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Abstract

Nowadays, afterburner is considered a fundamental component of aircraft turbine engines,
which results in increased engine thrust. Flame stability is an essential condition for proper
functioning of the afterburner. Given that the afterburner activation leads to increased fuel
consumption and a rise in aircraft temperature, its usage is limited to brief and specific
periods such as during aircraft takeoff, specialized maneuvers, and instances requiring
maximum aircraft speed. The engine's performance can be divided into two modes: with
afterburner on and off. The presence of bluff bodies ensures flame stability in afterburner-
on mode, whereas in afterburner-off mode, bluff bodies contribute to increased pressure
loss. Optimizing the geometry of bluff bodies can reduce drag and consequently decrease
pressure loss in afterburner-off mode. The adjoint method based on gradient optimization
method has garnered increased focus due to its remarkable efficiency in determining the
sensitivity of objective with respect to geometric parameters. In this study, the geometry of
a bluff body in afterburner unit of a turbine engine is optimized to reduce drag. Initially, to
validate the simulation, the bluff body is simulated in both afterburner-on and off modes,
ensuring the reliability of simulation method. Subsequently, bluff body’s geometry is
optimized to reduce drag. produced drag by flame holder and recirculation zones behind
it are evaluated as two important factors in assessing the performance of flame holder in
both reacting and non-reacting modes. The results indicate that in the optimized geometry,
drag is reduced by 27%, and combustion efficiency is increased by nearly 3%.

Keywords: Turbine engines, Bluff body, Drag, Adjoint method, Numerical simulation,
Flame holder.

1-Introduction

One of the methods to increase the thrust of turbojet engines without increasing the volume and weight of the
engine is the use of afterburners. Flame stability in ramjet engines and afterburners used in turbojet and turbofan
engines is typically achieved through the use of a bluff body [1]. The bluff body contributes to flame stability in
combustion systems by creating a recirculation zone downstream [2].

During afterburner-off conditions, the bluff body causes an increase in pressure loss [3]. Therefore, in these
conditions, the aerodynamic shape of the bluff body significantly influences the level of pressure loss. One of the
methods to reduce drag and pressure loss is to decrease the width of the flame holder [4]. Mohamed et al.
effectively reduced drag by modifying the corners of the bluff body through reducing the wake width [5].
However, changing the width of the flame holder affects flame formation and stability [6]. Herbert studied how
wake aerodynamics and drag coefficient affect the stability boundaries of flames [7]. In the afterburner-on mode,
pressure loss is necessary to stabilize flame and combustion [8]. However, achieving complete combustion is not
feasible under low-pressure conditions. Therefore, striking a balance between these two factors is highly important
[9]. Another method for reducing drag involves altering the arrangement of flame holders. The arrangement of
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flame holders should be such that, in addition to facilitating stable combustion, it mitigates flow blockage effects,
which lead to pressure loss [10-11]. In addition to the above considerations, the V-gutter apex angle also influences
flow behavior. Yong et al. demonstrated that increasing the interior apex angle of V-gutter flame holder results in
a larger recirculation zone, leading to an increase in backflow velocity and ultimately widening of the flame [12].
Furthermore, increasing the apex angle of the V-gutter bluff body extends flame stability [13, 14].

