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Abstract: This paper presents the optimal active flow control mechanism on the industry-relevant
Swept Constant-Chord Half model (SCCH) high-lift configuration. To delay the separation, syn-
thetic jet actuation is applied almost on the entire flap surface. Effective separation control and
thus enhancement in overall aerodynamic performance can be achieved by finding the optimal
actuation. In the present work, the optimal set of actuation parameters is obtained by combining
the unsteady discrete adjoint incompressible RANS solver with the BFGS optimisation algorithm.
Numerical results have shown that the optimal actuation has effectively delayed the onset of flow
separation. Furthermore, optimal actuation has significantly enhanced the mean-lift coefficient by
28% over the un-actuated baseline flow.
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1 Introduction

Modern commercial aircraft deploy high-lift devices such as slats and flaps to generate additional amount
of lift in order to reduce the ground speed and runway length during take-off and landing phases. At high
flap deflection angles, the adverse pressure gradient becomes so strong that the boundary layer in the flap
region tends to separate, leading to aerodynamic stall. This results in rapid degradation of aerodynamic
performance as the lift falls abruptly. Over the past several decades, numerous flow control techniques have
been proposed and evaluated for suppressing or even delaying the separation [Il 2| [3]. These approaches
can be classified as passive or active flow control techniques. Compared to passive techniques, active con-
trol techniques are more desirable and widely used for the control of separation on generic high-lift devices
[4, 5, 6l 7, 8, 9]. Although many subclasses exist, in recent years, active control techniques based on the
zero-net-mass-flux or the synthetic jets have shown good feasibility and effectiveness in controlling separation.

Synthetic jet actuators [I0] [I1] are based on alternate injection and suction of fluid to the boundary layer
with the formation of vortex structures. These vortices greatly enhance the boundary layer mixing. This
increases the momentum transport inside and outside the boundary layer, which suppresses or delays the
separation. The flow control is then achieved by varying the parameters of actuation such as amplitude,
frequency, blowing directions, phase shift and location of actuators.

In previous studies on high-lift configurations, actuation is typically applied at the leading edge of the
flap, where the flow starts separating from the surface. In the present work, we plan to apply actuation



almost on the entire flap surface. This distribution is intentionally chosen to avoid any bias on the location
of actuators. Effective separation control and thus maximum lift can be achieved by finding the optimal
distribution of actuation parameters. An efficient way of finding the optimal actuation parameters, which
are in large number, is by employing the gradient based optimisation algorithms combined with discrete
adjoint method. In [I2], this approach is pursued to find the optimal actuation on the two-dimensional
high-lift configuration. It has been observed that the adjoint based optimisation has significantly enhanced
the mean-lift by 27% over the un-actuated baseline flow. In this paper, an attempt has been made to find
the optimal actuation on the Swept Constant Chord Half (SCCH) model, which represents a generic high-lift
configuration with industrial relevance. This test case has been extensively used to perform several experi-
mental and numerical investigations of active flow control [I3] [6], 14} [15] ].

This paper is organised as follows. Section [2] presents the details pertaining to the development of an
accurate and robust discrete adjoint approach for optimal active flow control, governed by unsteady in-
compressible RANS equations. In Section [3] we introduce the SCCH high-lift configuration, synthetic jet
actuation boundary condition and features of the unsteady primal and adjoint RANS solvers. In Section [4]
numerical results are shown based on optimal actuation. Finally, conclusions are drawn in Section

2 A Discrete Adjoint Approach for Optimal Active Flow Control

We consider the optimisation problem of maximising the lift of the SCCH high-lift configuration by means
of synthetic jet actuation. The objective function is defined as the time-averaged (mean) lift coefficient.
The constraints are the incompressible unsteady Reynolds-averaged Navier-Stokes (RANS) equations, which
govern the low speed flows during take-off and landing scenarios. The control variables are the amplitudes,
phase shifts and blowing directions of actuation that are distributed on the suction side of the flap. In the
discrete form, the objective function (J = C}) over the time interval [0, T] can be defined as
1N
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Here I™ is the lift coefficient at time iteration n. U™ is the state vector consisting of the velocity vector, pres-
sure and turbulent quantities that describe the fluid motion. « is the vector of control variables comprising
the actuation parameters amplitude, frequency, phase shift and blowing angles. N = T/At is the number of
time iterations that span the given time interval and At is the step size of the time discretisation scheme.
The governing unsteady incompressible RANS equations are discretised using the Finite Volume Method
(FVM) on collocated grids. The spatial discretisation scheme is based on the SIMPLE pressure-velocity
coupling scheme coupled with the Rhie-Chow interpolation. The transient terms are approximated by a
second-order implicit backward difference formula.

