Chapter 7

Optimisation tests and resultsin two
dimensions

Once the four components i.e. the optimiser, the grid perturbation program, the CFD
code MERLIN and the adjoint solver described in the last four chapters have been tested
separately, they are put together to form the optimisation chain. Before applying thissuite
of codesto the three-dimensional optimisation of a BWB, the ultimate goal of this work,
it has been tested on simple two-dimensional problems. Thisiswhat is described in this
chapter. The purpose of thistesting was to understand how the method worked and what
could be doneto make it more efficient. The reasonsfor choosing only atwo-dimensional
problem for these investigations are exactly the same as for the verification of the adjoint
solver in Section 6.7 i.e. a quick turn-around and the possibility to study the effects of
convergence of the flow and adjoint solvers on the optimisation process.

In particular a study was conducted on the influence of convergence levels, grid size and
physical models on the accuracy of the gradient. Thisis explained in thefirst part of this
chapter. The second part describes two-dimensional aerofoil drag minimisations using a
direct optimisation method based on Sequential Quadratic Programming. Thislooksinto
the influence of the same parameters on the overall optimisation and not just on asingle
gradient. This part also investigates different ways of handling the constraints. Finally
two-dimensional optimisation results using the variable-fidelity method are presented.

7.1 Influence of approximation on the accuracy of the
gradient

This section conducts an investigation into the sensitivity of the gradient obtained by the
adjoint method with respect to three classes of parameters: convergence levels of both
the flow and adjoint solvers, grid refinement and nature of the physical model used in the
adjoint solver. All these tests are conducted on the RAE2822 aerofoil with the same con-
ditionsasin Section 6.7 i.e. Mach number M., = 0.725, incidence o = 2.54 °, Reynolds
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Figure7.1: Influence of thelevel of convergence of theflow solver on the value of lift and
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number Re = 6.5 x 10° based on chord and freestream temperature 7., = 283.0 K. Un-
less otherwise stated, the grid isthe same 129 x 33 x 2 grid and both the flow and adjoint
solversarerunin their fully turbulent mode, the Baldwin-Lomax turbulence model being
employed. The upper and lower surfaces of the aerofoil are parameterised using 10 Bézier
parameters each. Since the end points are fixed for both surfaces, thisreduces the number
of design variablesto 16. The angle of incidence of the aerofoil countsfor the 17" design
variable.

7.1.1 Influence of the levelsof convergence
7.1.1.1 Flow solver on objectivefunction

This paragraph |ooks at the influence of the level of convergence of the flow solver MER-
LIN on the value of the objective function (here lift and drag coefficients). Thisis done
by stopping theflow calculation at different stages of convergence and by comparing each
time, the ouput aerodynamic coefficients with these obtained with a 12 order converged
flow solution. This postulates that the 12 order converged sol ution gives accurate aerody-
namic coefficients based on the given physical model, discretisation and grid. The accu-
racy of the drag coefficient at the ;™ order of convergenceis for example given by

. Cp 120rders — Cp j ord
accuracy of C'p at j orders = | b J orders

| CD 12 orders|

The convergencelevel ismeasured by thetotal residua R;,.,; normalised by the freestream
total residual. Thisinvestigation was carried out for both thelift and drag coefficients and
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itsresults can be seen in Figure 7.1. The accuracy is represented using both alinear scale
and alogarithmic scale. For engineering accuracy the linear scale is sufficient and shows
that thereis no need to go beyond 4 orders of convergence to get an accurate value of 'y,
and C'p. The logarithmic scale shows that the accuracy is still improved by continuing to
converge the solution. It also shows that the behaviour of the lift and drag coefficientsis
very similar. The conclusion of thisinvestigation isthat amodest level of convergence of
the flow solver isrequired to get accurate values of its output aerodynamic coefficients.

7.1.1.2 Flow solver on gradient

The influence of the level of convergence of the flow solver MERLIN on the accuracy
of the gradient is investigated here. Thisis inspired by a similar study by Nadargjah in
Reference [56]. Reference[45] looks at the same problem but presented in adifferent way.

The present investigation is done by stopping the flow solver at different stages of conver-
gence asin the previous paragraph. The obtained flow solution is then used by the adjoint
solver to calculate the sensitivity derivatives of either lift or drag coefficient. To avoid
any effect of the level of convergence of the adjoint solver, it is converged each time to
12 orders. Each gradient is composed of 17 components corresponding to the 17 design
variables. The accuracy of each component is assessed by comparison to the same com-
ponent obtained when both the flow and adjoint solvers are converged to 12 orders. For
the £ component of the gradient for drag, the accuracy at the ;™ order of convergence of
the flow solver is measured as

dCp dCp
d dfy, -
accuracy of k" gradient at ;™ order = B 12(}’26; O o (7.1)
d/\?k 12 orders

This is presented in Figure 7.2(a) for al 17 design variables. Since the details for all
the curvesis not very important, the envelope of these curves (minimum and maximum)
and the average over the 17 components are added to Figure 7.2(a). In order to clarify
the pictures, only these three curves are presented for the rest of the results. The same
smplified graph is shown in linear scale in Figure 7.2(b) and in logarithmic scale in
Figure7.2(c). Figure 7.3 showstheresultsfor the sensitivity derivatives of lift coefficient.

The behaviour of the lift and drag coefficientsis very similar. Both gradients show some
sengitivity to the convergence of the flow solver and the more the flow solution is con-
verged, the better it isfor the gradient. The gradient appearsto be one order of magnitude
more sensitive to the convergence of the flow solver than the objectivefunctionitself. This
implies that convergence levels of 5 orders or more are now required to get an accurate
gradient.
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Figure 7.5: Influence of the level of convergence of the adjoint solver on the value
of the sensitivity derivatives of lift coefficient. Accuracy of k" gradient at ;™ order =
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7.1.1.3 Adjoint solver on gradient

In this paragraph, the influence of the level of convergence of the adjoint on the gradient
is investigated. A similar study was carried out by Nadargjah.%® In this work, the
flow solver is always converged to 12 orders to remove its influence while the adjoint
solver is converged to different levels. Each time the 17 components of the gradient are
calculated and compared to the reference provided with 12 order converged flow and
adjoint solutions. Equation (7.1) is still used to measure the accuracy of the gradient
but thistimethelevel of convergencerefersto the adjoint solver rather thantheflow solver.

Figures 7.4 and 7.5 show the results of this study for drag and lift coefficient gradients
respectively. The gradient appears to be much more sensitive to the convergence of
the adjoint solver than to the convergence of the flow solver, especialy for the drag
coefficient. Thisis in contradiction to the findings in Reference [56] where 1 order of
convergence of the adjoint solver is sufficient to get a gradient accurate to 4 significant
digits. Herethisaccuracy is obtained after more than 4 orders of convergencefor the least
sensitive design variable and up to 8 ordersfor the most sensitive one. This clearly shows
that the convergence of the adjoint solver is very important here and that it needs to be
converged to 5 or 6 ordersin order to get areasonably accurate gradient. Several reasons
might explain the difference with Nadargjah’'s work: first, Nadargjah does not explain
how he measures the convergence of the adjoint solver. Is it based on the total residual
or on the residua of only the first component of the adjoint vector? And how is this
residual non-dimensionalised? Secondly the reference gradient is not clearly identifiable
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in Reference [56]. Finally, and this is perhaps the main reason, Nadarajah’s adjoint solver
does not linearise the turbulent viscosity and considersit as a constant. It is possible that
the turbulent viscosity plays an important role here and the way in which it is linearised
in the present adjoint solver might require a good convergence level to provide accurate
gradients.

This concludes the section on the influence of convergence levels on the objective func-
tion and its gradient. The main conclusion is that good convergence of both the flow and
adjoint solversis required to obtain reasonably accurate gradients. It should not be for-
gotten that the influence of the adjoint solver and of the flow solver have been considered
in this section independently from each other, one of the two codes being well converged
each time. In practice to save computing time, both will be converged to less stringent re-
quirements and thisis likely to have a cumulative negative effect on the accuracy of the
gradient. The next section briefly looks at the effect of grid size on the gradient.

7.1.2 Influenceof thegrid size

The aim of thisshort section isnot to investigate in detail the influence of grid refinement
on the adjoint. Theideawas that since the adjoint vector and hence the gradient are quite
costly to calculate, a possible way of reducing computing time might be to calculate them
on acoarser grid than the one used for the flow solution. Hence the accuracy of agradient
obtained on acoarse grid isinvestigated. Thisishow it isdone: the 129 x 33 C-typegrid
around the RAE2822 aerofail isthe basis grid. Note that thisis aready a coarse grid for
Navier-Stokes calculations. A flow solution converged to 12 ordersis calculated on this
grid as well as a gradient converged to 12 orderstoo. This latter serves as a reference.
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A very coarse grid is made by removing every other points in each direction to obtain
a65 x 17 grid. The 12 order converged flow solution is tranferred to this coarse grid
without making any flow computation: an average involving the four (2-D problem) flow
values surrounding each subgrid cell-centreis performed to get the relevant flow valuefor
this subgrid cell. The adjoint solver isthen run on the coarse grid using this transferred
flow solution. The obtained gradient is compared to the reference gradient component by
component.

The results are shown in Figure 7.6 that presents for each design variable theratio
dCp

dﬁk 65%17
dCp

dﬁk 129%33

Thisisdonefor drag, lift and pitching moment coefficients. Obvioudy if the grid size had
no influence, the ratio would be 1 for all the variables. A lineindicating thisvalue of 1is
plotted in Figure 7.6 to enable the comparison. It is clear from this Figure, that calculat-
ing the gradient from a subgrid of the grid used for the flow solution is not appropriate at
all since some of the sensitivity derivatives obtained in this way are several times higher
or smaller than what they should be, some even being of the wrong sign, which could be
damaging in an optimisation process. Note that the ratio for the 9" design variable (that
corresponds to the active design variable the closest to the leading edge on the lower sur-
face) for the pitching moment could not be represented on the graph due to its very large
magnitude. The subgrid iscertainly much too coarse to give aproper representation of the
flow field to the adjoint solver. The idea of calculating the adjoint on a subgrid to save
computing time was thus abandoned through this investigation.

ratio for drag sensitivity & =

7.1.3 Influence of the physical model

Asinthe previous section, theidea behind the investigation in this section is to reduce the
cost of computing the gradient. This is done by changing the physical model employed
in the adjoint solver. The flow solution is still fully turbulent but the physical model
in the adjoint solver is downgraded either to turbulent without taking into account the
linearisation of the turbulent viscosity (u; = constant) or to viscous laminar. The
referencefor the gradient is still with afully turbulent adjoint. These simplications surely
save some computing time, but isit at the cost of accuracy?

The answer to this question liesin Figures 7.7 and 7.8 that show for each design variable
k theratios

dCp

dﬁk turbulent adjoint with p; =constant

dCp

dﬁ k turbulent adjoint

ratio for drag sensitivity & =




7.1 Influence of approximation on the accuracy of the gradient 133

6 I -
(]
2 4r |
©
2
s 2 |
©
b I -
0
2 2t |
(]
1]
5 -4 |
o |
¢ M drag —— |
¥ lift
-8 ) 1 ) ) pi’gchinglmomelm ,,,,,, — ]

0 2 4 6 8 10 12 14 16 18
Design variable

Figure 7.7: Influence of the physicdl model (here turbulent adjoint but with p;, =

constant) on the value of the sensitivity derivatives of drag, lift and pitching moment co-
He +  _ sensitivity obtained with a turbulent adjoint with p;=constant
efficients. Ratio = Sensifivity obtained with a turbulent adjoint :

‘ ! ‘ I ; w ; :
10 |
= ; i ;
= Fd ‘ |
g 5} |
o
©
> o0f |
=
2
& oF |
(2]
©
o -10 ¢ ]
el o lift |
. ! pitching moment -

0 2 4 6 8 10 12 14 16 18
Design variable

Figure 7.8: Influence of the physical model (here viscous laminar adjoint) on the value

of the sengitivity derivatives of drag, lift and pitching moment coefficients. Ratio =
sensitivity obtained with a viscous laminar adjoint
sensitivity obtained with aturbulent adjoint




134 7. Optimisation tests and results in two dimensions

and
dCp

dﬁk viscous laminar adjoint

iy

d/gk turbulent adjoint

ratio for drag sensitivity k£ =

respectively. This is done for drag, lift and pitching moment coefficients. The results
prove again that this kind of approximation isnot valid in order to calculate the gradient
since some of the design variables are several orders of magnitude wrong, some aso
having the wrong sign. In both graphs, the ratio for the 9" design variable could not be
plotted due to its large magnitude. It has to be noted however that the approximation
of discarding only the linearisation of the turbulent viscosity is less damaging than
discarding the whole turbulent viscosity as expected.

This completes the first part of the chapter that investigated the influence of possible
approximations on the accuracy of the gradient and the objective function. The aim was
to reduce as much as possible the computing time needed to calculate both of thesein an
optimisation process. The main conclusion isthat no obvious simplification was found to
accel erate the computations and on the contrary, good convergence levels of both the flow
and adjoint solvers are required to obtain reasonably accurate gradients. Remember that
thisis only considering gradients for Navier-Stokes flows, maybe the conclusions would
be different for inviscid or laminar flows. In addition the study is made in a particular
case for a given aerofoil geometry, computational grid and flow conditions. This only
shows that for this case, approximationsare not valid but it might be possible to find other
instances where they work.

However this part only looked at the gradients taken in isolation which might be biased
since the gradients are only one of the components of the optimisation. It is more likely
though that if each computation of the gradient is accurate, then the optimisation process
will have no problem but it might be possible that the optimiser can accomodate | ess accu-
rate gradientsand this could possibly result in lower computing time. That iswhy the next
part of this chapter investigates the influence of approximationsno longer only onthe gra-
dientsalone but on thewhol e optimisation process. Thisisdoneon atwo-dimensional drag
minimisation problem using a direct optimisation method based on Sequential Quadratic
Programming.

7.2 Two-dimensional optimisation using a direct SQP
method
Before looking at the effects of approximation on optimisation, this part introduces the

optimisation problem to be solved that will be used as atest case. It then details the scal-
ing of the design variables and the constraints and this will serve as a presentation of the
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reference optimisation results that will be compared to the results obtained with approxi-
mations that will then be examined. Finally the problem of how to handle the constraints
will be studied.

