
geometric limitations, the upper and lower limits of the
number of holes, start position of the first row of holes,
and start position of the second row of holes were then
calculated. As a result, the high and low levels of these
three factors were 4 - 40, 23 mm — 70 mm, and 16 mm —
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Table 1 Experimental design for a series of cases

Item Number of holes | Start position of the holes (mm) | Second position of the holes (mm)
Case-1 (reference) 4 23 16
Case-2 4 46.5 355
Case-3 4 70 55
Case-4 22 23 355
Case-5 22 46.5 55
Case-6 22 70 16
Case-7 40 23 55
Case-8 40 46.4 16
Case-9 40 70 355
‘ T a(gt )+d|v(pwv) dlv(ygradw)——PJrSW )]
Ly
‘_ﬂ ) ( () () ( ) {) . . )
wil = Iy" Energy conservation equation:
3 | “L () () { ] () a(pT)+d|V(p\7T)=dIV(£gradT)+S—T (9)
o 0 ot C c,
case-1 (reference) case-2 case-3
) 3 : 4 State equation:
: p=1(T) (10)
Finally, the time average of the momentum equation
o 0 0 was used to obtain the Reynolds equation (expressed with
° ° o Qo tensor subscripts):
case-4 case-3 case-6 p B p — P
U. R U. o
. . P —Ldiv(pw) = — (u—-— pu/u’) ——+5, (11)
g g 2 § % % p Gt (p ) 6X] (lu aXJ p (] ) axl i
: § R : The system of equations that described the turbulent
§ 8 2 B ’j i motion was not closed, which was due to the use of time
é E g 13 gl g averaging. Also, it was necessary to use a turbulence
case P P model for new unknown quantities that appeared in the

Fig. 3 Hlustrations of the diffuser for different cases

55 mm, respectively. The experimental design is presented
in Table 1 for a series of cases. Also, illustrations of the
diffuser for different cases are presented in Fig. 3.

2.2 Governing Equations

In the present study, the RANS method (Jiang, 2017)
has been used to numerically simulate the performance
and flow field of an air-bleeding aerodynamic diffuser.
The ANSYS Fluent software was used for these
simulations, together with various structural parameters.
By using Cartesian coordinates, the governing equations
that were required for these simulations are presented
below.

Mass conservation equation:

div(pv) =0 (5)
Momentum conservation equation:

a(aptu)erlv(puv) d|v(,ugradu)——+su (6)
a(pv) oP

+div(pw) =div(ugradv) -—+S, 7

p (pv) = div(ugradv) Py (7

system of equations, thereby adding additional equations
to make the system of equations closed. Among the
turbulence models that are provided by the ANSYS Fluent
software, the Reynolds-averaged N-S system of equations
(RANS) is the most widely used one for mature
engineering turbulence problems. RANS is based on the
eddy-viscous closed-mode theory, mainly including zero-
equation, one-equation, and two-equation models (such as
k-g, k-o, etc.). In the present study, the two-equation
model has been used to close the equations.

2.3 Boundary Conditions

The boundary conditions for the various cases are
presented in Table 2. The diffuser inlet had a temperature
of 300 K and mass flow rates of 0.1179 kg/s, 0.1976 kg/s,
and 0.2620 kg/s. By considering the density of the dry air
and the initial velocity of the inlet air, the Mach number
was calculated as:

Ma =v, /JkRT

where v; represents the inlet velocity, and R and k represent
the gas constant and specific heat capacity, respectively.
Also, T is the inlet temperature (300 K).

2.4 Mesh

(12)

As can be seen in Fig. 4, a tetrahedral unstructured
mesh was used for all cases by using ICEM CFD 2020 R1
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Table 2 Boundary conditions for the cases

Zone Type Value
. 0.1179, 0.1976, and
Inlet Mass flow-inlet 0.2620 (kg/s)
Outlet Pressure-outlet -1575 (Pa)
Walls No-slip

walls

mass R
flow inlet

pressure outlet

surface grids

grids in holes

boundary layer grids

volume grids

Fig. 4 Grid systems in the computational domain
of the diffuser

(Ji et al., 2015), with a quality higher than 0.2. The first
height of the boundary layer was 0.01. To ensure that the
y+ value was smaller than 5, the growth ratio was set to
1.2 and the number of boundary layer mesh layers was set
to 15.