At each time iteration n, the discretised constraint equations are solved for the solution of the state vector
U™ by a contractive fixed point iterative scheme of the form

r =G (UNU U a), n=1,...,N. (2)

Here, G™ represents an iteration of the pressure-velocity coupling scheme. U™ ™! and U™ ? are the converged
state vectors at time iterations n — 1 and n — 2 respectively. The fixed point scheme in Eq. converges to
the numerical solution U™, given by

vr=c"(U" U\ Uu"?*a),n=1,...,N. (3)

The Lagrangian associated with the constrained optimisation problem posed by Egs. and is defined
as



where U is the vector of Lagrangian multipliers or the adjoint state vector at time iteration n. The first
order necessary conditions for optimality (KKT) of the Lagrangian function are given by
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priak 0, n=N,..., 1. (Adjoint state equations) (5b)
L
%a =0 (Control equations) (5e)

The above equations form an optimality system, from which optimal state and control vectors can be deduced.
From Eq. (5b)), the unsteady discrete adjoint RANS equations can be derived as
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Simplifying further, the adjoint pressure-velocity coupling scheme in the fixed point form is given by

=—n —=—n-+2

U, =a" (U”,U"“,U“+2,ﬁ;’,ﬁ"+1,u ,a) n=N,... 1. (7)

Here, [ch represents an iteration of the adjoint fixed point scheme, which converges to the adjoint solution

U" at time iteration n. U and U~ are the converged adjoint solutions at time steps n + 1 and n + 2
respectively. In contrast to the primal fixed point scheme in Eq. , the adjoint scheme in Eq. is solved
in backward-in-time integration from n = N to n = 1. The adjoint equations at time iteration n require
the flow solutions U", U™ and U™ to compute G™, G"*1, G"*2 and I". Thus, to solve the adjoint

equations, one needs to store the entire forward trajectory of the non-linear primal solver. Note that %GTH:I
and %%L::z in Eq. @) are constants as the spatial residuals in G"*! and G"*2 do not depend on U™.

The solutions of the state and adjoint state equations are then substituted in Eq. to compute the

sensitivity gradients as
N
dL 101" —n\T OG"
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Accurate computation of the sensitivity gradients requires the exact differentiation of I™ and G". However,
the exact differentiation of the discrete residuals in G™ by hand is laborious and prone to errors. On the
other hand, Algorithmic Differentiation (AD) [16] tools can perform the exact differentiation with much ease.
In the present work, at the first step, AD is applied in a black-box fashion to generate the adjoint code by
differentiating the unsteady incompressible RANS code with respect to the actuation control vector ae. An
advantage of the black-box AD approach is that the adjoint solver yields exact sensitivities at any residual
level achieved by the primal solver. Furthermore, the adjoint solver inherits the asymptotic convergence of
the primal solver [16].

A major drawback of the black-box approach is that the adjoint code demands prohibitively expensive
memory and computational time, thus making it infeasible for practical applications. One source of exces-
sive memory and run-time is due to the black-box application of AD to the fixed point scheme in Eq. ,
meant for the solution of the state vector at time iteration n. In this approach, the adjoint code stores the



flow solution U7, ; for all i iterations at every time step n. However, from Eq. (7)) it can be observed that
the adjoint fixed point scheme uses only the converged flow solution U". Therefore, a lot of memory and
run-time can be saved if we make use of the iterative structure and store only the converged flow solution
at each unsteady time iteration. In the present work, this objective is achieved by employing the reverse
accumulation technique [I7].

Yet another source of expensive memory arises from the storage of flow solutions during the forward-in-
time integration of the state equations in Eq. , which are then used while solving the adjoint equations
in backward-in-time in Eq. . For large scale applications in 3D, the memory requirements for storing
the flow solutions can become prohibitively expensive. To reduce these excessive memory demands, check-
pointing strategies can be employed. In algorithms based on checkpointing strategy, the flow solutions are
stored only at selective time steps known as checkpoints. These checkpoints are then used to recompute the
intermediate states that have not been stored. In the present work, the binomial checkpointing algorithm
[18] has been employed. This algorithm generates the checkpointing schedules such that the number of flow
recomputations is proven to be minimal.

The adjoint code based on these advanced AD techniques precisely performs the fixed point scheme in
Eq. @ and the sensitivity evaluation in Eq. . Since the exact differentiation of the fixed point iterator
G is maintained, the consistency and accuracy of the adjoint solver is still preserved. The performance
of the adjoint RANS solver in accurate computation of sensitivities has been successfully demonstrated on
industrial high-lift configurations [19} 20].