7.2.1 Theoptimisation problem

The optimisation problem that serves as a test case in this part is the constrained drag
minimisation of an aerofoil. The original aerofoil section is taken from the outer wing
of a Blended Wing-Body. Because of the wing sweep angle, it has to be transformed to
two dimensions before doing the optimisation. Likewise the three-dimensional flow con-
ditions are transformed to two dimensions to obtain: Mach number M., = 0.725, unit
Reynolds number Re = 5.691 x 10° /m and freestream temperature 7, = 218.8 K.
The local lift coefficient at which the aerofoil operates, is aso transformed into two di-
mensions and serves as a target C';, at which the optimisation has to be carried out. A
geometrical constraint on the interior volume (in fact, it is an area since the problem is
only two-dimensional) of the aerofoil is added to prevent the optimiser from thinning it
too much in order to reduce drag. The optimisation problemis as follows.

Minimise Cp
Subjectto:  Cr, > 0.652 (7.2)
WSV <2xW

where V' is the interior volume and V, the interior volume of the baseline aerofoil equal
t0 5.99 x 10~2. Note that the constraints have been set to inequality constraints even if
equality constraints are desired. The reason for this is that some tests were carried out
using equality constraints but the optimiser was spending most of itstimetrying to satisfy
these demanding constraints rather than doing some optimisation. Transforming them
into inequalities gives much more freedom to the optimiser and since the problem isto
minimise drag, the optimum design should be very close to the minimum admissible C'y,
and volume and thus be very close to satisfying equality constraints.

The upper and lower surfaces of the aerofoil are free to deform and the perturbation added
to the baseline curvesis parameterised using 10 Bézier parametersfor each surface. Since
the leading and trailing edge points are fixed, this makes 16 design variables. In addition
the angle of incidenceis considered as a design variable.

Indeed the constraint on lift in this work is handled as a hard constraint and we let the
optimiser decide how it combines changesin angle of incidence and in geometry to match
the required Cy,. Thisis contrary to what is usually done in aerodynamic optimisation
where the angle of incidenceis not governed by the optimiser but is changed by the flow
solver to match the required lift.[:45:57.83.201 |n quch approaches the constraint on lift
does not appear as a constraint in the optimisation, it is only an internal constraint to the
flow solver like the angle of incidence is an internal free variable. The approach taken
here where the optimiser controls the incidence in addition to shape variables, is thought
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to be sounder since it lets the optimiser decide what is best for the optimisation problem,
either a change of shape or a change of incidence or a combination of both, sinceitisable
to see their effects both on lift and drag independently. In the traditional approach, it only
sees the value of drag and has no knowledge of the effects of design changes on lift. The
method considered here has however acost since it requiresthe calculation of the gradient
for lift that is not needed in the traditional approach but thisis certainly compensated by
the cost of each flow calculation that is done at constant angle of incidence rather than
constant ', and hence should be faster.

The geometrical constraint on interior volume is also handled as a hard constraint but
this does not pose any problem. The volume is easily calculated analytically from the
position of the grid points defining the geometry. Likewise the gradient of the volume
with respect to the design variablesis calculated analytically from the grid sensitivities at
avery low cost.

Bounds are imposed on the design variables. Constraining lower bounds are imposed on
the design variables parameterising the upper surface curve in order to avoid as much as
possible surface crossings and grid deformation problems. For instance, the first design
variable close to the leading edge is obliged to be always positive to prevent points close
to the leading edge from passing under the y coordinate of the leading edge point, which
would create grid generation problems. The other design variables for the upper surface
can have moderate negative values in order to change the curvature of the surface if
necessary but thisis limited to avoid crossing the lower surface curve and generating a
non-physical aerofoil. In the same way, design variables for the lower surface are limited
by an upper bound allowing only moderate positive values. Note that due to the range
still allowed to the design variables, it is still possible to get surface crossing, a more
explicit geometrical constraint would have to be set up to avoid it completely. Avoiding
it by putting bounds on the design variables can a so be achieved but this would seriously
limit the possible shape deformations. In addition it was found that mild surface crossing
do not cause problems to the grid deformation code or to the CFD solver and that the
optimiser does not stay very long with designs of this kind since the constraint on interior
volume and the decrease of drag are difficult to achieve.

The basaline geometry and the CFD grid around it are shown in Figure 7.9. Thegridisa
C-type grid composed of 137 x 35 x 2 points. The optimisation is started with the angle
of incidence set to o = 2° that makes theinitial design point infeasible for the constraint
on lift. Unless stated otherwise, the flow solver is run each time until the total residual
has reached 10~° or until 5000 implicit iterations have been compl eted, whichever comes
first. The adjoint solver is stopped when the residual has also reached 10~ or when 3000
implicit iterations have been performed, whichever comes first as before. The number
of maximum iterations chosen should be sufficient to reach the 6 order convergence re-
quirement when starting from freestream conditions. I1n addition both the flow and adjoint
solvers use their restart capabilities to start each calculation from the previous solution in
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Figure 7.9: Baseline geometry and the CFD grid around it.
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order to reduce as much as possible the computing time. All the optimisations are started
from converged flow and adjoint solutions on the baseline geometry. All the calculations
are run on an Alphaworkstation with asingle 667 MHz processor to enable comparisons.

7.2.2 Scaling and reference optimisation

As pointed out in Reference [113], scaling can refer to a lot of things in optimisation.
Here only the scaling of the design variables and the scaling of the objective function and
the constraints will be discussed.

The scaling of the design variablesisimportant as the example given by Vanderpl aats*'2
shows. atwo-dimensiona design space that has the shape of a narrow valley for which
a gradient-based optimiser has a lot of difficultiesto operate, can be transformed into a
perfectly circular bowl-type design space where the optimiser would find the minimumin
afew iterations, smply by scaling appropriately the design variables. This has nothing to
do with the physics of the optimisation problem to solve, it is just a mathematical trans-
formation that should improve the conditioning of the problem. The mainideafor scaling
the design variables is that they should all have approximately the same magnitude. This
is usually achieved by dividing each design variable by its initial physical value to start
with all design variables set to 1. Thisis not possible with the present parameterisation
sinceit isaperturbation that is represented by the variables and hence their initial valueis
zero. The scaling of the design variables has been obtained by imposing that an increment
of 1 of each design variable taken in isolation produces a maximum displacement of 2%
of the aerofoil chord. This givesapproximately the same weight to all the design variables
and enabl es shape parameters and angle of incidence that are variables of different nature,
to be mixed together.

Scaling the objective functions and the constraints is necessary when using a penalty
term for the constraint added to the objective function. It is also a good practice to
give a smilar weight to all the constraints when the problem contains more than one
congraint. Finaly it is aso desirable that the magnitude of the objective function
be of the order of unity.[**¥l There is not any simple method to achieve all of this
at the same time. Here we follow the approach given in Reference [112] for scaling
the constraints when using penalty terms, that is based on the rate of change of the
functions rather than on their magnitude. The method is dightly modified but is essen-
tially the same: the objective and constraint functions are all divided by the norm of
their initial gradient so that at the beginning of the optimisation, they all have a gradient
with the same norm equal to 1. The L, normisused to calcul ate the norm of the gradients.

This scaling is applied consistently to all the optimisation problems solved in this thesis
even when a penalty term is not employed. Thisisto maintain consistency and to enable
comparison. Note that this scaling, as well as the scaling of the variables, comes in ad-
dition to possibleinternal scaling done by the optimisation routinesemployed in thiswork.
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Cr, Cho Improvementin Cp
Initial 0.6520 | 0.01894 n
) s<ded | 0.6520 | 0.01377 27.3%
Optimised |- ed [ 0.6520 | 0.01379 27.2%

Table 7.1: Aerodynamic coefficients of the optimised aerofoils at the target C';,.

To assess the effect of the scaling of the objective function and the constraints, the two-
dimensional test case optimisation problemis solved with and without scaling. With scal-
ing, it becomes

. Ch
Minimise TaoT
TD N =0.02292
dﬁ“
0.652
Subject to:
dCL HdCL ‘ _ 0.4754 (7.3)
2 x Vo
dVO dVO — 0.02872
dﬁo dp°

Without scaling it is solved as written in Equation (7.2). The optimisation with scaling
will serve as a reference optimisation to which other methods will be compared. The
NAG routine EO4UCF is the SQP optimiser used.

The results of these two optimisations are presented in Figure 7.10 that shows the
evolution of interesting parameters during optimisation. The same format will be used
to present other optimisation results. Figure 7.10(a) presents the evolution of the drag
coefficient C'p that is the objective function to minimise, against the CPU time measured
in hours for the optimisations with and without scaling. Both methods are very similar
and manage to reduce drag. Thisis even more impressive when looking at the values of
C'p obtained at the correct lift in Table 7.1: a27% improvement is achieved compared to
the initial geometry. The method with scaling takes a long time though to reach its best
point but the improvement over previous points is marginal after 10 hours of calculation
at which point both methods have reached the same drag improvement, the method
without scaling being dightly quicker.

Figure 7.10(b) shows the evolution of the lift coefficient during optimisation. Thisis till
plotted against CPU time. There is a constraint on C’;, and its boundary is shown by a
dashed line at 0.652. Asaready explained, theinitial point isinfeasiblefor this constraint
sinceit startsat C';, = 0.576. Both methods manage to satisfy the constraint at the end of
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Figure 7.10: Evolution of different parameters during the aerofoil optimisations compar-
ing the method with scaling that serves as reference to the method without scaling.
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the optimisation and it can be seen that the NAG routine EO4UCF is the optimiser since
it alows for infeasible points during optimisation. The x and + indicate optimisation
cyclesso it isclear that the method without scaling reaches the constraint boundary much
quicker in terms of computing time as well as number of iterations than the method with
scaling.

The evolution of the interior volume, the other contraint of the problem, is plotted in
Figure 7.10(c). The boundary for this contraint is V;, = 0.0599, the baseline geome-
try being just feasible obvioudly. Both methods satisfy well this geometrical constraint
and as expected, theminimumdrag is achieved at the minimum allowableinterior volume.

Figures 7.10(d) to 7.10(f) show the evolution of three design variables against time. The
2" design variable has an influence on the upper surface of the aerofoil very close to the
leading edge while the influence of the 6" design variableisfelt further aft but still on the
upper surface. Thereisno particular reason for choosing these two shape variables, they
arejust an example of what other variables might do aswell. The 17" design variable is
the increment in angle of incidence. It is plotted since it is the only design variable not
controlling shape, so its behaviour might be interesting. From Figures 7.10(d) to 7.10(f)
it can be seen that as already explained, the optimisation starts with avalue of zero for all
the design variables. Note that the values plotted are scaled variables, not the true value
of the Bézier parameters or the increment in angle of incidence. For this latter however,
the scaling coefficient is 1.146 so the value displayed is close to the true increment in
degrees. The methods with and without scaling are very similar again, reaching almost
the same design points. The method without scaling seems to have been cut short of
reaching a plateau though, while the method with scaling does not evolve after 11 hours
of calculations. This confirms the impression given by Figure 7.10(a) that the minimum
is aready reached after 10 ~ 11 hours. It is also interesting to notice that after 6 hours of
computation, the design variables are still evolving alot athough drag, lift and interior
volume are amost unchanged.

The optimum found by both methodsis shown in Figure 7.11. Figure 7.11(a) presents the
two optimal shapes in addition to the baseline geometry. The modifications of this latter
are quite important, the optimised aerofoil having more camber. The optimal shapes are
very close to each other as expected, the differences observed in the design variables
being trand ated nevertheless in identifiabl e shape differences.

The chordwise pressure distribution on these shapes is plotted in Figure 7.11(b). The
pressure distribution for the baseline geometry has been obtained for a C';, of 0.652 and
not for the initial C;, while the other two pressure distributions are extracted from the
results of the optimisation whatever the final C';,. As seen from Figure 7.10(b), this
should be very closeto 0.652 anyway. A very strong shock wave can be observed at 25%
chord on the upper surface of the baseline aerofoil. This shock wave has been amost
completely eliminated by the optimisation even if there is still avery small pressure bump
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Figure 7.11: Result of the aerofoil optimisations comparing the method with scaling that
serves as reference to the method without scaling.
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(@) Initia shape (b) Optimised shape

Figure 7.12: Contours of pressure coefficient on the initial shape and on the optimised
shape obtained by using the scaled optimisation method.

on the aerofoil optimised by the method with scaling. This elimination of the shock wave
was expected and it proves that the drag minimisation method is working since by doing
so, the optimisation gets rid of the wave drag. Since the optimised shapes are dightly
different, the pressure distributions are also so but they are still very close.

The elimination of the shock wave can aso be seen in Figure 7.12 that shows the flow
field pressure contours on the baseline aerofoil and the aerofoil obtained with the method
with scaling. The flow field on this latter shape is represented here since as already ex-
plained, the method with scaling isused as areference for the rest of the two-dimensional
optimisations presented afterwards. This is the only figure representing the optimised
flow field that will be shown since, when the optimised designs are close to each other, it
isnot possible to differentiate them on thiskind of picture. The shock wave at 25% chord
on theinitial aerofoil can clearly be seen in Figure 7.12(a). The absence of it can equally
be seen on the optimised shape. Since the scale of colours for the pressure coefficient
is the same for both figures, the reduction of the suction on the upper surface of the
optimised aerofoil isvisible asit ison the pressure distribution of Figure 7.11(b).

Thisisthe end of the presentation of the results of thefirst two-dimensional optimisations
that compared the method with scaling of the objective function and the constraints to the
method without scaling. As explained previoudy, the method with scaling is chosen as a
referencefor therest of the results examined in this chapter and all the other optimisations
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will be scaled as well. From these results it seems however that the method without
scaling is dightly quicker hence better. The method with scaling is nevertheless kept as
areference to enable comparison with later optimisations involving penalty terms where
some scaling is necessary.

This section, after explaining the scaling of the design variables and the scaling of the ob-
jective function and the constraints, proved that the optimisation chain set up in this study
isworking and that large drag reduction can be achieved, at least in two dimensions. How-
ever it also showed that the optimisation is time consuming: 10 hours of CPU time might
bealright but thisisonly for atwo-dimensional relatively coarse Navier-Stokesgrid. Since
the aim of thisthesisisto apply optimisation to athree-dimensional Blended Wing-Body,
computational times involved will become huge with the current method. Hence some
testing aiming at reducing the cost of optimisation on this simple two-dimensional prob-
lem was carried out as the next section explains.