Moreover, three grid cell counts that ranged from 6.0
million to 19.0 million were created (coarse grid =
6.0x10%, medium grid = 10.9x10% and fine grid =
19.0%x10°). For the medium grid and fine grid, the axial
velocity distributions 10 mm in front of the head flange
were found to match (Fig. 5). The medium grid size
(10.9x1068 cells) was, therefore, selected for the numerical
study.

2.5 Validation

In the present study, the experimental results that
were obtained in the study by Chen (1989) have here been
chosen for the validation of the numerical method. The
experiment in this earlier study was carried out in an
aspirated two-dimensional diffuser wind tunnel. This
tunnel consisted of a lemniscate inlet, upper and lower
diffuser walls, adjustable screws, left and right Plexiglas
sidewalls, a transfer section, and valves connected to the
vacuum pump piping. Wall static pressure measurements
were then performed, with a 0.8 mm diameter copper tube
along the centerline of the diffuser wall and perpendicular
to the buried wall. There were also 22 hydrostatic holes
from the inlet to the outlet of the diffuser. The pressure
was measured by an internal 48-point pressure scanning
valve, which was equipped with a filament pressure
sensor. It was during this experiment found that the
diffuser was too large, which was due to the initial
expansion angle. The airflow in a serious separation as
soon as it enters the diffuser, the performance will be very
poor, so the initial expansion is called to reduce. It was
also found that the theoretically calculated distribution of
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Fig. 5 Grid independence test; (a) Axial position
and (b) axial velocity distribution

the static pressure recovery differed to a large extent from
the results of the experimental test. The reason was that
the theoretically calculated momentum integral equation
of the attached surface layer did not consider the effect of
wall curvature. The wall curvature was considered in the
calculations finally. The boundary conditions in the
present study align with those of the experiments in the
Chen et al. (1989). Furthermore, the physical model was
the same as in the experiments, and the three turbulence
models shear stress transport k-0 (SST-kw), standard k-¢
(ske), and realistic k-¢ (rke) were validated and compared.
As can be seen in Fig. 6, the calculated results by using the
SST-ko turbulence model, and the enhanced wall function
yield, showed that the simulations were accurate for the
entire diffuser. The maximum error was not larger than
10.62%. The model was treated differently near the wall
and away from the wall, which made the calculations more
credible. Therefore, the following model was used in the
present study for the numerical calculations: An SST-ko
turbulence model with a mass flow inlet, pressure outlet,
SIMPLE solver (Yanetal., 2011), second-order windward
scheme, and non-structural mesh parameters.

2.6 Objective Parameters

In the present optimization, the objective function has
been used to maximize the coefficient of the mass-
averaged static pressure recovery. This coefficient was
then calculated by averaging the values over
the downstream region of the diffuser and the annular
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Fig. 6 Comparison of results from the numerical
simulations and the experiment

channels:
:mdpd+mopo+mipi_(md+mo+mi)pin (13)
PR (md + n;o + mi) pVi2

where pin is the static pressure at the diffuser inlet, pou is
the static pressure at the diffuser outlet, and mq is the
airflow of the combustor head. In addition, m, is the
airflow of the outer annuli and m; is the airflow of the inner
annuli.

Furthermore, the entropy generation rate (¢) was used
to obtain the amount of loss in the flow field. It primarily
described the magnitude of the generation of loss, which
resulted from the heat transfer and viscous shear stress of
the fluid. In the isothermal flow, the heat transfer was
neglected and the viscous shear stress component was
divided into mean flow and fluctuations. The distribution
of the entropy generation rate provided an insight into the
relationship between the flow structure and loss
generation, and, thus, the mechanism of the irreversible
flow loss. This could be defined by the following equation:

BEOREI
u OX oy for4 (14)
T (6u avjz (av awjz (au anz
—t— | | =+ | | —+—
oy Ow oz oy 0z 0OX
where the right side of the equation represents the line

deformation and angular deformation of the fluid
microclusters in three directions (i.e., x, y, and z).