3 Computational Setup

3.1 Configuration Details

The test case under investigation is the industry relevant swept constant-chord half-model (SCCH) high-lift
configuration. This configuration consists of a main wing with extended slat and flap. All devices have
blunt trailing edges. The three-dimensional wing has a sweep angle of ¢ = 30° while the chord length in the
spanwise direction is kept constant. In order to reduce the computational costs, numerical investigations are
performed on an infinite span wing. Figure [I] shows a two-dimensional section of the high-lift configuration.
The relative chord lengths of slat and flap are given by lg 4+ = 0.158[. and lt4, = 0.2541., where [ is the
chord length. The angle of attack is fixed at AoA = 6°, which is within the range of approach for civil
aircraft. The flap deflection angle is set to d714p = 37°. Note that, at these conditions, the flow over the
slat and the main wing are fully attached. On the other hand, the flow over the flap is separated starting
from the shoulder region as the point of separation reaches its most upstream position. Therefore, the above
settings are best suited for the application of active flow control mechanism to delay the separation and thus
enhance the aerodynamic performance of the SCCH high-lift configuration.

Figure 1: Sketch of a three-element high-lift configuration.



3.2 Computational Mesh

Figure [2] shows the two-dimensional mesh around the SCCH high-lift configuration. The computational
domain consists of a C-type block-structured mesh with 43,098 finite volumes. The three-dimensional mesh
for the infinite span wing is generated by stacking 16 layers of the two-dimensional mesh along the spanwise
direction and applying the respective sweep angle. The resulting domain consists of a block-structured mesh
with 689, 568 finite volumes. Figure [3]shows the surface mesh around the slat, main wing and the flap. The
non-dimensional wall distance of the first cell center remains below y™ = 1 on the entire surface.
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Figure 2: Two-dimensional grid around the SCCH high-lift configuration.

3.3 Boundary Conditions

At the inlet boundary, all flow quantities including the components of the velocity vector and turbulent
quantities are prescribed. At the outflow boundary, a convective boundary condition is used that allows the
unsteady flow structures to be transported outside the computational domain. On the surface of the main
wing, flap and slat, no-slip boundary condition is applied. For the calculation of the infinite span swept
wing, a periodic boundary condition is employed. To model the active flow control mechanism, synthetic
jet actuation is applied on the flap surface at 27 slots along the chordwise direction at all the 16 grid layers
along the spanwise direction. Figure [4] shows the distribution of actuation slots on the surface of the flap.
Numerically, each slot is resolved by one cell face on the flap surface. The actuation velocity at a slot face
is given by
1 -

tan Sy it tan By

—

U= Aus |7+ ty| cos (27 f (t — to)) (9)

Here 7 is the surface normal vector while #; and 5 are a set of tangential vectors. A is the non-dimensional
amplitude of actuation, u., is the free-stream velocity, 51 and (s are the blowing angles, f is the non-
dimensional frequency, ¢ is the non-dimensional physical time and t¢g is the non-dimensional phase shift.

3.4 Numerical Flow Solvers

In the present work, the unsteady Reynolds-averaged Navier-Stokes equations are solved using the CFD
code ELAN [6l [8]. ELAN is a multi-purpose finite volume solver based on the SIMPLE pressure-velocity



Figure 3: Surface grid around the SCCH high-lift configuration.

coupling scheme for the solution of incompressible Navier-Stokes equations. The code is fully implicit and is
of second order accuracy both in space and time. The convective fluxes are approximated by a TVD-MUSCL
scheme. The code can be run in unsteady RANS mode with options for various statistical turbulence models
or in LES mode or a combination of both. The code is parallelised by domain decomposition and uses a
message passing interface (MPI) for the communication between the nodes of a supercomputer. ELAN has
been successfully used to perform unsteady RANS and DES simulations on practical high-lift configurations
[6, 8]. The unsteady discrete adjoint RANS code ELAN-A [21] 20] is developed by applying the AD tool
Tapenade [22] to the primal unsteady RANS code ELAN. ELAN-A retains all features of the primal code
ELAN. Performance measurements have shown that the run-time of the adjoint code ELAN-A is around a
factor of 5 compared to the primal code. Although it may not be as computationally efficient as the hand
differentiated code, the lack of efficiency is well compensated by accuracy, robustness and easy maintenance.