7.2.3 Influence of approximation on optimisation

This section reconsiders some ideas encountered in the first part of this chapter in Sec-
tion 7.1 but islooking at the overall optimisation rather than at asingle gradient. Theaim
asjust explained, isto reduce computing time while maintaining agood level of optimisa
tion compared to the method of reference presented in the previous section. Throughout
this section the optimiser used is the NAG routine EO4UCF and the optimisation problem
solved isproblem (7.3). Thefirst test is studying the influence of the level of convergence
of the agdjoint solver on the optimisation.

7.2.3.1 Influence of thelevel of convergence of the adjoint solver

The reference optimisation converges the adjoint solver to 10~ each time, this subsection
looks at what is happening for different levels of convergence. Four additional optimi-
sations are carried out with an adjoint solver converged to 10—, 10~*, 10~> and 10~
respectively. The comparison of these optimisationsis made in Figure 7.13.

From al the graphs in Figure 7.13, it appears clearly that the optimisation where the
adjoint convergence is limited to 3 ordersfails prematurely. The very coarse approxima-
tion of the gradient introduced by this poor convergence certainly causes trouble for the
optimiser which is unableto find a feasible descent direction.

The optimisation with a 4-order converged adjoint encounters some difficulties as well
most noticeably seen in Figure 7.13(c) where the boundary for the interior volume is
quickly reached but the optimiser bounces back again and never manages to reduce drag
by thinning the aerofoil. The approximation is certainly too strong for the optimiser and
when considering drag in Figure 7.13(a) the method is never competitive.
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Figure 7.13: Evolution of different parameters during the aerofoil optimisations compar-
ing the influence of the level of convergence of the adjoint solver.
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Cr, Cho Improvementin Cp
Initial 0.6520 | 0.01894 -
3orders | 0.6520 | 0.01554 -18.0%
4 orders | 0.6520 | 0.01391 -26.6%
Optimised | 5orders | 0.6520 | 0.01387 -26.8%
6 orders | 0.6520 | 0.01377 -27.3%
9 orders | 0.6520 | 0.01380 -27.1%

Table 7.2: Aerodynamic coefficients of the optimised aerofoilsfor the optimisations com-
paring the influence of the level of convergence of the adjoint solver, at the target C';..

The other three optimisations are very similar, only computing time differentiating them.
Indeed the symbols on the graphs of Figure 7.13 correspond to optimisation iterations
and show that the three optimisations are passing by the same values at the end of each
cycle. The only difference is the CPU time that shifts the points horizontally. Thereis
a consistency in this shifting since the optimisation where the adjoint is converged to
5 orders is the quickest, followed by the reference optimisation with 6 orders and the
optimisation with 9 orders. The latter is very expensive. There are however some dight
differences in the path of the optimisation with a 5-order converged adjoint noticed for
example at the peak value after 5 hours in Figure 7.13(e), that might explain the abrupt
interruption of the optimisation. 5 orders might just be the limit of consistency of the
gradients. The 9-order method isvery costly and would not be used in practice. It proves
however that the reference 6-order method has the correct level of approximation when
considering the adjoint solver.

Table 7.2 looks in more details at the optimised aerofoils. Despite being not successful,
the optimisation with a 3-order converged adjoint manages to reduce drag by 18% over
the initial geometry. The other optimisations are relatively close to each other, those
with a well-converged adjoint achieving dightly better than the other two as would be
expected. Itisapity that the 4-order method is not time efficient because it does reduce
the drag considerably. The 5-order method is interesting in the light of these results:
it does not minimise drag as well as the methods with well-converged adjoints, but its
improvements are already high and it is faster. Hence considering a compromise between
computing time and accuracy, it is difficult to choose which method is best between the
5-order and the 6-order converged adjoint.

Although it is not performing well when looking at the objective function or constraints,
the method with a 4-order converged adjoint ends up with design variables close to the
optimum when considering Figures 7.13(d) to 7.13(f). This is trandated in the fina
shapes and pressure distributions of Figure 7.14: omitting the 3-order shape that is poorly
optimised, the other four optima are very close to each other. The main differencesin
shape are seen on the lower surface of the aerofoil and are not easily explained. This
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Figure 7.14: Result of the aerofoil optimisations comparing the influence of the level of
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obviously has some effect on the pressure distribution for the lower side as seen in
Figure 7.14(b). Although shape differences are very small on the upper surface, they till
have some impact on the ), distribution: the further the adjoint solver is converged, the
better it is (since the 4-order method shows some remains of the shock wave that are
gradually smeared out as the method uses a better converged adjoint).

This terminates this subsection investigating the effects of the level of convergence of the
adjoint solver on the overall optimisation. It showed that poor convergence is damaging,
causing the optimisation to fail but it also gave indicationsthat sightly reducing the level
of convergence might be a way of reducing computing time. The method with a 5-order
converged adjoint isindeed not far from being the best: its optimum is very close to the
optimum of more accurate methods and it is reached morerapidly. It isavery good com-
promi se between reaching the true minimum and reaching this minimum as quickly as pos-
sible. This should be particularly interesting for three-dimensional optimisation.

7.2.3.2 Influenceof thegrid size

This subsection examines the influence of the grid refinement on the overall optimisation.
Here the grid is the same for the flow solver and for the adjoint solver. The reference
optimisation uses a 137 x 35 grid shown in Figure 7.9. A finer grid is made by doubling
the number of points in each direction to obtain a 273 x 69 grid and two subgrids are
also created by removing one point out of two in each direction from the reference grid
to obtain a69 x 18 gridand a35 x 9 grid. This latter grid is extremely coarse and is
employed only for numerical investigation because it is expected that little of the flow
physics can be captured by such a grid. These four grids are used for optimisation, the
results being presented in Figure 7.15.

In Figure 7.15(a), the evolution of the drag coefficient for the four optimisationsis plotted
against computing time. Clearly the optimisation on the fine grid takes a very long time
compared to the optimisation on the coarsest grid, which makesthe graph difficult to read.
That is why the remaining of the results are plotted against optimisation cycles rather
than computing time to eliminate this scale effect. Since it is the only graph showing
CPU time, the fact that the optimisation on the fine grid does not start at 0 hour has to be
explained here: the flow solver could not indeed reach the required convergence level of
10~¢ and stalled before that. Since this level of convergence is reached later during the
optimisation on modified geometries and since this same requirement is used in the other
optimisations, it was applied to theinitial baseline and the flow solver wasted along time
reaching the maximum number of iterations.

The other important point to notice in Figure 7.15(a) is that the optimisations are starting
from different values of drag. They indeed only share the initial angle of incidence of
a = 2° and since the grids are very different, they produce different initial values of drag
but also of lift and interior volume as seen in Figures 7.15(c) and 7.15(d) respectively.
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Figure 7.15: Evolution of different parameters during the aerofoil optimisations compar-
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Figure 7.15: Evolution of different parameters during the aerofoil optimisations compar-
ing the influence of the grid size. (Concluded)

The difference in drag between the coarsest and the finest grid is amost an order of
magnitude but there is some consistency because as the grid isrefined, C'p convergesto
acommon value. Notice that the reference grid 137 x 35 gives adrag value close to the
fine grid, which justifiesits choice as a reference.

This difference in drag between the grids makes it very difficult again to see any drag
improvement in Figure 7.15(a). That is why the evolution of the drag coefficient is

plotted again but as aratio g—D of the drag coefficient over theinitial drag coefficient in

Figure 7.15(b). This shows, tggoether with the evolution of C';, and of the interior volume
in Figures 7.15(c) and 7.15(d) respectively, that the four optimisations are successful in
the sense that they reduce drag while satisfying the constraints on their lower boundaries.
Moreover the improvement in drag is increasing as the mesh becomes coarser. This
seems to come from the poor accuracy of the discretisation on the coarse grids and does
not have any physical backing unfortunately.

The aim of performing such testing was to see if the optimisation would follow the same
path whatever the grid refinement or even reach the same optimum in terms of design
variables even if the physics of the problem is not resolved accurately or even not at all.
Since the coarse grid optimisations are very fast, thiswould have been very interesting.
Unfortunately when looking at the evolution of the design variablesin Figures 7.15(e) to
7.15(g), this does not seem to happen: the optimisations on the three finest grids follow
more or less the same path for the 6™ and 17" variables but the evolution of the 2™
design variable contradicts that. The conclusion is hence that there is no obviousinterest
in applying optimisation directly to a coarser subgrid of the initial grid in the hope of
following the same optimisation path at areduced cost.
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Cr, Cpo Improvementin Cp
Initial 0.6520 | 0.01894 n
35 < 9 | 0.6520 | 0.01609 -15.0%
L 69 < 18 | 0.6520 | 0.01418 251%
Optimised |—=2——3=10,6520 [ 0.01377 273%
273 % 69 | 0.6520 | 0.01402 226.0%

Table 7.3: Aerodynamic coefficients of the optimised aerofoils on the 137 x 35 grid for
the optimisations comparing the influence of the grid size, at the target €.

Since the four optimisations reach different optimal points, the resulting aerofoil shapes
are very different on both surfaces as can be seen in Figure 7.16. Note that the optimal
design variables of each optimisation have been applied to the reference 137 x 35 grid
to obtain these shapes. The pressure distributions cal culated on these optimised aerofoils
are dso different. They have been obtained on a 137 x 35 grid with the incidence found
by each optimisation hence they should not correspond exactly to thetarget C';, of 0.652.
The peculiar shapes of the leading edge of the aerofoils obtained with the optimisations
on the two coarsest grids, result in strange pressure behaviours in that region. These
two shapes also show some remains of a shock wave on the upper surface while the
optimisations on the two fine grids have completely eliminated it.

These optimisations take a new dimension when their final design changes are applied
to the reference grid and the performance of the resulting aerofoils tested on this grid
as shown in Table 7.3. The results presented so far for these optimisations showed that
these performed on coarse gridswere very quick and successful but it is difficult to relate
them to the reference optimisation on a medium grid in away that could make this latter
faster. Checking the design changes on the reference grid partially enables this. Table 7.3
shows that the coarse grid optimisations make substantial improvements, not far from
what the fine grid optimisations achieve. Hence instead of performing a costly fine grid
optimisation, one might be tempted to compromisei.e. to accept that the design obtained
may not be the true optimum (but will not befar fromit), aslong as this design is obtained
very quickly.

This concludes the subsection that investigated the influence of the grid size on the overall
optimisation. No obviousways of reducing the computing time of fine grid optimisations
was found but performing optimisations on coarse gridsis still interesting: it was shown
in this case that they substantially improve the design when checked on afiner grid, at a
reduced cost. They can hence be an aternative to expensive fine grid optimisations.
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Figure 7.16: Result of the aerofoil optimisations comparing the influence of the grid size.
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Cr, Cho Improvementin Cp
Initial 0.6520 | 0.01894 -
laminar 0.6520 | 0.01407 -25.7%
Optimised | turbulent with z,=const | 0.6520 | 0.01402 -26.0%
fully turbulent 0.6520 | 0.01377 -27.3%

Table 7.4: Aerodynamic coefficients of the optimised aerofoilsfor the optimisations com-
paring the influence of the physical model of the adjoint solver, at the target C';..

7.2.3.3 Influence of the physical model of the adjoint solver

The idea of Section 7.1.3 to look into using an adjoint solver that is not fully turbulent
is reconsidered here but this time at the global level of the whole optimisation and not
just asingle gradient. The problem still involves Navier-Stokes flows so the flow solver
is turbulent and the grid is still the reference 137 x 35 coarse Navier-Stokes grid. The
only changes are the physical model employed in the adjoint solver. Four cases are
considered: aninviscid adjoint, aviscouslaminar adjoint, aturbulent adjoint that discards
the linearisation of the turbulent viscosity that we call turbulent with 1, = constant and
the reference case with a fully turbulent adjoint. The evolution of the parameters during
these optimisationsis shown in Figure 7.17.

In Figure 7.17(a), the history of the drag coefficient is displayed. It clearly shows that the
optimisation with an inviscid adjoint failed (it did not converge) and this is confirmed
by the rest of the graphs. There are two reasons for this. first, the adjoint solver never
manages to converge properly, being in an inviscid mode while the flow solution and
the grid are turbulent. Hence the accuracy of the gradient that should already be bad
only by changing the physical model, is worsened by the poor convergence. Secondly
the inconsistency of the gradient causes a lot of trouble to the optimiser that requires a
high number of flow and adjoint solutions per iteration. The combination of these two
problemsresultsin a huge computing time as seen in Figure 7.17(a) with no successin the
optimisation. Since it is clear that this optimisation does not bring any improvement, its
results are not shown entirely on the remaining of the graphs of Figure 7.17 and instead
they zoom in on the other optimisations by reducing the range of the CPU time axis. For
more clarity the evolution of C'p isrepeated in Figure 7.17(b).

The optimisations with a laminar adjoint and a turbulent adjoint with p;, = constant
could be interesting when looking at C', and the interior volume since they both reduce
drag and satisfy the constraint on volume. However as can be seen in Figure 7.17(c),
they do not satisfy the constraint on lift, which reduces their interest. Asis confirmed by
Table 7.4, their improvement in drag is altered when the target lift coefficient is matched.
They are however a bit faster than the fully turbulent optimisation as expected because
each adjoint is quicker to calculate. The inconsistency in the gradient due to the use of
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Figure 7.17: Evolution of different parameters during the aerofoil optimisations compar-
ing the influence of the physical model of the adjoint solver.
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Figure 7.17: Evolution of different parameters during the aerofoil optimisations compar-
ing the influence of the physical model of the adjoint solver. (Concluded)

a different physical model might be causing some trouble to the optimiser that spends a
lot of time per iteration in the case of the laminar adjoint optimisation. The combination
of these factors make these optimisations with a simplified physical model in the adjoint
solver, no better than the Navier-Stokes optimisation.

The path followed by these optimisations in the design space shown in Figures 7.17(e) to
7.17(g), isinteresting however. They areindeed close to what the consistent optimisation
isdoing at least at the beginning of the optimisation because they then seem to have been
abruptly terminated before reaching the same optimum as the fully turbulent optimisation.
This putsthe optimisation with p; = constant ahead of the consistent optimisation during
most of the process but without a priori knowledge of the behaviour of the fully turbulent
optimisation, it isimpossible to know when it would be needed to switch from aturbulent
adjoint with 1; = constant toafully turbulent adjoint to carry on the optimisation. Little
can be gained from the optimisation with a laminar adjoint since it is more or less in
phase with the consistent optimisation as can be seen in Figure 7.17(g) for the increment
in angle of incidence.