3. OPTIMIZATION PROCEDURE

The optimization procedure is presented in Fig. 7. At
first, the design space was accurately determined by
establishing constraints in the definition of the lower and
upper limits of the design variables. As the next step, 9
sampling cases were generated by using an orthogonal
experimental 3-level design with 3 parameters (Table 1).
Also, the mass-averaged static pressure recovery
was obtained by performing CFD simulations. Regression

[ Propose air bleeding aerodynamic diffuser ]

l

| Create constraints based on geometry |

I

| Obtain the high and low levels

I

Generate sample points (9 runs)

I

| CFD numerical calculation |

I

| Get the regression equations |

I

| Genetic algorithm optimization

New sample point l
Predict the static pressure recovery (cpg pr.) of
the optimized model

model to get the static pressure
recovery (Cpp.pre)

(e . . 0,
AbS((CpR.pre=Cpi-pre) CrR-pre) >3%0

End of optimization

Fig. 7 Optimization scheme

CFD calculation of the optimized ]

equations, which correlated the objective results with the
design variables, were also constructed. The multi-island
genetic algorithm was used to optimize the parameters and
to predict the maximum mass-averaged static pressure
recovery Cer-pre. The optimal Cpr-pre Values were compared
with the cpr-crp Value to ensure the accuracy of the results.
The cpr-cep Value was obtained by performing a new CFD
simulation using the optimized parameters. When the
relative error between Cpr-pre and Cpr-cro Was smaller than
0.03, the results were regarded as acceptable and the
optimization procedure ended. If this was not the case, the
experimental design, regression equation construction,
optimization prediction, and CFD validation were
repeated until the convergence criterion was met. Finally,
the optimized result was compared with the result of the
reference model.

The genetic algorithm, which is a global optimization
algorithm, has here been used to obtain the optimal
parameters. As first proposed by Holland (1975), this is an
optimization algorithm for the biological evolutionary
process. It is generally used for simulating the natural
selection and genetic mechanism of Darwin’s biological
evolution theory. By using this genetic algorithm, and
after that the initial population has been generated, a
generation by generation is being evolved in the creation
of an increasingly improved solution according to the
survival of the fittest principle. For each generation, the
individuals are then selected according to their fitness in
the problem domain. A combinatorial crossover and
mutation were then obtained with the help of natural
genetic operators in the creation of a population that
represented a new set of solutions. Like natural evolution,
this process resulted in a population that was more adapted
to the environment than previous generations. The
optimal individual in the last generation of population was
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Table 3 Coefficients of the static pressure recovery for nine models

ltem Static pressure recovery coefficients
Inlet Mach number=0.10 | Inlet Mach number=0.15 | Inlet Mach number=0.20
Case-1 (reference) 0.5547 0.5594 0.5248
Case-2 0.6552 0.6349 0.6709
Case-3 0.6294 0.6598 0.6660
Case-4 0.5674 0.5707 0.5860
Case-5 0.6041 0.6463 0.6120
Case-6 0.5496 0.4934 0.6820
Case-7 0.5883 0.5773 0.5983
Case-8 0.6059 0.6454 0.6570
Case-9 0.5258 0.5104 0.5596
x velocity
x velocity m/s
m/'s 130
120
x velocity 100 ! ;80 100 5 :(1)8 100
m's — 80 — | 90 / —
60 50 F ~ = 70 50 F . 80 50 F -
50 =i 60 g = 70
— 40 = - B~ 50 = - — = 60 = —
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0 | N — 20 | —M E N -
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number=0.10

number=0.15 number=0.20

Fig. 8 Axial velocity contours of the reference model under three working conditions

decoded and could be used as an approximate optimal
solution to the problem. According to the survival of the
fittest principle, after the initial generation of a population,
the evolution of generation by generation resulted in an
improved approximation of the solution. For each
generation, the individuals were selected according to
their fitness in the problem domain. The population that
represented a new set of solutions was generated by
crossover and mutation with the help of genetic operators
of natural genetics.

According to the fitness of the individuals in the
problem domain of individuals, and with the help of
natural genetic operators to carry out crossover and
mutation, each generation represented a set of solutions.
This process resulted in a naturally evolving population,
where later generations were more adapted to the
environment than previous ones. The best individuals in
the last generation of the population were decoded and
could be used as a near-optimal solution to the problem.