In the past decade, various optimization approaches have been employed for different purposes in the design of
flame holders. K. Karthik and colleagues optimized a bluff body in the form of a circulate cylinder to reduce drag
and noise using CFD. They utilized a multi-objective algorithm based on the swarm optimization method [15]. Li
et al. optimized the combustion efficiency of a scramjet engine in an intelligent strut design under different
operating conditions. The results indicated an increase in combustion efficiency by up to 8.22% and a reduction
in force by 66.12% in the new configuration [16]. Povinelli et al. conducted simulations on struts, exploring six
structural factors including the radius of the leading edge, maximum thickness position, thickness ratio, sweep
angle, and strut length. The results indicated that the thickness ratio is the primary factor contributing to drag
reduction [17]. Tao Cai focused on numerically optimizing the location of the bluff body and the configuration of
the combustion chamber. Their work resulted in a notable improvement in combustion efficiency compared to the
baseline case, although pressure loss also increased [18]. Additionally, Tomas Oberg applied Design of
Experiments (DOE) to optimize carbon monoxide in an industrial afterburner [19]. Among the optimization
methods used in aerodynamic problems, the adjoint method has garnered more attention due to its capability to
efficiently compute the derivatives of objective functions for multiple design variables [20, 21]. J. Brezillon
employed the adjoint method to reduce drag under conditions of constant lift and pitching moment on an airfoil
[22]. Juanmian Lei developed a framework to design the aerodynamic shapes and optimize airfoils with low
Reynolds numbers using laminar unsteady equations and the adjoint method [23]. The adjoint method is also well-
suited for optimization in complex geometries. Md Araful Hoque optimized the nose of a car, resulting in a 27%
reduction in drag and fuel consumption [24]. Harry Day optimized the shape of a blade and demonstrated that the
adjoint method is an efficient approach for aerodynamic problems [22].

In the current study, numerical simulations were conducted for both combusting and non-combusting conditions
on a bluff body. Subsequently, using the adjoint method, the geometry of the bluff body was optimized to reduce
drag. With this approach, after the initial solution of flow, sensitive geometric points are identified, and
optimization moves towards improving the objective of the problem. In the optimized design, in addition to drag
reduction, combustion efficiency has also increased.

2- Objective Function and Adjoint Optimization Process:

The objective of optimizing a system is to minimize or maximize a function, which serves as a measure of the
system's performance. In aerodynamic designs, this function can take various forms, such as lift coefficient, drag
coefficient, or lift-to-drag ratio. In the present study, the objective function is the drag coefficient, a dimensionless
quantity that relies on the geometric body shape and defined as follows:

"~ Apu?

Cp @
Where, A, p, U, and Cj, represent the projected frontal area, density, freestream velocity, and drag coefficient of
the body, respectively.

The Adjoint Method is a specialized mathematical tool that can be used to compute the derivatives of engineering
quantities with respect to all system inputs, including flow geometry. It is a gradient-based method where the
sensitivity required in the optimization process is obtained from an equation called the adjoint equation, rather
than directly calculating it [23]. In discrete adjoint method, the flow’s governing partial differential equations
(PDEs) are discretized first, and then differentited to establish discrete adjoint equation. In contrast, the continuous
adjoint method begins by formulating adjoint equations through differentiation of the governing PDEs, which are
subsequently discretized for solving. The optimization cycle involves a common process between the solver for
the flow based on the Navier-Stokes equations and the adjoint solver. Figure 1 summarizes the optimization cycle.
According to Figure 1, the flow equations are initially solved, and then the results are fed into the adjoint solver
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to compute sensitivity information, resulting in the determination of geometry sensitivity to the objective function.
Subsequently, depending on sensitivity level, adjustements are made to the body geometry. Finally, the flow field
is recalculated based on the new geometry, and objective function’s results is evaluated. This loop continues until
the desired value of the objective function is achieved.

N-S Flow
Solution

v Optimizétibnﬁ '" Adjoint

" Framework | Calculation

Sensitivity
Data

Fig 1: Adjoint shape optimization workflow

The adjoint objective (d) is a function of both the state of the flow @ and the control variables (c), such as the
geometry x;, as shown in equation (18). In the present work, the control variables consist of the points that
delineate the surfaces of the bluff bodies:

d =d(@(c).c) 2

The adjoint equations are formulated based on derivative terms derived from the initial flow solution, as stated
hereunder:

R(@(c).c) =0 ®3)

In the present work, the objective function is the drag force, which is defined as an observable quantity. Therefore,
the Lagrange multiplier is formulated as follows:

L(g.c.2) =J(q.c) — ATR(q.c) 4)
Where A is the adjoint parameter. Then, observable derivative in relation to the design variables is given by:

df dL 0L 0dLdq 9] 0]dq T(aR 6R6q)
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Hence, the sensitivity of the observable turns out to be:
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The sensitivity equation for each mesh node in the CFD model is evaluated, and then the mesh is corrected [24].
In the present work, for shape sensitivity, the input vector c is considered as the locations (x, y) for each node in
the model.