Since the optimisations stop at different design points as can be seen from the design
variables, the resulting shapes shown in Figure 7.18 are different although very similar
on the upper surface. The pressure distributions calculated on these shapes depict some
smilarity: the shock wave has been eliminated in all the cases. However these pressure
distributions are obtained at the angles of incidence determined by the optimisations,
hence they do not match the required lift coefficient of 0.652 as Figure 7.17(c) already
showed. Thusaweak shock wave might reappear if they areall put at the correct incidence.

Thisisthe end of this subsection that investigated the use of different physical modelsfor
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Figure 7.18: Result of the aerofoil optimisations comparing the influence of the physical
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the adjoint solver while the flow solution is still fully turbulent. Once again no obvious
way of reducing the computing time results from thisinvestigation. The behaviour of the
optimisations with a smplified adjoint could possibly be exploited however at the begin-
ning of the optimisation to accel erate the process but a change from asimplified adjoint to
amore consistent adjoint would be needed at some point and finding this moment might
not be atrivial task and would requirealot more investigation. Thisideais not devel oped
further in thiswork. Instead a comparison is made between two consistent optimisations
using either an Euler mode or a Navier-Stokes mode.

7.2.3.4 Comparison of Euler vs Navier-Stokesoptimisation

Using aninviscid adjoint with aturbulent flow solution did not prove successful asseenin
the previous subsection. A test was made with both a flow solution and an adjoint solution
in Euler mode on the reference Navier-Stokes grid but this did not work better. However
by changing the grid to an Euler grid i.e. by eiminating most of the grid stretching in
the normal direction in the neighbourhood of the surface, the optimisation in inviscid
mode worked well. Thisis what is presented in this subsection and the comparison is
made with the fully turbulent reference optimisation. Both optimisations are consistent
in the sense that the flow and adjoint solvers use the same physical model and the CFD
grid is adapted to this model. To enable afair comparison between the models, the CFD
grid has the same number of pointsin both casesi.e. 137 x 35. The results of these two
optimisations are compared in Figure 7.19.

From Figure 7.19(a) to 7.19(c), it is clear that the Euler optimisation is successful and
very fast: the decrease in drag coefficient is substantial and the constraints on lift and
interior volume are well satisfied. It also appears that after 4 hours of calculation most
of the optimisation is done, the rest of the time being spent on margina improvements.
Note that the optimisation stopped because it had reached the maximum number of opti-
misation cycles set to 50 for al the optimisations presented in this part, and not because
an optimum was found. It is also clear from these results that each Euler optimisation
cycleis much faster than a Navier-Stokes cycle. The use of the Euler mode changes aso
very much the magnitude of drag that is only composed of pressure drag in this case, and
the value of lift, which makestheinitia point feasible.

The evolution of the design variablesisalso interesting: after 4 hours of computing time,
little seems to happen for the 2" design variable in Figure 7.19(d) while the 6" and 17"
design variables are still evolving until the end. The other important aspect is that the
optimisations are following very different paths in the design space, ending up in well
distinct points. The values of the 6" design variable for the final points do not even have
the same sign.

The final shapes are thus different and can be seen in Figure 7.20. The pressure distribu-
tions calculated on them show that in both cases the initial strong shock wave has been
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Cr, Cho Improvementin Cp
nitd 0.6520 | 0.01894 5
— Euler 0.6510 | 0.01406 25.8%
Optimised | e Sokes | 0.6520 | 0.01377 573%

Table 7.5: Aerodynamic coefficients of the Euler and Navier-Stokes optimised aerofoils
calculated from a Navier-Stokes solution on the reference grid at the target C';,.

eliminated. The Euler optimised aerofoil is more rear-loaded than the Navier-Stokes one.
Note that the pressure distributions referring to the Euler optimisation are taken from an
inviscid solution that is why two initial pressure distributions are plotted since otherwise
the initial shape and target C';, are the same.

It is interesting to see what the performance of the Euler optimised aerofoil would be
in the Navier-Stokes mode. This is what Table 7.5 presents. The Euler optimisation
does remarkably well since it aready manages to reduce the drag by almost 26% from
the baseline geometry. Since this is obtained significantly faster than the Navier-Stokes
optimum, there is some scope for reducing computing time, athough as ever not in a
straightforward way.

The conclusion of this subsection is that a consistent Euler optimisation is successful on
the same reference problem. Itsmain advantageisthat it is quick. The drawback however
is that it does not share any behaviour with a consistent turbulent optimisation hence
there is no easy way of combining the two, as starting with Euler and later on switching
to Navier-Stokes, to provide an efficient optimisation. This test has nevertheless two
positive consequences: it shows that an Euler optimisationisrelevant in order to optimise
a Navier-Stokes problem although the optimum might not perform as well as a Navier-
Stokes optimum; and it paves the way for the use of the variable-fidelity method that will
combine alow-fidelity Euler optimisation and a high-fidelity Navier-Stokes optimisation.
Thiswill be described in the last part of this chapter.

In the meantime, this paragraph also concludes this section presenting some basic testing
on the two-dimensional optimisation test case employed in this study, done with the aim
of reducing computing time. A dight reduction in the convergence requirements of the
adjoint solver that should not change very much the result of the optimisation, seems to
be the easiest way of dightly reducing computing time. The other investigations - using
coarser grids, changing the physical model of the adjoint solver alone or of the entire op-
timisation - do not provide immediate ways of reducing computing time. However most
of them lead to successful optimisationsthat manage to improve significantly the aerofoil
performance when checked by a Navier-Stokes solution on aNavier-Stokesgrid. Some of
these optimisations even managed to achieve this quicker than the Navier-Stokes optimi-
sation and are thus of interest. Some of these featureswill be used in the variable-fidelity
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method described at the end of this chapter and others for the optimisations of a Blended
Wing-Body in the next chapter. In the next section, different ways of handling the con-
straint on the lift coefficient are investigated.

7.24 Handling the constraints

In all the two-dimensional optimisation results presented so far, the optimiser isthe NAG
routine EO4UCF. Sinceitisastandard SQP optimiser, it only satisfiesthe constraintswhen
reaching an optimum and accepts infeasible points. The first part of this section looks at
the use of the feasible optimiser FFSQP for this same two-dimensional problem. Sofar as
well, the constraint on lift has been treated as ahard (separate) constraint. This meansthat
the gradient of the lift coefficient is needed by the optimiser in addition to the gradient of
the objective function. It workswell but it istime consuming since it requires the solution
of two adjoint equations for each optimisation cycle. Another possible way is to incorpo-
rate the constraint on lift into the objective function through the use of apenalty term. This
would only require one adjoint solution per optimisation cycle. Thisisinvestigated in the
second part of this section.

7241 FFSQP vsEO4UCF

As just mentioned, this subsection compares the use of the optimisation routine FFSQP
to the routine EO4UCF for the two-dimensional test case of this chapter. They have both
been presented in detail in Section 3.3. The main difference between the two is that
FFSQP isafeasible method that requiresall the constraints to be satisfied at each iteration
while EO4UCEF is a standard method in which the constraints are only satisfied close to
the optimum. This difference is obvious when examining the results of the optimisations
in Figure 7.21. The optimisation problem is the scaled problem (7.3).

The behaviour of the feasible method is clear in Figure 7.21(b): starting from an unfea-
sible point for the contraint on lift, the first thing that the optimiser does is to look for a
feasible point that isfar away fromthe constraint boundary and then gradually comes back
to this boundary from the interior of the feasible region. It works but it is dramatically
sow when compared to the standard SQP method. The requirement of feasibility pushes
the design away from the optimum, generating avery thick aerofoil (Figure 7.21(c)) that
creates alot of drag (Figure 7.21(a)). Starting from this very bad but feasible point, the
optimiser then dowly improves the design. Even if the method is not efficient, it is suc-
cessful and the optimum found isvery close to the one found by the standard SQP method.

Thisis confirmed by Table 7.6 and is emphasi sed by the path followed by the optimisation
in the design space. When considering Figures 7.21(d) to 7.21(f), it is clear that the two
optimisations have globally the same behaviour and stop at optimal design points very
close to each other. Thisisreassuring and proves that the optimisation method taken as a
reference so far is correct.
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Cr, Cpo Improvementin Cp
nitd 0.6520 | 0.01894 5
— FFSOP | 0.6520 | 0.01377 2737
Optimised \—=256F 10,6520 [ 0.01377 573%

Table 7.6: Aerodynamic coefficients of the optimised aerofoilsfor the optimisations com-
paring the optimisation routine FFSQP (feas ble SQP) to the NAG routine EO4UCF (stan-
dard SQP), at thetarget (..

Sincethe optimal pointsare very close, their corresponding shapes, shown in Figure 7.22,
are very similar, the only important difference being in the leading edge region on the
lower surface. Thus the pressure distributions are also very close.

The conclusion to this subsection is that the feasible optimisation method is successful on
this two-dimensional test case but it is much slower than the standard method employed
so far. Thisis due to the feasibility requirement itself that creates an initial design point
well inside the feasible region, too far from its boundaries. As a consequence, the routine
FFSQP will no longer be used in this work in the case of a direct optimisation because
it istoo costly. The other conclusion to draw from this subsection is that the reference
optimisation considered so far finds the correct optimum since the feasible method stops
on the same design point.

7.2.4.2 Penalty function vshard constraints

This subsection investigates the use of a penalty term added to the objective function for
the constraint on lift rather than employing a separate constraint. This could reduce the
total computing time since it eliminates the calculation of the adjoint for lift needed to
calculate the gradient of lift. Only the constraint on (', is included in the penalty term
and the geometrical constraint on volume is still kept as a separate constraint.  Since
the interior volume and its gradient are calculated analytically in a fraction of a second
this does not pose any problem. The optimiser employed in this subsection is the NAG
routine EQ4UCF.

The optimisation problem to be solved becomes:

— 0.652)2
Minimise F = d%D + 7y w
4Cp 1l _ 0.02292 dCL 1" = 047542
dg° g’
_ _2xW
Subject to: dV < ;V -
H 0 ‘ ' H 0 | = 0.02872




164 7. Optimisation tests and results in two dimensions

0.08 — :
initial shape
FFSQP ———-
0.06 r T EO4UCF .
0.04
o 002t/
L
OF
-0.02 F\ %
-0.04 ¢
0 0.2 04 0.6 0.8 1
xlc
(8) Aerofoil shapes
-1.5 —— ‘
initial shape
FFSQP ———-
-1 EO4UCF -
-0.5
o
@)

0 0.2 0.4 0.6 0.8 1
x/c

(b) Chordwise pressure distributions

Figure 7.22: Result of the aerofoil optimisations comparing the optimisation routine FF-
SQP (feasible SQP) to the NAG routine EO4UCF (standard SQP).
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where r,, is a penalty coefficient to be chosen. Note that the functions are still scaled by
the norm of their initial gradient as suggested in Reference [112].

The choice of the penalty coefficient r, poses problem. Ideally and theoreticaly, a
sequential unconstrained minimisation!?2% should be performed: starting with a
low value of the penalty coefficient, a first optimisation is carried out, then the penalty
coefficient isincreased and the optimisation is restarted from the previous optimum point
and so on until the value of r, becomes very high. This is necessary because putting
too much weight on the penalty term produces an ill-conditioned objective function
that could be difficult to minimise directly. By progressively increasing the penalty
coefficient, the design is getting closer to the optimum and satisfies the constraints better
and better. However this means repeating a sequence of optimisations and thus becomes
very costly. In aerodynamic optimisation, to the knowledge of this author, sequential
unconstrained minimisation has not been applied and peopl el® 38:47:62,125,145-147,164,190,234]
that use a penalty function, do a single optimisation with a constant penalty coefficient.
Usually the result is satisfactory and the constraints are satisfied. However none of
them really explains the choice of the value of the penalty coefficient. Here, to test this
choice of penalty coefficient, we propose to test three values of r, namely 1, 10 and 100.
Each time a single optimisation is performed starting from the same initial design as
all the two-dimensional optimisations of this chapter. It could have been interesting to
perform a sequential unconstrained minimisation with these 3 values of r,, by starting the
optimisation with ~, = 10 from the final design of the optimisation with r, = 1 and so
on. This would certainly have improved the conditioning of each optimisation but was
not performed because as explained above, it is unlikely to reduce overall computing
time, which isthe aim to these tests. The results of these penalty function optimisations
are presented in Figure 7.23.

Figure 7.23(a) providesinformation that was not available for separate constraints, i.e. the
value of the objective function F'. Thisisgiven asaratio F'/ F, since the three objective
functions are of very different magnitude due to the changes in the value of r,. A quick
look at Figure 7.23 shows that the optimisation with -, = 100 fails. Thisiscertainly due
to the ill-conditioning mentioned above for large values of the penalty coefficient. The
other two penalty optimisations try to find a minimum but are not entirely successful.
They indeed fail to satisfy the constraint on lift as can be seen in Figure 7.23(c), thus
the decrease in drag found in Figure 7.23(b) is atered when calculated at the target lift
coefficient as can be seenin Table 7.7. As expected though, the optimisation withr, = 10
puts a greater weight on the constraint on lift so it better satisfies this constraint than the
optimisation with ,=1 and thus manages to find a better optimum.

Even if not fully successful, these two optimisations follow a path in the design space
smilar to the optimisation with separate constraints as Figures 7.23(e) to 7.23(g) show.
It is interesting to notice that the optimisation with r, = 1 is quicker than the reference
optimisation while the one with , = 10 istwice as dow as this latter. This can only be
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Figure 7.23: Evolution of different parameters during the aerofoil optimisations using a
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Cr, Ch Improvementin Cp
Initial 0.6520 | 0.01894 -
penalty coefficient=1 | 0.6520 | 0.01393 -26.5%
Optimised penalty coeffici eanlo 0.6521 | 0.01385 -26.9%
separate constraint | 0.6520 | 0.01377 -27.3%

Table7.7: Aerodynamic coefficients of the optimised aerofoilsfor the optimisationsusing
a penalty term approach with scaling, at the target C'..
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Cr, Cho Improvement in C'p
Initial 0.6520 | 0.018%4 -
penalty coefficient=1 | 0.6519 | 0.01385 -26.9%
Optimised penalty coefficient=10 | 0.6520 | 0.01386 -26.8%
penalty coefficient=100 | 0.6520 | 0.01442 -23.9%
separate constraint 0.6520 | 0.01377 -27.3%

Table 7.8: Aerodynamic coefficients of the optimised aerofoilsfor the optimisationsusing
a penalty term approach without scaling, at the target C';,.

due to the poor conditioning of the optimisation problem, since mathematically the two
penalty optimisations are the same. Note that it is worrying that an optimisation method
that does not need the evaluation of the adjoint for lift, is much slower than one that needs
this calculation. Despite not satisfying the constraint on lift, the good performance found
in Table 7.7 and the fact that it is much quicker than the reference optimisation, make the
optimisation with r, = 1 an interesting option that will not be used any further in this
work though.