4. RESULTS AND DISCUSSION

4.1 Performance of Different Cases

The coefficients of the static pressure recovery for
nine models under three different working conditions are
presented in Table 3. These coefficients typically ranged
from 0.5 to 0.7. Also, the performance parameters of the

diffuser varied with the changes in the structural and
pneumatic parameters. It was also observed that when
using Taguchi's experimental design method, the impact
of different factors on the response was not clearly
apparent.

4.2 Analysis of the Reference Case

The reference model has here been used for the
analysis of the flow field inside the air bleeding
aerodynamical diffuser. As can be seen in Fig. 8, the axial
velocity contours of the reference model under three
different working conditions had a basically symmetric
flow field structure. The flow field structure inside the air-
bleeding aerodynamic diffuser remained constant for
different working conditions, with the airflow entering the
diffuser inlet and most of it flowing into the flame tube
through the dome intake holes (Chin, 2019). A small
portion of the airflow entered the inner and outer annuli
through the holes. It, thereafter, entered the flame tube
through the cooling holes to take part in the cooling and
mixing process.

Figure 9 presents the distribution of the axial velocity
for a radial position 10 mm in front of the head flange. The
horizontal axis represents the dimensionless radial
position, while the vertical axis represents the axial
velocity. The velocity distribution under different working
conditions showed basically the same trend. The axial
velocity of the airflow reached a local minimum near zi/z
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Fig. 9 Distribution of the axial velocity with a radial
position 10 mm in front of the head flange; (a) Axial
position and (b) axial velocity distribution

= 0.5, which corresponded to the radial center position.
There were two peaks on the outer radial side, where the
airflow from the head inlet hole flew, which resulted in a
higher velocity. Furthermore, there was a negative axial
velocity towards the outer radial side. This was an
indication of an airflow into the inner and outer annuli,
where it formed a vortex.

These were the contours of the entropy production
rate of the reference model under different working
conditions (Fig. 10). As the inlet velocity increased, the
area of the high entropy yield in the diffuser expanded,
which led to a larger peak of the entropy yield. The high
entropy yield in the diffuser was primarily distributed in
the areas that are marked with A, B, and C in Fig. 10. Area
A was near the wall in the diffuser, and the high entropy
yield in this area was due to friction loss. Also, area B
showed the loss generated by the deflection of the airflow
from the holes of the diffuser surface. Finally, area C
showed the loss generated by the throttling of the airflow
as it flew into the intake holes of the head.

4.3 Fitting of the Results

According to the numerical simulation results
presented above, the quadratic regression model of the
coefficient of the static pressure recovery in the diffuser
was obtained for different inlet velocities:

Working condition 1;
Y, =0.3330+0.000398X, +0.010775X, +
0.002416 X, +0.000060 X > —0.000095 X 2
—0.000034 X 2 —0.000089 X, X,

(15)

Working condition 2:
Y, =0.39485+0.006291X, +0.011614 X, —

0.005205X , —0.000146 X 2 —0.000004 X 2 —
0.000126X,X,, +0.000123X, X,

(16)

Working condition 3:
Y, =0.2419+0.00813X, +0.01285X, +

0.00205X , —0.000079X 2 —0.000055X 2
~0.000184X X,

A7)

@: Wm=K-!

0 2 4 6 8 10 12 14 16 18 20

___EEEEEN

0 50 100 150 0 50 100 150 0 50 100 150
X/mm X/mm X/mm
inlet Mach inlet Mach inlet Mach
number=0.10 number=0.15 number=0.20

Fig. 10 Entropy production rate contours of the

21

reference model under three working conditions
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where X is n divided by the dimensionless value of the
unit of quantity. X, is Ls divided by the dimensionless
value of the unit of length. Also, X3 is Ls divided by the
dimensionless value of the unit of length. Furthermore, Y1,
Yy, and Ys are the coefficients of the static pressure
recovery under different working conditions.