3- Validation:

To determine the accuracy and reliability of the obtained results, numerical and experimental results need to be
compared. The validation study examines a premixed flame stablized by a bluff-body, conducted under the
auspices of Volvo [25]. Several experimental studies [26-27] and numerical simulations [28-30] based on the
Volvo work have been conducted before. Figure 2 depicts the schematic of the Volvo combustion system. This
system comprises a rectangular duct with an equilateral triangular bluff body. The bluff body is in the form of an
equilateral triangle, with each side length measuring to D=4cm. A premixed fuel-air mixture with a mass flow
rate of 0.2083kg/s, constant temperature of 288K, and equivalence ratio of 0.65 is introduced into the channel.
Propane is used as the fuel, which is mixed with air at 288K temperature.

Fig 2: Simulation set up for Volvo bluff body MVP workshop [30]

In the present study, boundary conditions include a designated mass flow rate at the inlet and maintain a constant
pressure at the outlet. The k- shear stress transport (SST) model was employed for modeling of turbulence, which
has been validated as an appropriate choice for bluff body simulations [31-32]. The conducted simulation was
two-dimensional, the domain of which is illustrated in Figure 3:

Fig 3: CFD model geometry

The results of the solution are investigated for both non-reactive and reactive flow conditions across numerous
planes along the length of the rectangular channel. In Figure 4, the inlet velocity profile is depicted for x/D=0.375
and x/D=0.375 planes along the flame. The results indicate that the numerical solution exhibits acceptable
accuracy compared to experimental data. However, there is slight deviation from the experimental results in
estimating the recirculation zone length downstream of bluff-body, which could be attributed to simplifications
made in the simulation. Furthermore, the findings show that the velocity is around zero in the vicinity of walls.
By moving towards the centerline, the velocity initially increases and then decreases again due to the swirling and
recirculating flows, and even becomes negative in some points.

15 . 5 v
+ EXP[28] L o EXP[25]
Current Study ‘W Current Study

(2)=x/D=0.375 (b)=x/D=3.75

Fig 4: The dimensionless mean inlet velocity profiles over different axial planes along the flame axis for both
quantitative and experimental results
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Figure 5 illustrates the dimensionless mean temperature profiles for the axial planes at x/D=0.375 and x/D=0.375
along the flame axis for the scenario involving a reacting flow. The results indicate that after the flame formation
in the zone behind the bluff body, the temperature increases. As the distance from the bluff body increases (moving
from the x/D=0.375 plane to the x/D=0.375 plane), the flame expands, leading to an increase in the temperature
near the walls. The quantitative results indicate a satisfactory correlation with the experimental data, indicating
that the simulation has been properly conducted.
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Fig 5: The mean temperature profiles in various axial planes along the flame axis for both numerical and

experimental results.

4- Aerodynamic Optimization:

4-1 Sensitivity:

The adjoint solver calculates the sensitivity of surface by utilizing the solution of primal flow. This offers the
necessary data to identify the areas that are more sensitive to geometric alteration aimed at achieving drag
reduction. Figure 6 illustrates the surface sensitivity map, where regions in red indicate higher sensitivity to drag.

By making relatively small geometric changes in these areas, significant alterations in drag can be achieved.

Fig 6: Drag sensitivity on the bluff body for shape optimization

Asevident in Figure 6, the regions near the top and bottom boundaries of the bluff body exhibit the highest surface
sensitivity. In Figure 7, the original and optimized geometries are illustrated, showing that as expected, the most

significant alterations have occurred near the periphery of the bluff body's edge.
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Fig 7: Comparing the original geometry with the optimized geometry
4-2 Optimized Results:

The optimized results include an assessment of the bluff body's performance, vortex lengths, drag, and combustion
parameters for both the original and optimized geometries in both reactive and non-reactive flow conditions. The
bluff body’s geometric shape causes the distance between the vortices of the bluff body and duct to act as a nozzle
and increase the flow velocity. Figure 8 compares the velocity contours for the optimized and original
configurations. The results indicate that the overall flow pattern has not undergone significant changes, and the
optimized design has managed to optimize drag with minimal alterations to the velocity field within the channel.