An dternative was investigated with the suppression of the scaling in the objective func-
tion. The optimisation problem becomes:

Minimise F = CD + rp (C1, — 0.652)*

7><V
dVo

Subject to:
= 0.02872

£

12h

The scaling for the constraint on interior volume is kept though because the previous
results do not show any significant problem for this constraint. Again the three values 1,
10 and 100 aretested for the penalty coefficientr,,. TheresultsaredisplayedinFigure7.24.

Surprisingly they are much better than these obtained by using some scaling in the
objective function. The three optimisations find an optimum. Only the optimisation
with r, = 1 isnot entirely satisfactory since it does not satisfy accurately either of the
constraints (see Figures 7.24(c) and 7.24(d)). Hence the very good vaue of drag (see
Figure 7.24(b)) for itsoptimum isreduced when the lift coefficient ismatched as Table 7.8
shows. The optimisation with r, = 100 does not find a very good optimum, although it
satisfies the constraints. Too much weight seems to be put on the constraint for lift in the
objective function, as a result the optimiser does not decrease drag as much as it should.
The optimisation with r, = 10 is the most satisfactory overall since it satisfies well the
two constraints and finds an optimum with alow drag.

When looking at the design variablesin Figures 7.24(e) to 7.24(g), thislatter optimisation
seems to follow the same path as the reference optimisation although it is taking a lot of
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Figure 7.24: Evolution of different parameters during the aerofoil optimisations using a
penalty term approach without scaling.
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Figure 7.24: Evolution of different parameters during the aerofoil optimisations using a
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smaller steps to get to the optimum. The values of the design variables at the optimum
are not far from the reference values. The method with , = 1 isalso very close to this
optimum despite not satisfying the constraints very well and follows also more or less
the same path. This explainsits good performancein Table 7.8. The optimisation with a
penalty coefficient of 100 stops at avery different point.

This is noticeable on the resulting aerofoil shapes shown in Figure 7.25: the one corre-
sponding to r, = 100 is situated between the initial shape and the optimal shapes of the
other three optimisations as could be guessed from the evolution of the design variables.
The shapes resulting from the other two penalty optimisationsare very close to each other
and to the reference shape as expected from the design variables. This means that the
non-satisfaction of the constraint on interior volume by the optimisation with r, = 1 is
not as significant as Figure 7.24(d) would suggest. The pressure distributions obtained
on the optimal shapes lead to the same conclusion: the one corresponding to -, = 100
still has some features of the initial pressure distribution although the shock wave has
disappeared and the three other distributions are very close to each other.

Although the results of these penalty optimisations are satisfactory, they become less
interesting when looking at computing time. Indeed none of these optimisationsis quicker
than the reference one with separate constraint (if we consider that it reaches its optimum
after 11.5 hours), athough their computing cost should be reduced by not calculating
the adjoint for lift. This shows that adding the penalty term to the objective function
changes the nature of this function. It is now more difficult to find its minimum. Hence
the expected gainsin computing time vanish and the penalty approach loses its attraction.

To complete the investigation, tests without scaling in the penalty function as well asin
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the geometrical constraint were carried out. Their results are not shown here because they
were not as good as the previous series of tests with scaling in the constraint on interior
volume. This confirmed our conclusion that the penalty approach has some limitations
and is not better than a direct approach with separate constraints. That is why a direct
optimisation with a penalty objective function will not be used any more in the remaining
of thisthesis.

Thisisthe end of this section that investigated different ways of handling the constraints
for the two-dimensional test case of this chapter. It showed that the best approach isusing
a standard SQP method with separate constraints and that a feasible method or a penalty
approach are not as efficient. This also terminates the second part of this chapter that per-
formed some direct optimisations using an SQP optimiser on atwo-dimensional test case.
The next section looks, as an alternative, at the use of the variable-fidelity method for this
same problem.

7.3 Two-dimensional optimisation using the variable-
fidelity method

The aim of the previous part of this chapter was to gain some understanding of how the
optimisation chain developed in this work, behaves. It was tested on a two-dimensional
problem and it was found that athough the basic method works well, it is very time
consuming. Hence some testing was carried out to try and reduce the computing time
without compromising the result of the optimisation, with the idea that the same method
will then be applied to three-dimensiona problems for which computing timeis critical.
Unfortunately these ssimple tests did not provide an easy way to do this so other opti-
misation methods were considered. Thisiswhat isdescribed in thislast part of the chapter.

The first section quickly surveys the literature to find innovative optimisation methods,
still gradient-based but that are much quicker than a standard direct optimisation. Among
them is the variable-fidelity method already introduced in Section 3.4 and employed in
thiswork. This approach is applied to the two-dimensional optimisation test case and its
results are presented afterwards.

7.3.1 Alternativemethods

A short presentation of these methods can be found in theintroduction of Reference[235].
We follow the same order and add a few references. All the methods presented here note
the fact that the traditional aerodynamic optimisation method also called sequential opti-
misation or loosely-coupl ed optimisation, that consistsin associating aflow solver and an
adjoint solver to calculate the gradient to a numerical optimiser are too costly since they
solve at each iterationtwo large systems of equations (onefor the flow solution, onefor the
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adjoint solution) before updating the design. The aim of these methodsisto reduce signifi-
cantly the computing timeto end up with an overall optimisation process that isequivalent
to the cost of afew flow solutions, “afew” meaning here between 1 and 10. They manage
this by considering the optimisation no longer as a sequence of flow solution - adjoint so-
[ution - design update but as an integrated process. Theideais similar to what has already
been presented for the derivation of the continuous adjoint equationsin Section 6.2 and is
that the optimum design point must satisfy 3 equations:

¢ theflow equation
¢ the adjoint equation

¢ the optimality equation which states that, at the optimum, the gradient of the objec-
tive function is zero for an unconstrained problem

The traditional optimisation solves the first two equations at each optimisation cycle in
order to advance in the resolution of the third equation but this is a waste of time since
the first two equations only need to be satisfied at the optimum and not for other design
points. Hence the aternative methods propose to sol ve the three equations simultaneously
to reach the optimum when all three are satisfied.

This is the main idea of the One-shot method.[*51:236] |t is achieved by an extensive use
of amultigrid acceleration technique applied to the three equations ssmultaneously. The
design variables are classified depending on whether they bring smooth changes to the
geometry and the flow field or whether they imply high-frequency localised changes.
The latter are only used on fine grids while global smooth design variables are employed
throughout the grid levels. The use of a multigrid technique requires the implementation
of relaxation and interpol ation schemes for the three equationsto pass from one grid level
to another. Thisis applied but only for potential flows in Reference [151] at the cost of
less than one flow solution on the fine grid.

Sung and Kwon[#51471 yse a similar idea but do not apply multigrid to the optimality
equation. They successively perform a few multigrid cycles on the flow equations,
followed by some cycles on the adjoint equations before updating the design and per-
forming again some multigrid cycles on the flow equations and so on. That is what they
call a tightly-coupled algorithm. Reference [35] shows that it is possible to employ
the One-shot method without any adjoint solver by computing the gradient by finite-
difference. Thisis of course less efficient than using an adjoint method. The drawback
of the One-shot method is that it is mathematically complicated and needs a flow and an
adjoint solver with a multigrid capability which is not always available.

That is why other techniques have been explored that could be simpler and applicable
with any flow and adjoint solvers. The pseudo-time method?®" is one of them. As
already explained the method starts by noting that the optimum lies at the intersection of
three hypersurfaces. the state (flow solution), the costate (adjoint solution) and the design
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(optimality) hypersurfaces. Traditional optimisation methods work at the intersection
of the state and costate hypersurfaces and move along this intersection to get closer to
the design hypersurface. On the contrary the pseudo-time method works on the design
hypersurface and gets closer to the other two hypersurfaces. In practice, the flow and
adjoint equationsare advanced by afew iterationson theentirefield. Then both are solved
in asmall neighbourhood around the boundary that is undergoing design changes and the
design is updated from these solutions. Then the process is repeated until convergence
of the flow and adjoint equations on the entire field. This method is applied to the
inverse design of a nozzle in Reference [222] and the inverse design of an aerofoil in
Reference [224].

Finally a method that combines the One-shot and the pseudo-time approaches is the
progressive optimisation method.?®  This employs two flow solvers. an accurate
flow solver for the flow equations and an auxiliary dissipative flow solver only used
to calculate smooth sensitivities with an adjoint solver. The aim is to avoid noise as
much as possible in the calculation of the gradient. Like the pseudo-time method, it uses
partially converged flow and adjoint solutions and updates frequently the design. Like
the One-shot method, it employs different levels of grid refinement. It indeed starts with
avery coarse grid, solves partially the flow and adjoint equations, updates the design and
does again afew iterationsfor the flow and adjoint solutions and so on until the processis
converged on this coarse grid. Then thisisrepeated on afiner level of grid and so on until
the equations are converged on the finest grid level. In Reference [235] thisis applied to
inviscid inverse designs and provesto be very efficient whilein Reference [234] it is used
for viscous turbulent inverse and direct design of aerofoils. In this latter case the adjoint
isinviscid and always solved on the coarsest grid.

The problem with these three methods is that they are demonstrated on inverse design
problems and of course they succeed in matching the target pressure distribution. For a
direct design problem, they will undoubtedly also find an optimum but nothing guarantees
that they will find the same optimum as a traditional method directly applied to the finest
grid. That is why the present author preferred to employ the variable-fidelity method
already presented in Section 3.4 and which isthe last of the alternative methods examined
here. The variable-fidelity method indeed constantly checksitsimprovement with respect
to the high-fidelity model. There is no guarantee either that the optimum found would
be the same as with a traditional method but at least, the designer can follow the design
changes and improvements during the optimisation and he is confident that these im-
provements are meaningful improvementsfor the high-fidelity problem heisinterested in.

The variable-fidelity method is quite different from the other three methodsjust presented
and does not rely on the simultaneous solution of the flow, adjoint and optimality equa-
tions. It is much closer to atraditional optimisation method although it is very efficient
like the three other alternative methods. Its application to the two-dimensional optimisa-
tion test case of this chapter is examined next.
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7.3.2 Variablefidelity results

The comparison made in Section 7.2.3.4 between consistent Euler and Navier-Stokes
optimisations is the basis for the application of the variable-fidelity method (see Sec-
tion 3.4 for details about the method) to this two-dimensional problem. It indeed proved
that an Euler optimisation worked well, managed to improve significantly the design
when checked with a Navier-Stokes solution and thus could be used as a low-fidelity
model. That is why the variable-fidelity approach examined here employs a consistent
Euler optimisation for the low-fidelity model (flow and adjoint solvers both in Euler
mode working on an Euler grid) and a consistent fully turbulent optimisation for the
high-fidelity model (flow and adjoint solversin viscous turbulent mode with the complete
linearisation of the eddy viscosity for the adjoint solver, working on aNavier-Stokesgrid).

However the Euler optimisation presentedin Section 7.2.3.4 was quite Slow to be repeated
several timesin arow as part of the variable-fidelity method. This came primarily from
the grid size since the Euler grid had the same number of points as the Navier-Stokes
grid. Since the low-fidelity model of the variable-fidelity approach is only supposed to
approximate the high-fidelity model and since it is anyway corrected to behave like this
latter, some crude approximations are allowed. A compromise has to be found between
rapidity of execution and accuracy for the low-fidelity model. That iswhy avery coarse
Euler grid of 65 x 17 nodes is employed here for the low-fidelity model. It is shown in
Figure 7.26 and has to be compared to the Navier-Stokes 137 x 35 grid of Figure 7.9 used
for the high-fidelity model. This takes advantage of the findings made in Section 7.2.3.2
where coarse grid optimisations were investigated. This showed that these optimisations
arevery fast but at the same time manage to improve the Navier-Stokesdesign. Of course
combining this to an Euler optimisation to create a low-fidelity model will reduce the
fidelity of thismode.

The low-fidelity optimisation is the optimisation problem (7.3) transformed into a cor-
rected low-fidelity problem according to equation (3.6). It isthus:

C//;]; lo(ﬁq + S)
dCp 1,(8)
dp?
0.652 — CL hi(ﬂq) — VCL hi(,@'q)t.s
dCr, hi(ﬁq)
dp?

% - Vhi(ﬂq) - VVM(Bq)t.s
dVii(B?)

dp?
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S

Subject to: <0

<0 (7.4)
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The variable-fidelity method avoids one of the problem encountered in Section 7.2.3.2
when performing optimisation on coarse grids and in Section 7.2.3.4 when doing an
Euler optimisation, namely that using a lower-fidelity model changes the magnitude of
the aerodynamic coefficients and thus that it is not entirely relevant to apply the same
congtraints with these models as with the high-fidelity model. Indeed when looking at
Figure 7.15(c) and Figure 7.19(b) for example, it is clear that imposing a constraint at
0.652 does not have the same meaning on the coarse grids as on thefine grid and in Euler
mode as in Navier-Stokes mode. Their constraint is not adapted to the model. This could
explain why the performance of the optimised aerofoils when checked at the target lift
coefficient on the reference grid, are not as good as for the Navier-Stokes optimisation.
Maybe the constraints should be scaled in someway. The variable-fidelity method avoids
this since the low-fidelity model is corrected to match the value of the high-fidelity model,
hence the constraints are always consistent.