Tables 4-6 present the ANOVA results (Xiang et al.,
2014) when using the regression model for the three
working conditions with the Mach numbers 0.10, 0.15,
and 0.20, respectively. In these tables, A denotes the
number of air bleed holes, B denotes the position of the
first row of air bleed holes, and C denotes the position of
the second row of air bleed holes. The R-sq values for the
Mach numbers 0.10, 0.15, and 0.20 were 99.12%, 99.99%,
and 98.39%, respectively. The regression model was
highly significant, with no signs of model misfit. Also, the
statistical variable P in Tables 4-6 showed the effect of
each variable on the final response. A value smaller than
0.05 indicated that the variable had a significant effect on

the response, and a value larger than 0.10 indicated that
the variable had basically no effect on the response (Wu et
al., 2022). Furthermore, it could be seen that the
parameters that had the largest impact on the performance
of the diffuser were different for the three operating
conditions.

Figures 11-13 show Pareto charts that illustrate the
standardization effect under different operating
conditions. These charts were primarily used to determine
which of the intrinsic components of the variable was most
important. There was then a focus on the most important
component for the improvement of the quality of the
process. The Pareto charts, also known as ranked charts
and principal and secondary factor charts, are bar charts
that are arranged in descending order. As being arranged
as a cumulative percentage curve, the lengths of the bars
indicate the size of the absolute number in each
group. Also, the bars are arranged in descending order to

Table 4 Analysis of the variance for the inlet Mach number 0.10

Source Degree of freedom Adj. SS Adj. MS F value P value
Regression 7 0.013658 0.001951 129.52 0.068
A 1 0.000010 0.000010 0.67 0.564
B 1 0.007332 0.007332 486.72 0.029
C 1 0.000290 0.000290 19.22 0.143
A*A 1 0.000761 0.000761 50.52 0.089
B*B 1 0.005524 0.005524 366.69 0.033
C*C 1 0.000271 0.000271 18.01 0.147
A*B 1 0.002853 0.002853 189.41 0.046
Error 1 0.000015 0.000015 / /
Total 8 0.013673 / / /
Table 5 Analysis of the variance for the inlet Mach number 0.15
Source Degree of Adj. SS Adj. MS F value P value
reedom
Regression 7 0.030262 0.004323 7793.20 0.009
A 1 0.003966 0.003966 7148.95 0.008
B 1 0.007861 0.007861 14170.50 0.005
C 1 0.001207 0.001207 2175.78 0.014
B*B 1 0.012922 0.012922 23294.16 0.004
C*C 1 0.000004 0.000004 7.41 0.224
A*B 1 0.004519 0.004519 8146.00 0.007
B*C 1 0.006382 0.006382 11504.94 0.006
Error 1 0.000001 0.000001 / /
Total 8 0.030262 / / /
Table 6 Analysis of the variance for the inlet Mach number 0.20
Source Degree of freedom Adj. SS Adj. MS F value P value
Regression 6 0.023589 0.003931 11.48 0.082
A 1 0.010077 0.010077 29.42 0.032
B 1 0.010421 0.010421 30.42 0.031
C 1 0.000208 0.000208 0.61 0.518
B*B 1 0.003846 0.003846 11.23 0.079
Cc*C 1 0.000711 0.000711 2.08 0.286
A*B 1 0.012134 0.012134 35.42 0.027
Error 2 0.000685 0.000343 / /
Total 8 0.024274 / / /
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Fig. 11 Pareto chart of standardized effects for the
inlet with the Mach number 0.10
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Fig. 12 Pareto chart of standardized effects for
the inlet with the Mach number 0.15

visualize the major and minor factors. As can be seen in
Figs. 11-13, when the inlet flow rate was low, there were
three factors that had a significant impact on the
performance of the air-bleeding aerodynamic diffuser.
The effects were arranged from the largest to the smallest,
and were obtained for items B, BB, and AB. For the
second condition, there were six factors that had a
significant impact on the performance of the air-bleeding
aerodynamic diffuser. These effects were represented by
BB, B, BC, AB, A, and C in descending order. There were
also three factors that significantly affected the
performance of the air-bleeding aerodynamic diffuser
under a maximum operating condition. These effects were
represented by AB, B, and A in descending order. As can
be seen in Figs. 11-13, it was clear that the first row of air-
bleed holes played a crucial role under the different
operating conditions. This was probably due to its role in
the determination of the flow state of the main airflow.
There was also an interaction factor that affected the
performance of the air-bleeding aerodynamic diffuser.
This was an indication of a secondary role of the structural
parameters in affecting the performance of the diffuser. In
addition, there was a coupling between the different
structural parameters (in particular for AB). That is, the