Welocity: 0 2 4 B 8 10 12 14 16 18 20 22 24 26 28 30 32

Fig 8: The velocity contours for the original and optimized configurations under non-reacting conditions

Figure 9 illustrates the velocity contours with streamlines in the cold flow condition. Right after the bluff body,
two pairs of vortices are formed, which are linked to the flow reversing towards the hind side of the bluff body.
These vortices are induced by unfavorable pressure gradient, which is dependent on the enlargement of bluff
body’s downstream flow region. The results indicate that after geometry optimization, the flow passing over the
body exhibits better alignment, and the length of the vortex region is reduced in the optimized configuration.
Consequently, the drag is reduced by 27%.

BN [ [T 17 [ [T

Velocity: 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32

Fig 9: The velocity contours along with streamlines for the original and optimized configurations in the non-
reacting condition

The drag reduction is accompanied by a decrease in the length of the vortices. Therefore, the length of the vortices
formed in the reacting condition should also be studied. Figure 10 depicts the temperature contours in the reacting
condition. The results indicate that, similar to the original configuration, in the optimized configuration, flame
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vortices are formed immediately after the bluff body due to the swirling flow, creating a high-temperature region
that extends to the end of the channel. Additionally, in the optimized configuration, due to better alignment of the
bluff body with the flow, the width of the flame right after the bluff body is reduced compared to the original
configuration. However, there is not much change observed in the flame region towards the end of the channel.

EET T T T 717 1T T [ .

Temperature: s 397 506 615 724 833 42 1051 1160 1269 1378 1467 1596 1705 1814

Original

Optimized

Fig 10: The temperature contours for the original and optimized configurations

Figure 11 depicts the temperature contours with streamlines in the reactive flow condition. Similar to the cold
flow case, two vortices form just behind the bluff body, contributing to flame stability. The results indicate that
in the optimized configuration, there exists a shorter vortex compared to the baseline case, which may affect flame
stability.

Temperature: s 397 506 515 724 833 442 1051 1160 1269 1373 1487 1506 1705 1314

Fig 11: The temperature contours with streamlines for the original and optimized configurations under reacting
flow conditions

Combustion efficiency is another important parameter while assessing afterburner, which is related to the
geometry of the bluff body. In this study, due to the uniform distribution of the fuel-air mixture at the inlet, some
of the fuel passing near the walls does not combust, resulting in low combustion efficiency. Figure 12 compares
the drag and combustion efficiency for the original and optimized geometries. The results indicate that in addition
to a 27% drag reduction in the optimized design, the flow passage velocity in this area decreases due to the
reduction in the distance from the bluff body to the duct in the optimized geometry. This allows more time for
fuel particles to undergo combustion, ultimately increasing combustion efficiency compared to the original
geometry.
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Fig 12: The comparison of drag coefficient and combustion efficiency for the original geometry (Mode 1) and
the optimized geometry (Mode 2)

605



International Journal of Multiphysics
Volume 18, No. 4, 2024
ISSN: 1750-9548

5- Conclusion:

In this study, aerodynamic optimization of a bluff body was conducted using the adjoint method. The drag and
the size of recirculation zone in both reactive and non-reactive conditions were investigated, yielding the following
results:

1. The results demonstrate that the adjoint optimization method, by identifying the geometry sensitiveness to the
function of objective, can significantly optimize the function of objective with minimal changes to the geometry
and flow pattern.

2. The reduction in the drag coefficient of bluff bodies is frequently associated with the reduction in the vortices’
length, which can affect the flamestability. Therefore, studying both the length of vortices and drag coefficient
simultaneously is essential for a comprehensive understanding of the problem.

3. Considering that aircrafts spend most of their flight time in afterburner-off conditions, a 27% reduction in drag
can have a significant impact on reducing pressure loss and improving the aircraft performance.

4. In the optimized geometry, in addition to drag reduction, combustion efficiency has also increased. These
changes result in reduced fuel consumption and potentially improved flight endurance.
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