The merit function @, that is used by the variable-fidelity method to assess the high-
fidelity performance of new designs (see Section 3.4), is sSimilar to what has been used for
the direct optimisation with a penalty approach except that now, sinceit isthe only number
measuring the performance of the design, the constraint on volumeisincorporated into it.
The merit function is thus:

o 41 (G062 (V- Vo

hi T~ 2z
ACn || _ 0.02292 A0 ||" Z 0.47542 dVo — 0.028722
dp’ da°

Contrary to thedirect optimisations performed using apenalty approachin Section 7.2.4.2,
this penalty function ®,; does not drive the optimisation since this latter is performed
through the low-fidelity problem (7.4). The penalty function here is an a posteriori check
of the design and hence the problems encountered in Section 7.2.4.2 should be avoided.

The optimiser employed is FFSQP as aready explained in Section 3.4. Mild convergence
requirements and a maximum number of 20 iterations are imposed for the low-fidelity
optimisation because it does not need to be very accurate but hasto be asfast as possible.
The results of the application of the variable-fidelity method to the two-dimensional
test-case are shown in Figure 7.27 and compared to the reference direct optimisation
using EO4UCF as optimiser.
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Figure 7.26: Coarse Euler grid used for the low-fidelity model in the variable-fidelity
method. (to be compared to Figure 7.9)
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Figure 7.27: Evolution of different parameters during the aerofoil optimisations compar-
ing the variable-fidelity method to the standard SQP method.
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Figure 7.27: Evolution of different parameters during the aerofoil optimisations compar-
ing the variable-fidelity method to the standard SQP method. (Concluded)

Ch, Ch Improvementin Cp
initial 0.6520 | 0.01894 -
T vaiablefiddity | 0.6520 | 0.01386 26.8%
Optimised = dSOP | 0.6520 | 0.01377 27.3%

Table 7.9: Aerodynamic coefficients of the optimised aerofoilsfor the optimisations com-
paring the variable-fidelity method to the standard SQP method, at the target C'7..

Figure 7.27(a) plots the evolution of the merit function ®,;. Unfortunately the initia
value is very high due to the non-satisfaction of the constraint on lift, so the decrease of
the merit function is not obvious after the initial drop. It does go down though until 7
hours of computation after which no improvement is made and the method stops when
reaching the maximum number of cycles set to 50. From Figures 7.27(b) to 7.27(d), itis
clear that the variable-fidelity method is successful in finding a valuable optimum. The
congtraint on lift is satisfied almost immediately and the interior volume is directly set
to the target value. This is noticeable in Figure 7.27(b) since the drag coefficient fals
quickly to very interesting values. The evolution after this drop is much slower. Note
that the minimum in drag corresponds to the minimum of the merit function, which
proves that the choice of thisfunctionis correct and that the method isworking. The only
problem is that the variable-fidelity method does not manage to find the same optimum
as a standard SQP optimisation that stops on a better design, as Table 7.9 confirms.

This is clearly noticeable when looking at the design variables for the variable-fidelity
method in Figures 7.27(e) to 7.27(g): they are following a very different path from the
standard SQP method. Obvioudly this has an impact on the final shapes as shown in
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Figure 7.28: the difference is particularly pronounced on the lower surface. Of course
the pressure distributions are also different but the variable-fidelity method manages well
to eliminate the shock wave. It is though keeping a small pressure bump on the upper
surface exactly like the standard SQP approach.

The fact that a direct optimisation approach finds a better optimum than the variable-
fidelity method although at a greater cost, is also encountered by Marduel et al.[*33 This
dightly mars the otherwise excellent performance of the method: its handling of the
congtraints is indeed the best that has been seen in this chapter and the decrease in drag
isvery good, especialy over thefirst two cycles. It unfortunately then slows down which
makes the standard method almost as efficient to reach the same minimum. As aresult
the drop in computing timeis not as great as expected. A reduction of computing time by
afactor of 2 can be obtained over the standard SQP method if the variable-fidelity method
is stopped after 5 ~ 6 iterations and would confirm the findings of Alexandrov, 230132
but not if the variable-fidelity method is l€eft to find its own minimum, at least for this
two-dimensional problem. The method is however very promising for three-dimensional
optimisation if only for its very good handling of the constraints.

This concludes the presentation of the results obtained by the variable-fidelity method on
the two-dimensional test case of this chapter. It aso terminates this chapter that looked
first of all at the accuracy of the gradient and how it was influenced by the convergence
levels, the grid size or the physical model of the adjoint solver. This showed that a good
convergence of both the flow and adjoint solvers is needed to obtain an accurate gradient
and that computing the gradient on a subgrid or using a simpler physical model greatly
compromise its accuracy. Then some results of aerofoil optimisations using a traditional
approach with an SQP optimiser were presented. They showed that the optimisation chain
set up in this study is working but also that it is quite costly, even for a two-dimensional
problem. That iswhy sometestswere carried out to find asimpleway of reducing the cost
of optimisation. Although someinteresting pointsthat will be used in the next chapter re-
sulted from these investigations (a slight reduction of the convergence level of the adjoint
solver is possible, coarse grid as well as Euler optimisations bring substantial improve-
ments to the design), they did not provide an easy way of reducing the computing time of
the Navier-Stokes optimisation. Hence the author had to investigate alternative methods
and chose to concentrate on the variable-fidelity method already presented in Chapter 3.
Thislatter approach showed promising resultswith agood handling of the constraintsand
adlight reduction of computing time. Thiswasfor atwo-dimensional Navier-Stokes opti-
misation, the next chapter presents someresultsof the application of the optimisation chain
to three-dimensional problems, in particular the optimisation of a Blended Wing-Body.



7.3 Two-dimensional optimisation using the variable-fidelity method 181

0.1 _ |
initial shape

- variable fidelity -

008 standard SQP

0.06 7’,;;.;;;;;:‘»'—'i155;""'55;’f‘-':;;;l.:;;;}7 |
0.04 | ’ :
o P
> 0.02 +/
0
0.02 P\
-0.04 +
0 0.2 0.4 0.6 0.8 1
x/c
(a) Aerofoil shapes
-1.5 - |
initial shape
variable fidelity -
N standard SQP -
-0.5
o
(@]

0 0.2 0.4 0.6 0.8 1
x/c

(b) Chordwise pressure distributions

Figure 7.28: Result of the aerofoil optimisations comparing the variable-fidelity method
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Chapter 8

Three-dimensional optimisations

The previous chapter described two-dimensional optimisations and the optimisation
method worked well for this. However the goa of this work is to perform three-
dimensional optimisations, particularly the optimisation of a Blended Wing-Body (BWB)
aircraft. Thisis what is described in this chapter. It starts by explaining how the flow
and adjoint solvers have been parallelised in order to tackle the computationally demand-
ing three-dimensional optimisations. The first example of these optimisationsisthen pre-
sented and consists in the Navier-Stokes optimisation of the ONERA M6 wing. The op-
timisations of the BWB follow. Two categories of optimisations have been carried out
on this geometry: Euler and Navier-Stokes optimisations, and within each of these, two
optimisations are performed: with and without constraint on the pitching moment. The
last part of this chapter discusses the performance of the optimisation method and possi-
ble waysto improve them. Likewise it assesses also the optimisations of the BWB.

8.1 Parallel computing

The previous chapter proved that reducing computing time for optimisation is not easy
when modifying only the optimisation algorithm and the numerical models employed.
The introduction of the variable-fidelity method brought some improvementsbut it is still
expensive to run particularly for the three-dimensional problems of this chapter. Some
further improvements are needed to be able to run three-dimensional optimisationsin a
reasonable time.

Parallel computing offers an easy way to reduce the wall-clock time spent on a calcu-
lation by distributing the work involved to severa processors rather than on a single
one for serial computing. It does not reduce the total computing time itself (it even
dightly increases it) but it very much improves the computational time perceived by the
user who hasto wait to get an answer (wall-clock time). Two major approaches are pos-
sibleto parallelise FORTRAN codes. Message Passing or Shared Memory parallelisation.
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Message Passing useslibrariesto distribute the data to the processors, to perform synchro-
nisation between the processors and to manage the sending and receiving of information
to and from different processors. All of this has to be programmed explicitly in the code.
The two most popular libraries are PVM[?%¥ (Parallel Virtual Machine) and MPI[239
(Message Passing Interface). The advantage of Message Passing isthat it is portable and
works on distributed memory machines such as clusters of PCs or workstations. However
itinvolvesalot of programming to transform a seria code into a parallel code.

In contrast Shared Memory parallelisation can only be employed on shared memory
machines which have several processors but a common memory accessible by al the
processors. OpenM P24 js the language that is becoming a standard for Shared Memory
paralelisation. It easily paralelises the loops of a serial code. Its main advantages are
that the user does not have to worry about the communication between processors and
that modifications to the serial code are minimal, the inconvenience being that it only
works on shared memory machines with sufficient memory.

CFD iswell suited for data parallelism also known as domain decomposition: instead of
performing the computation on alarge domain at once, the calculation is done on several
smaller domains ssimultaneously. A multiblock CFD grid enables the computational
domain to be easily divided into smaller blocks. The calculation on these blocksis done
smultaneously on different processors at each iteration. For better efficiency, it is thus
required to have a total number of blocks equal to amultiple of the number of processors
available. Static load balancing is desirable to speed up the computation. It can be
achieved by dividing the computational domain into blocks of exactly the same size so
that the processors spend more or less the same time on each block.

Both the flow and adjoint solvers of thisthesis have been parallelised using OpenMP. The
aim was to obtain parallel codes as quickly as possibleto allow for optimisation problems
impossible on asingle processor workstation. OpenMP was thus chosen for its s mplicity
of application as opposed to MPI and because shared memory machines were available
to the author. Only two lines of codes had to be added to the serial codes to parallelise
the main “DOloop” that islooping on the number of blocks.

Two machines were used for the parallel computations: an Alpha Unix server with
4 EV6.7 processors running at 667 MHz and 4 Gb of RAM, and an IBM SP pardlel
supercomputer composed of nodes of 16 Power3-11 processors running at 375 MHz with
12 Gb of RAM per node. Both enable the use of OpenMP, though restricted to a single
node of 16 processors for the IBM SP.

Only the flow and adjoint solvers were parallelised in the optimisation chain, the grid
update program and the optimiser being kept as serial codes since their computing cost is
very small. Due to constraints on the block topology of the CFD grid imposed by the use
of the Baldwin-Lomax turbulence model and by the grid deformation code, perfect load



8.2 Optimisation of the ONERA M6 wing 185

balancing could not be achieved and the parallel efficiency is not very high. A test was
carried out with the adjoint solver and the fine 16-block Navier-Stokes grid employed
in the optimisations of the BWB: on the 4 processors of the Alpha machine the speed
up (=wall clock time of parallel code on 4 processorswall clock time of serial code on
single processor) of 2.6 giving a parallé efficiency (=speed up/number of processors) of
no more than 66%; on one node of 16 processors of the IBM SP, the speed up isonly 9.4
for aparald efficiency of 59%.

Nevertheless the parallelisation of the flow and adjoint solvers achieved its goal i.e. to
make it possible to tackle three-dimensional optimisations without suffering too much
from huge computing times. A first example is given by the Navier-Stokes optimisation
of the ONERA M6 wing presented in the next section.

8.2 Optimisation of the ONERA M6 wing

The ONERA M6 wing and the flow solution calculated with MERLIN around it have
already been presented in Section 5.8. It isa good test case to test the three-dimensional
optimisation methodology developed in this work, that is why the drag minimisation
of the M6 wing is presented in this section. Similar optimisations of the M6 wing can

be found in the literature either for inviscid flows18136:145 o for viscous turbulent
fl OWS.[147’ 162,190]

Here the drag minimisation is performed using the variable-fidelity method for turbulent
flows. Following the two-dimensional example of Section 7.3, the low-fidelity model
solves the Euler equations on a coarse Euler grid and the high-fidelity model solves the
fully turbulent Navier-Stokes equations using the Baldwin-Lomax model on a Navier-
Stokes grid. The two grids employed are shown in Figure 8.1: the low-fidelity grid
isa65 x 17 x 7 grid divided into 4 blocks while the Navier-Stokes grid is the same
193 x 49 x 33 grid asin Section 5.8 and is divided into 8 blocks.

Six wing master sections are modified during the optimisation and are shown in red in
Figure 8.1. For consistency between the low- and high-fidelity models, these sections
are common grid sections of the Euler and the Navier-Stokes grids. These sections are
parameterised in the same way as the two-dimensional aerofoil of the previous chapter,
i.e. with 8 active Bézier parameters controlling the shape modifications of each surface.
In addition a design variable controls the increment in twist of each master section. The
most outboard master section does not undergo shape modification in order to avoid the
complexity of deforming the wing tip. It isonly allowed to twist. This twist change is
transmitted to all the sections that form the tip and that are situated outboard of this last
master section. The master sections are connected linearly to form the wing. In total the
optimisation hence uses 86 design variables (5 x 17 + 1).
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(b) High-fidelity Navier-Stokes grid

Figure8.1: Thetwo gridlevelsused for the optimisation of the ONERA M6 wing. Thered

sections of the high-fidelity grid are the master sectionsthat are optimised and correspond
to the sections of the low-fidelity grid.
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The flow conditions are the same as in Section 5.8. In particular the overall angle of
incidence is 3.06° but this will be modified during optimisation since the 6 master
sections are free to twist independently from one another around their leading edge point.

The optimisation problem isto minimise drag at a constant lift while maintaining the in-
ternal volume of each master section. This can be written as:
Minimise Cp
Subjectto: ', > 0.2696 (8.1)
%Z§‘/2§2><‘/0” izl,...,5

Note that no constraint on the interior volume of the 6" master section is needed since
it only undergoes twist changes that do not modify the volume. Each design variableis
scaled in the same way as in the previous chapter i.e. in order that an increment of 1 of
each design variable taken in isolation produces a maximum deformation of 2% chord for
each of the sections. The objective function and the constraints are scaled by the norm
of their initial gradient in the variable-fidelity method. Problem (8.1) is transformed into
a corrected low-fidelity model very similar to problem (7.4) with the addition of 8 linear
congtraints for the additional geometrical constraints on volume. The merit function @,
employed in the optimisation to assess the performance of the design and corresponding
to problem (8.1) is

Cp (Cr~ 02696 — 0.0313)
hi —
H Ccllgg ~oanis H ol grarre H Wi 1 — 0.013052
V, — 0.0227)? Vi —0.0173
+10(2dv2) £ dv: .
2 | — 0.0095067 e _ g 0073152
dp° aB°
Vi —0.0137)2 Vs —0.0114)?
+10<4dv2‘> +10(“dvz>
Vil — 0.0058122 Y5 11" = 0.004886?
dB° dg°

It is also very similar to the merit function used in two dimensions in Section 7.3 with
additional termsfor the constraints on interior volume.