Pareto chart of standardised effects
(¢, for response, &= 0.05)

Item 4303
H

AB

BB

cc

0 1 2 8 4 5 6

standardisation effect

Fig. 13 Pareto chart of standardized effects for
the inlet with the Mach number 0.20

coupling between the number of holes and the position of
the first row of air-bleed holes had a notable effect on the
coefficient of the static pressure recovery of the diffuser.

4.4 Optimization Results

To obtain geometrical parameters for the optimal
performance of the air-bleeding aerodynamic diffuser at
various inlet velocities, the results for the three conditions
have been optimized and analyzed by using a genetic
algorithm. The iterative results that were obtained by
using the maximum static pressure recovery coefficient at
different conditions are presented in Table 7. Also, Figs.
14-16 show the model, axial velocity distribution
contours, and entropy yield distribution contours for the
optimal parameters under the three working conditions.
The relative differences were calculated by using the
following equation:

5= %o =G| g 0004 (18)

p-ns

where Cp.pre IS the predicted value of the static pressure
recovery coefficient and cy.ns is the numerically calculated
static pressure recovery coefficient.

As compared with the baseline model, the
optimization results showed a 19.16% larger static
pressure recovery coefficient for an inlet Mach number of
0.10. Also, the relative difference was 0.45%. When the
inlet Mach number was 0.15, the static pressure recovery
coefficient became 21.38% higher than that of the baseline
model, with a relative difference of 1.03%. Furthermore,
when the inlet Mach number was 0.20, the static pressure
recovery coefficient was 40.62% higher than that of the
baseline model, with a relative difference of 2.17%.

5. CONCLUSION

The design method by Taguchi has here been
combined with an experimentally verified numerical
simulation method in an investigation of the effects of
various structural parameters and their interactions on the
performance of a novel air-bleeding aerodynamic diffuser.
These parameters included the number of air-bleed holes,
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Table 7 Optimization results for different inlet Mach numbers

Inlet Mach Numbers of the Start position of the Second position of the 0
number holes holes holes Copre | Coms | (o)
0.10 4 54.84 35.53 0.664 | 0.661 | 0.45
0.15 40 29.25 16 0.686 | 0.679 | 1.03
0.20 4 70 18.64 0.754 | 0.738 | 2.17
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Fig. 14 Optimization results for an inlet Mach number of 0.10; (a) Model of the optimal diffuser, (b) axial
velocity distribution contours, and (c) entropy yield distribution contours
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Fig. 15 Optimization results for an inlet Mach number of 0.15; (a) Model of the optimal diffuser, (b) axial
velocity distribution contours, and (c) entropy yield distribution contours

x velocity

100 /s
130
120
110
100
90
80
70

(@ (b) (c)

Fig. 16 Optimization results for an inlet Mach number of 0.20; (a) Model of the optimal diffuser, (b) axial
velocity distribution contours, and (c) entropy yield distribution contours
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the position of the first row of holes, and the position of
the second row of holes. Regression equations for the
coefficient of the static pressure recovery and the
structural parameters were then obtained. By using a
genetic algorithm, an optimization of the different holes
was conducted to obtain the optimized structural
parameters. From the results of the present study, the
following specific conclusions could be drawn:

(1) Among the three structural parameters (number of
air bleed holes, position of the first row of holes, and
position of the second row of holes) it was the position of
the first row of holes that had the largest impact on the
performance of the diffuser.

(2) For the inlet Mach numbers 0.10, 0.15, and 0.20,
the optimal values of the three parameters were different
(0.661, 0.679, and 0.738, respectively).

(3) The relative difference between the predicted
values and the numerical simulation results were 0.45%,
1.02%, and 2.12%, respectively, which were all smaller
than 3%. Thus, the predicted results were reliable.

In the future, the air bleeding aerodynamic diffuser
will be studied when used in a real combustion chamber,
which will lay the foundation for subsequent application
in real engines.
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