4 Numerical Results

4.1 Un-actuated baseline flow

We first consider the un-actuated baseline flow around the SCCH high-lift configuration. The unsteady
incompressible RANS simulations are performed with the SST k —w turbulence model at a Reynolds number
of Re = 10% and at an angle of attack of AoA = 6°. The step size in the time discretisation scheme is chosen
as At = 2 x 10731, /uo, which is sufficient to resolve and capture most of the unsteady flow features. Figure
shows the isosurfaces of Ay - vortex cores coloured by u - velocity at the crest of a periodic oscillation in
the lift coefficient. It can be observed that the unsteady RANS simulations predict the required massive
separation of the flow due to strong adverse pressure gradient on the suction side of the flap. The mean
separation point is located just behind the flap leading edge. Downstream of the separation point is a large
region of recirculation zone, which is most suited for the application of active flow control techniques. The
mean lift coefficient for the un-actuated flow is observed to be C; = 1.0198.
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Figure 4: Distribution of actuation slots on the surface of the flap of the SCCH high-lift configuration.
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Figure 5: Un-actuated baseline flow: Isosurfaces of the As - vortex cores near the flap region.
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Figure 6: Time history of the lift coefficients for the un-actuated baseline flow and the initial actuated flow.

4.2 Initial actuated flow

In order to delay the flow separation and to enhance the overall aerodynamic performance of the SCCH
high-lift configuration, sinusoidal blowing and suction with zero-net-mass-flux actuation is applied at 432
actuation faces on the suction side of the flap, as shown in Figure[d To start the optimisation, initially the
non-dimensional values of actuation parameters are chosen as A = 0.3, f = 2.0 Hz, 5, = 90°, B2 = 90°,
and ty = 0. At blowing angles of 90°, the flow is perturbed in the normal direction of the flap surface.
The frequency of the initial actuation is set to the estimated frequency of the vortex shedding of the un-
actuated baseline flow. Unsteady RANS simulations are performed with the initial control starting from a
fully developed baseline flow until the non-dimensional time T = 30, which amounts to 15,000 unsteady
time iterations. Figure [6] shows the time history of the lift coefficient. Compared to the un-actuated flow
with C; = 1.0198, the initial actuation has resulted in 8% improvement in the mean-lift coefficient with
C; = 1.1008.

Although, the initial actuation has considerably improved the lift over the baseline flow, it may not be
the optimal actuation and therefore the mean-lift thus achieved may not be maximum. The objective is to
find optimal actuation that suppresses or even delays the separation and enhances the aerodynamic perfor-
mance in terms of lift. For the optimisation problem, we neglect the initial transient behaviour in the lift
coefficient of the controlled flow, as shown in Figure [} The objective function, which is the time-averaged
lift coefficient is then evaluated over a fully developed flow starting from 9,001 to 15,000 time iterations.
Note that this interval consists of around 11 actuation cycles, which is sufficiently large for a meaningful
average of the developed flow. The discrete objective function defined over this interval is then given by

15,000

1 n n

n=9,001



while the associate Lagrangian reduces to

15,000 15,000

L= 6,300 Sy oo- Y [(U”)T(U” —G”)] (11)

n=9,001 n=1

The control variables are the actuation amplitudes, blowing angles and phase shifts at 432 actuation faces on
the flap surface. Note that the frequency of the actuation is kept constant at all actuation faces throughout
the optimisation process. This results in a total of 1,728 control variables.

4.3 Sensitivity validation

We now demonstrate the performance of the unsteady discrete adjoint incompressible RANS solver in accu-
rate computation of actuation sensitivities. Table [I| shows a comparison of the sensitivities at a randomly
chosen actuation face. It can be observed that the sensitivities based on the adjoint code are in very good
agreement with the values obtained from the AD based tangent linear code and second order finite dif-
ferences. Note that the discrepancy in sensitivities is due to the accumulation of computational noise in
fixed point iterations over a large time interval, as defined in Egs. and . In the present case, the
computational noise arises predominantly due to truncation error.

Control parameter Finite differences Tangent linear code Adjoint code
Amplitude A -2.53482457E-03 -2.53487987E-03 -2.53483821E-03
Phase shift g -4.56140902E-03 -4.56140383E-03 -4.56125074E-03

Blowing angle £, 1.44098066E-06 1.44093624E-06 1.44093936E-06
Blowing angle (5 3.08708614E-07 3.08897284E-07 3.08907451E-06

Table 1: Comparison of the actuation parameter sensitivities at a randomly selected actuation face based
on second order finite differences, tangent linear and discrete adjoint unsteady RANS codes.