Following the conclusions of the two-dimensional studies presented in the previous chap-
ter, the flow and adjoint solversare only required to convergeto 10~° in this optimisation.
This should not impact too much on the accuracy while reducing computing time. To
be more precise, each flow solution is stopped after 5000 implicit iterations or when the
total residua has reached 10~°, whichever comesfirst. The adjoint solutions are stopped
after 3000 iterations or when the total residual has reached 10=*, whichever comes first
as before. Both the flow and adjoint computations restart from the previous solution. The
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Figure 8.2: Evolution of different parameters during the variable-fidelity optimisation of
the ONERA M6 wing.

optimisationisstarted from converged flow and adjoint sol utions on the baseline geometry.

The optimisation history is shown in Figure 8.2. The computation is done on the 4
processor Alpha machine and the CPU time shown is the total computing time obtained
by adding the time of the 4 processors. The merit function @, in Figure 8.2(a) quickly
goes down and reaches a minimum after 265 hours and cannot then improve on that
design. The drag coefficient in Figure 8.2(b) follows the same trend and the minimum
of drag corresponds to the minimum of the merit function. Figure 8.2(c) shows that this
minimum is very close to satisfying the constraint on lift, the difference with the target
being very small despite the appearance of the graph.

The performance of the optimum point is summarised in Table 8.1 and compared to the
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CL CD total CD press CD fric
Initial 0.2697 | 0.01736 | 0.01241 | 0.00495

Optimised | 0.2694 | 0.01478 | 0.00973 | 0.00505
Taget | 0.269 | - : :

Table 8.1: Aerodynamic coefficients of the optimised ONERA M6 wing.

Initial Optimised
Origin of data | oo |up| o | ocp MM L
D
Present work 0.2697 | 0.01736 | 15.54 | 0.2694 | 0.01478 | -14.9% 18.23
Nielsen and Anderson!™®4] 0253 | 0.0168 | 15.06 | 0.253 | 0.0142 -15.5% 17.82
Lee et allT® 0.2622 | 0.01751 | 14.97 | 0.2580 | 0.01586 -9.4% 16.27
Sung and Kwon[47] N/A N/A N/A | -21% N/A -12.8% N/A

Table 8.2: Comparison of aerodynamic coefficients obtained for optimised ONERA M6
wings.

baseline geometry. The drag coefficient loses 26 drag counts, that isa 15% dragimprove-
ment, while the lift is maintained. The drag breakdown shows that the improvement is
coming from the pressure drag since the skin friction drag dightly increases. This is
not surprising: since the internal volume is kept the same, there is not much hope of
reducing the friction drag. The improvement in pressure drag is certainly coming from
areduction of the wave drag as the contour plots of Figure 8.3 suggest. This picture has
to be compared with the pressure distribution on the baseline geometry in Figure 5.10.
Clearly the lambda shock wave has been much reduced, except in the region where the
two shocks merge and at the wing tip where limited shape modifications are alowed.

The chordwise pressure distributions of Figure 8.4 confirm this reduction in the strength
of the shock wave. They are shown at the same spanwise locations where experimental
data are available for the baseline geometry and that are plotted in Figure 5.11. At all the
spanwise positions, the shock wave has been reduced by the optimisation, the sections at
n = 0.44 and = 0.65 amost managing to eliminate it completely.

Finally the six master sections are shown before and after optimisation in Figure 8.5.
They are plotted in absolute coordinates that are scaled by the semi-span since the initial
geometry is such that the semi-span is equal to 1. Both shape and twist deformations
are shown but it clearly appears that the increment in twist is very small for the 6 sec-
tions. The shape changesarenot large either but prove sufficient to greatly reducethedrag.

These results show that this optimisation is very successful and compares well with other
Navier-Stokes optimisations found in the literature as can be seen in Table 8.2. The drag



190 8. Three-dimensional optimisations

.01

N

0.25

—0.51

—-1.28

Figure8.3: Contoursof pressure coefficient on the upper surface of the optimised ONERA
M6 wing. (to be compared to Figure 5.10).
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improvement is similar to that of Nielsen and Anderson,'®d athough their geometry
changes are much more pronounced and they obtain very different pressure distributions.
The present pressure distributions are closer to these of Lee et all®® and Sung and
Kwon[*#7 although their overall drag improvement is not as good.

The conclusion of this section is that the variable-fidelity method and the overall opti-
misation chain worked well on this three-dimensional Navier-Stokes optimisation of the
ONERA M6 wing since a 15% drag improvement was achieved while maintaining lift.
The goal of thistest case, i.e. to demonstrate the applicability of the method to a three-
dimensional problem, is achieved, it remains to apply this same procedure to the optimi-
sation of aBWB as is described in the next section.

8.3 Optimisation of a BWB

8.3.1 Background about the BWB and about the present work

The Blended Wing-Body (BWB) is a tailless aircraft that integrates wing and fuselage.
It is a revolutionary conceptual change from the classical design that has prevailed for
the last 50 yearsi.e. awing attached to a cylindrical fuselage and a tail to ensure the
manoeuvrability of theaircraft. Thisconcept issupposed to offer substantial aerodynamic
performance improvement compared to the classical design. The BWB results from an
evolution of the old concept of flying wings. This update of theflying wing is dueto some
work inthe US over the last decade that attracted some attention due to its novelty. 241243

Liebek in Reference [244] givesagood summary of the studies carried out on this subject
inthe US. It all started at the beginning of the 1990’s by a conceptual study sponsored by
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NASA. Then afeasibility program was started that involved NASA, McDonnel Douglass
and several American universities, in particular Stanford University.?>2° This project
involved some wind tunnel testings and the construction of a flying model. While this
concerned avery large aircraft able to carry 800 passengers, Boeing then started its own
study on a family of smaller BWBs for a maximum of 450 passengers once the concept
had been proved to work.[>*4 This study made use of the multidisciplinary conceptual
design program WingMOD developed by Wakayama.[#62481 The claimed performance
of the resulting aircraft exceeds that of conventional airplanes.

The work in the US attracted the interest of other parties in the world:[2*? a group of
MSc students under the supervision of Dr. Smith from the College of Aeronautics of
Cranfield University designed aBWB in 1998250251 Ajrbusis also reported to study the
concept aswell as TSAGI in Russial®Z They are dl considering alarge aircraft capable
of carrying 800 passengers. Smaller versions however have aso been investigated at
Tohoku University in Japan?! and at Cranfield University.[?>®l Recently the possibility
of a sonic BWB flying at a high subsonic Mach number has been considered.[?>4

Thework described in thisthesis on the BWB is part of the European Commission funded
project entitled MOB - A computational design engine incorporating multidisciplinary
design and optimisation for Blended Wing Body configuration. The aim of the project
is to develop a computational design engine (CDE) i.e. an integrated suite of codes to
perform the multidisciplinary design and optimisation of an aircraft. This CDE hasto be
accessed from different sites across Europe to enable people from different companies to
work on the same project. The test case considered for this project to assess the CDE isa
freighter BWB. The starting configuration is the BWB designed at Cranfield University
in 1998.

A recent session at the 9" AIAA/ISSMO symposium on multidisciplinary analysis and
optimizationin Atlantawas devoted to the MOB project and all its aspectswere presented:
an introduction of MOB,1?%®] a description of the CDE!?>® and of the software architecture
behind it,?5"] the data management system employed,?%® the model generator based on
the CAD software ICAD developed,?® the aerodynamic analyses and design performed
on the BWBI?% as well as the studies on aeroelasticity and flight mechanics carried out
on this geometry.[264

The present study is part of the aerodynamic work done for the MOB project. Asisbriefly
described in the next section, afirst assessment of the baseline configuration was carried
out before performingatwist inverse design of the BWB. The three-dimensional optimisa-
tion of the BWB with the adjoint method isdescribed after that. The author only knowsone
other reference presenting athree-dimensional optimisation of aBWB and thiswasdonein
the MOB project: Weinerfelti?62l used a continuous adjoint method to perform some Euler
optimisation on the BWB. Hence the aerodynamic optimisation of the BWB that is pre-
sented in this thesis contributes significantly to the understanding of BWB aerodynamics
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irltl ﬁg:.tr)ne;'o; th:]z; y"' Cr Cpiotar | Cp press Cpo fric
60 40 | 0.3357 | 0.02473 | 0.02436 | 0.00037
60 13 | 0.4089 | 0.02853 | 0.02488 | 0.00365
60 5 | 04136 | 0.03268 | 0.02504 | 0.00764
60 1 | 04164 | 0.03301 | 0.02538 | 0.00763
120 1 | 04214 | 0.03178 | 0.02411 | 0.00767

Table 8.3: Grid sengitivity study for the baseline BWB. M, = 0.85, a = 3.0°.

and to the novelty of this study.

8.3.2 Preliminary work

This section quickly reviews the work that was carried out on the BWB geometry before
doing any optimisation. Thisisfully reported in References [172,260] and here only the
aspects important for the optimisation are discussed.

The starting point was the assessment of the aerodynamic performance of the baseline
BWB. To be sure that the aerodynamic coefficients given by the CFD code MERLIN
for this configuration were accurate, a grid sensitivity study was carried out. This was
necessary because thefirst grid created around the geometry produced a skin friction drag
that was at least one order of magnitude smaller than what was expected. The baseline
grid has 149 x 60 x 55 points. Five grids are compared obtained only by changing the
stretching in the normal direction and the number of pointsin that direction. The effect
of the stretching on the flow solution is measured by an estimate of the non-dimensional
distance y™ at thefirst grid point away fromthe surface. Theresultsof thisgrid sensitivity
study are summarised in Table 8.3.

The first four grids have the same number of points in the normal direction and it is
obvious that the grid stretching has an effect on the skin friction drag since the grid
with y™ = 40 totally underestimates its value. Asthe grid is further clustered towards
the surface, the skin friction drag converges towards a common value. The same thing
happens to the lift coefficient. The two gridswith y* < 5 give similar results although
the one with y* =~ 1 hasless points away from the near wall region. To investigate this
effect, the last grid was built. Its number of points is doubled in the normal direction
while the stretching is kept the same as for the fourth grid. This results in a grid with
nearly one million points that becomes very costly to run. The computation on this last
grid shows that there is still some sensitivity in the aerodynamic coefficients but at least
the grids with 60 points in the normal direction and y* < 5 give reasonable answers at
areduced computational cost. As aresult of this grid sensitivity study, the grid with 60
pointsand y* & 5 was thought to be the best compromise, with some clustering towards
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Twist distribution Cr, CD total CDpress Cho fric CD wave L/D
baseline 0.4136 | 0.03268 | 0.02504 | 0.00764 | 0.00407 | 12.66
eliptic 0.4102 | 0.02837 | 0.02031 | 0.00806 | 0.00209 | 14.46
averaged 0.4090 | 0.02783 | 0.02008 | 0.00774 | 0.00180 | 14.70
triangular 0.4071 | 0.02866 | 0.02083 | 0.00783 | 0.00161 | 14.20

Table 8.4: Comparison of the performance of the three redesigned BWB geometries.

the wall but with still numerous points outside this near wall region giving reasonable
numerical accuracy, all of this being obtained at an affordable computational cost. The
normal stretching of thisy™ ~ 5 grid isreused for all the Navier-Stokes grids employed
for the optimisations of the BWB.

The assessment of the baseline geometry revealed that at the design €', of 041, a
very strong shock wave was present on the upper surface of the outer wing and on the
winglet. This resulted in a very high wave drag and a disappointing lift to drag ratio of
L/D = 12.66. The study of the spanwise lift distribution showed that the outer wing was
too highly loaded and that on the contrary, the fuselage was not generating enough lift.
One of the theoretical advantage of the BWB is that the fuselage is capable of generating
afair amount of lift as opposed to the cylindrical fuselage of the conventiona design but
this was not happening here. It was then decided to try and shift the loading from the
outboard to the inboard and to distribute it more evenly along the span in the hope that
this would improve the aircraft efficiency.

This was achieved through a twist redesign using a panel code. The aircraft planform
and the aerofoil sections were kept unchanged, only their twist angle was modified. An
inverse design methodology was applied: a target spanwise lift distribution had to be
matched by only changing the twist of the sections. Since there was no prior knowledge
of what the best lift distribution was, three target distributions were tested: atriangular
distribution, an elliptic distribution and an average between the triangular and elliptic
distributions. Once the redesign had been completed with the panel code, the resulting
geometries were tested using the Navier-Stokes solver MERLIN. The results of these
computations are shown in Table 8.4. The wave drag values are extracted from the flow
solutions following the method of Reference [263].

Table 8.4 shows that al of the redesigned geometries are better than the baseline one
since the wave drag has been reduced by half or more. This directly impacts on the lift
to drag ratio which isincreased by up to 2 i.e. a 16% improvement. As expected, since
the aerofoil sections are not changed, the skin friction drag varies very little. It has to
be noticed that the redesign improves the pressure drag further than it reduces the wave
drag, which contributes to the increase in aerodynamic performance. Since the geometry
with atwist distribution average between elliptic and triangular givesthebest L/ D, itis
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Figure 8.6: Baseline BWB geometry.

the design considered for further work on the BWB.

The twist inverse design proved that some substantial improvement could be achieved by
dightly modifying the geometry. However its potential islimited since only the twist was
changed and this was done manually. Some further degrees of freedom in the design have
to be introduced, such as the aerofoil shapes for example, to further improve the perfor-
mance of the BWB. Thisiswhat is done with the application of the optimisation method-
ology developed in thiswork to the optimisation of the BWB as is described next.

8.3.3 Baselinegeometry and optimisation problem

The baseline geometry that serves asreferencefor the optimisation is shown in Figure 8.6
and iscoming from the twist inverse design exercise but is not exactly the same geometry.
This is due to some evolutions in the MOB project: the latest available MOB reference
aircraft was considered to start the optimisation. The Navier-Stokesgrid around this base-
line geometry isshown in Figure 8.7. For obvious reasons of symmetry, only a semi-span
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Figure 8.7: Fine Navier-Stokes grid around the baseline geometry.

model isemployed. The grid has 161 x 65 x 45 pointsdivided into 16 blocks. It iscon-
sidered throughout this optimisation as afine Navier-Stokes grid and serves asareference.