4.4 Optimal actuation

To find the optimal actuation, the unsteady adjoint RANS solver is combined with the quasi-Newton BFGS
optimisation algorithm. Figure [7] shows the time history of the lift coefficient for the optimal actuated case.
It is clearly evident that the optimal actuation has yielded significant enhancement in the lift coefficient over
the un-actuated and initial actuated flows. Table [2] shows a comparison of the mean-lift coefficient. From
the tabulated values, it can be observed that the optimal actuation improved the mean-lift by 28% compared
to the un-actuated baseline flow and around 19% over the initial actuation. Figure [§| shows the progress of
the mean-lift coefficient during 40 cycles of optimisation. The optimisation history clearly shows that there
is scope for further enhancement in the lift coefficient. Figure [9] shows the isosurfaces of Ay - vortex cores
at the crest of a periodic oscillation in the lift coefficient. It can be noticed that the separation point has
moved further downstream of the flap shoulder region.

Flow Mean-lift coefficient
Un-actuated baseline flow 1.0198
Initial actuated flow 1.1008
Optimal actuated flow 1.3072

Table 2: Comparison of the mean-lift coefficient for the un-actuated, initial and optimal actuated flows.
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Figure 9: Optimal actuated flow: Isosurfaces of the Ao - vortex cores near the flap region.

Figures [I0] to [[3] show a comparison of the initial and optimal actuation controls and sensitivities. Figure
b) shows the amplitude sensitivities for the initial control with amplitude A = 0.3 at all actuation faces.
Note that a positive sensitivity at an actuation face favours an increase in amplitude. On the other hand,
negative sensitivities indicate that the initial amplitude is more than sufficient and needs to be decreased.
From the sensitivity plot one can observe a strong positive sensitivity across the span wise direction just
downstream of the shoulder region. It is clear that this region is favourable for more amplitude, as noticed
in optimal amplitude control. From the optimal sensitivities one can observe that the optimisation process
favours further reduction in amplitude values at actuation faces near the shoulder region. Furthermore, the
sensitivities are varying along the span wise direction. This phenomena can be attributed to the effect of
cross flows. One can also observe high sensitivity hot spots at actuation faces close to the trailing edge.
These hot spots stresses the need for further optimisation and they may dampen subsequently.

One can draw similar arguments from the phase shift control and sensitivity plots in Figure [[I] Figures
and [I3] show the corresponding plots for the actuation blowing angles 81 and (. From these plots it can
be observed that the angle sensitivities are negligible to influence changes in control vectors. In fact, the
angle sensitivities may support the argument that the actuation normal to the flap surface is favourable for
optimal control.

To summarise, the numerical results clearly demonstrate that the adjoint approach is promising in finding
the optimal actuation mechanism on the high-lift configuration. It is possible to enhance the aerodynamic
performance further by combining the adjoint based gradient search method with evolutionary algorithms.
In |23], this hybrid approach is successfully applied to completely suppress the flow separation on the flap
of a three-element airfoil. In fact, optimisation has significantly increased the mean-lift by 67% over the
un-actuated baseflow. In future, we plan to extend this approach to the SCCH high-lift configuration.
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(a) Initial amplitude control (b) Initial amplitude sensitivity

(c) Optimal amplitude control (d) Optimal amplitude sensitivity

Figure 10: Comparison of the initial and optimal amplitude controls and sensitivities.
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(a) Initial phase shift control (b) Initial phase shift sensitivity

(c) Optimal phase shift control (d) Optimal phase shift sensitivity

Figure 11: Comparison of the initial and optimal phase shift controls and sensitivities.
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(a) Initial angle 8; control (b) Initial angle $; sensitivity

(¢) Optimal angle 8; control (d) Optimal angle 1 sensitivity

Figure 12: Comparison of the initial and optimal angle §; controls and sensitivities.
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(a) Initial angle 82 control (b) Initial angle Bs sensitivity

(c) Optimal angle B2 control (d) Optimal angle 85 sensitivity

Figure 13: Comparison of the initial and optimal angle 8 controls and sensitivities.

15



5 Conclusions

In this paper, we presented an optimal active separation control on the Swept Constant Chord Half model
(SCCH) high-lift configuration at a Reynolds number of Re = 10° and an angle of attack of 6°. To delay the
flow separation, the zero-net-mass-flux synthetic jet actuation was applied on the suction side of the flap.
The optimal set of actuation parameters that delays the separation was obtained by combining the unsteady
incompressible discrete adjoint RANS solver with the BFGS optimisation algorithm. The performance of
the adjoint RANS solver in accurate computation of actuation sensitivities was successfully demonstrated
by comparing the adjoint sensitivities with the values obtained from finite differences and tangent linear
RANS solver. Numerical results have shown that the optimal actuation has delayed the separation further
downstream and significantly enhanced the mean-lift by 28% over the un-actuated baseline flow.
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