The flow conditions for the optimisation are: Mach number M., = 0.85, unit Reynolds
number Re = 6.675 x 10° per metre and freestream temperature 7., = 218.8 K. At
the design point, the lift coefficient is required to be 0.41 based on the trapezoida area
of 841.7 m? that is used to non-dimensionalised all the aerodynamic coefficients. The
pitching moment is calculated around the centre of gravity situated 29.288 m behind the
nose of the aircraft in the plane of symmetry. The reference length used for the pitching
moment is the mean aerodynamic chord equal to 12.288 m. A positive value of the
pitching moment corresponds to a nose down moment.

The flow solution at the design (', is calculated using MERLIN. The resulting aerody-
namic coefficients for the baseline geometry are given in Table 8.5. These are reference
coefficients to which optimisations results will be compared. The wave drag here and for
the optimised BWBs presented in the remaining of this chapter, only accountsfor the drag
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CL CYD total C1D press CYD fric CYD wave L/D Cm
0.4101 | 0.02855 | 0.01885 | 0.00969 | 0.00101 | 14.37 | 0.07360

Table 8.5: Aerodynamic coefficients for the baseline BWB geometry at the design C'r..

Figure 8.8: Contours of pressure coefficient on the upper surface of the baseline BWB
geometry at the design 7.

generated by the wing and fusel age shock wave(s). Thewinglet wavedrag isnot included.

The corresponding contours of pressure coefficient on the upper surface of the BWB
are shown in Figure 8.8. Despite the twist redesign, a strong shock wave is still present,
that extends from the outer wing up to the fuselage. Since nothing has been done to the
winglet in the inverse twist design, the original strong shock wave on its upper surfaceis
still there and perturbs the flow at the tip of the outer wing.

Several drag minimisation optimisations of this baseline geometry are presented next.
They all share the same parameterisation that is very similar to the one used for the opti-
misation of the ONERA M6 wing. 16 wing master sections are considered. The 15 most
inboard are parameterised using 17 design variables each, like for the two-dimensional
optimisations. 8 active Bézier parameters for the upper surface, 8 for the lower surface
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and 1 for the twist increment of that section. The master section most outboard is only
allowed to twist like for the M6 wing optimisation. This is aso to avoid complication
when deforming the wing tip where the winglet is attached. By only allowing twist
changes, the winglet follows the changes of the last master section and isthusjust rotated
accordingly. Of course since the shape of the winglet isunchanged, it is unlikely that the
strong shock wave sitting on it will disappear but making shape changes would require
substantial improvements in the geometry modeller that are left as future work for the
moment. Intotal this makes 256 active design variables (15 x 17 4+ 1). They areall scaled
as beforei.e. so that taken in isolation, an increment of 1 in any of the design variable
produces a maximum displacement of 2% of the chord of the appropriate master section.

The optimisation problem isagain to minimisedrag at aconstant lift while maintaining the
internal volume of each master section. An additional constraint on the pitching moment
isor is not included depending on the optimisation. This can be written as.
Minimise Cp
Subjectto: Cp, > 0.41
(Cn)? <(0.001)? optional

(8.2)

The constraint on the pitching moment is necessary due to the nature of the BWB: itisa
tailless aircraft. It has thus to be trimmed by deflecting the control surfaces situated all
along thetrailing edge of theaircraft. Somecalculationsdoneat NLR for the MOB project
found that the trim drag i.e. the drag generated by the necessary deflection of the control
surfaces to trim the aircraft, was very penalising. Hence it would be better if the BWB
shape was trimmed naturally or required very small control surface deflections during the
cruise condition. That iswhy this constraint on the pitching moment isincluded that aims
at forcing the pitching moment to stay close to zero to get a trimmed aircraft. However
this constraint islimiting: we will see that it reduces the potential improvementsin L./ D.
In addition a consistent longitudinal stability analysis should include the effect of thrust
but since the propulsion system is not considered in the MOB project, this effect has
been neglected. Hence requiring atrimmed aircraft by only considering the aerodynamic
forcesisnot very redigtic. Itisonly if we suppose that the thrust acts on aline passing by
the centre of gravity of the aircraft, the moment generated by the thrust being zero in that
case. Thisis an assumption that we can make to justify the trim requirement. However
in the general case, since the engines are supposed to be mounted on the upper surface
of the fuselage, the thrust will generate a nose down pitching moment that will have to
be compensated by a nose up pitching moment from the aerodynamic forces. Without
further information, the requirement of a trimmed aircraft is restricting and possibly
dubious. To demonstrate the feasibility of including a constraint on pitching moment,
some optimisations will thus include this constraint, while to investigate the potential
aerodynamic improvements, otherswill not.
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All the optimisationsof the BWB empl oy thevariable-fidelity method and the optimisation
problem (8.2) istransformed into a corrected-low fidelity optimisation similar to problem
(7.4). Additional linear constraints are added for the interior volume and for the optional
constraint on pitching moment. This latter, when employed, iswritten:

—(0.001) + (Crm 4i(B%))* + VT, 1" (B7)"
Hde wi (87 ‘

dgp?
Asfor the optimisation of the ONERA M6 wing, the flow and adjoint solutions employed
in the optimisations of the BWB are only required to converge to 5 orders. More specif-
icaly, the flow solutions stop after 5000 implicit iterations or when reaching 5 orders of
convergence, whichever comes first, while the adjoint solutions are stopped after 3000
iterations or when reaching 5 orders of convergence, whichever comes first as before.
Again all the computations restart from previous solutions to save some computing time
and again the optimisations start from converged flow and adjoint solutions calculated on
the baseline geometry with the gridsand physical model semployed in these optimi sations.

<0

Unfortunately, a Navier-Stokes optimisation using the fine grid for the high-fidelity model
was not successful on this geometry for reasons that will be discussed in Section 8.4.
Hencethe author took advantage of theinteresting findings madewith thetwo-dimensional
optimisations of the previous chapter to perform optimisations on the BWB with lower-
fidelity models. Thisincludes Euler optimisations on fine Euler grids and Navier-Stokes
optimisations on coarse grids, both of which brought substantial improvement to the aero-
foil designin 2D. This implies that, throughout these BWB optimisations, two points of
view will be presented: an optimisation point of view that is concerned by the optimisation
itself, analyses if it is successful or not and what improvements have been made; and the
point of view of an aerodynamicist or designer whose aim isto improve the BWB geom-
etry. Inthislatter case, whatever the optimisation method employed, the final optimised
geometry is checked on a fine Navier-Stokes grid and compared to the initia reference
BWB presented above to assess the true improvements. The next three sections details
theresults of these optimisations. The first two consider the Euler optimisationswhile the
last one describes the Navier-Stokes optimisations on a coarse grid.

8.3.4 Euler optimisations of the BWB without constraint on ',

Two Euler optimisations of the BWB without any constraint on the pitching moment
were carried out. They used the variable-fidelity method despite the fact that both the
low- and high-fidelity models solved the Euler equations. The low-fidelity model uses a
coarse Euler grid with 81 x 17 x 22 points divided into 16 blocks while the high-fidelity
model employs afiner Euler grid with 81 x 33 x 39 points also divided into 16 blocks.
Thesetwo gridsareshown in Figure8.9. The 16 master sections can be seenin that picture.
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(b) High-fidelity Euler grid
Figure8.9: Thetwo grid levelsused for the Euler optimisations of the BWB. Thered sec-
tions of the high-fidelity grid are the master sections that are optimised and correspond to

the sections of the low-fidelity grid.
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dVo
dg°
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6.9747x 10>

1.7098x 10~*

4.4219x 10~
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2.5742x 1072

7.7115x 10~

Connections

linear

spline

1.6391x 10~

5.7425% 10~

9.6732x107°

3.8391x107°

dCp
dg°

0.005783

0.005731
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4.7623x 10~

2.3559x 10~

3.2007x 104

1.6716x10~*

aC
dp°

0.10066

0.10250

1.9455x 10~

1.1047x10~*

1.3716x 10~

7.7117x 1071

8.2362x 1074

45765x10~*

5.1351x10~*

2.8591x 1074

3.8734x10~*

2.1882x10~*

Table 8.6: Value of the coefficients used in the evaluation of ®,, in Equation (8.3).

The difference between the two optimisationsis coming from the connection between the
master sections. Chronologically, thefirst optimisation was done with alinear connection
between the master sections as for the M6 wing. It worked well but since the fuselage
of the BWB is “fat” and curved, using linear connections to represent this part of the
geometry creates dight slope discontinuities that do not look “nice” especialy when
transposed to aNavier-Stokesgrid. It does not create flow discontinuitiesso it is perfectly
valid for optimisation, the only problem being that the resulting optimal geometry would
have to be smoothed in some way before being used by other disciplines. To avoid
this problem, the grid update program described in Chapter 4 was modified to connect
the sections by piece-wise cubic splines. This was done only on the fuselage since the
inner and outer wings look very much like a conventional aircraft wing where linear
connections are perfectly suited. The difference between the two types of connectionsis
aposteriori relatively small but the changeis still useful.

The merit function ®,,; employed in the variable-fidelity method to assess the performance
of the design and corresponding to problem (8.2) is, in both cases,

Ch (Cp - 0.41)? 41) (Vi — Vm
O, = —2 4 10 83
! dCp (]C de (83)
a3°

with the value of the coefficients given in Table 8.6.
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Figure 8.10: Evolution of different parameters during the Euler variable-fidelity optimi-
sations of the BWB without any constraint on €', .
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Cr, Cp L/D Ch
Linear I I’?i tigl 0.4100 | 0.02109 | 19.44 | 0.08957
CONNEctions Optimised 0.4059 | 0.01719 | 23.61 | 0.10501
Optimised at target C';, | 0.4101 | 0.01738 | 23.59 | 0.10646
Spline I ni tigl 0.4101 | 0.02125 | 19.30 | 0.08973
connections ‘ thl mised 0.4081 | 0.01688 | 24.17 | 0.13941
Optimised at target C';, | 0.4100 | 0.01697 | 24.16 | 0.14008

Table 8.7: Inviscid aerodynamic coefficients of the Euler optimised BWBs without any
congtraint on C,,,.

The optimisation history is shown in Figure 8.10. The computation is done on the 4
processor Alphamachineand the CPU time shown isthetotal computing time. So thefirst
point to notice is that these optimisations are relatively fast compared to the optimisation
of the M6 wing that used the Navier-Stokes equations on a fine grid and the same Alpha
machine. It is not surprising since only the Euler equations are employed here and the
gridsare quite small.

The optimisation history shows that both optimisations are successful: the merit function
®,,; isreduced, which isreflected by a decrease in drag coefficient whilethelift constraint
is globally satisfied. Of the two, the optimisation with spline connections between the
master sectionsisthe best since it is faster and reaches a point that both has alower drag
and better satisfies the lift constraint. The aerodynamic coefficients of the optimised
geometries compared to the initial onesare givenin Table 8.7. This confirmsthis remark
that the optimisation with spline connections achieves better performance: starting from a
geometry withan L/ D of 19.30, it foundsan optimumwithan ./ D of 24.16. Thisisare-
duction of 43 drag countsi.e. a20% improvement. As stated earlier, these improvements
have however an adverse effect on the pitching moment for both optimisations since
the final value is greater than the initial one, dragging the design away from a trimmed
aircraft. The fact that the pitching moment for the optimisation with linear connectionsis
better than for the other optimisation might explain why the final design isnot asgood in
termof L/D.

Figure 8.11 compares the pressure distribution of the initial geometry with the one of the
optimised BWB. Thisis obtained in inviscid mode on the fine Euler grid. Both theinitial
and optimised geometries have spline connections. The pattern on the initial geometry
is very similar to what is obtained with the Navier-Stokes equations in Figure 8.8. a
very strong shock wave spans the whole wing up to the fuselage. In inviscid mode, as
expected, this shock wave is situated further aft on the wing. The optimisation clearly
manages to weaken this shock wave that has now disappeared on the inner wing. It seems
it has however reinforced it at the wing tip where the interaction with the winglet shock,
still present and very strong, is more pronounced.
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Figure 8.11: Comparison of the contours of pressure coefficient on the upper surface of
the initial BWB and of the Euler optimised BWB without any constraint on C',,. Euler
calculations.

This overall picture is completed by the chordwise pressure distributions given at six
spanwise locations shown in Figure 8.12. Though the pressure distribution at the root
is not much affected, significant changes occur as early as 17% of the span i.e. midway
through the fuselage, where the build-up of the shock wave has been totally eliminated
by the optimisation. The station at = 0.40 is avery strong example of this elimination
of the shock wave achieved by both optimisations. As we move further outboard on the
wing, ashock wave startsto form though and is even stronger than on the initial geometry
(station at = 0.93). The last station at 98% of the span i.e. very close to the junction
between the wing and winglet shows the disturbed flow field in this region with strange
pressure distributions. Overall both optimisations give similar pressure distributions
despite differencesin the global aerodynamic coefficients.

This similarity in pressure distributions is understood when looking at the shape modifi-
cations made at these stations and shown in Figure 8.13: the two optimisations produce
shapes that are very close to each other. The sections are shown in their true coordinates
that are non-dimensionalised by the chord of the root section. The sections are thus seen
in their twisted position. Please note however that the scale on the vertical axisis very
different from the one on the horizontal axis, which gives the impression that the outer
wing sections are twisted at 45 ° whileitisonly 6 or 7° in reality. This scale issue also
gives the false impression that design changes are small on the fuselage and large on the
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Figure 8.12: Chordwise C, distributions for the Euler optimised BWBs without any con-

straint on C,,,. Euler calculations.
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Figure 8.13: Shape modification of some master sections for the Euler optimised BWBs
without any constraint on C',,.
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Figure8.14: Spanwisetwist distributionin degreesfor the Euler optimised BWBswithout
any constraint on C,,.

C(L CD total C(D press C(D fric C(D wave L/D Cm
Initial reference | 0.4101 | 0.02855 | 0.01885 | 0.00969 | 0.00101 | 14.37 | 0.07360

Linear connections | 0.4100 | 0.02572 | 0.01581 | 0.00992 | 0.00015 | 15.94 | 0.08526

Spline connections | 0.4101 | 0.02576 | 0.01581 | 0.00995 | 0.00042 | 15.92 | 0.11533

Table 8.8: Navier-Stokes check on the fine Navier-Stokes grid of the Euler optimised
BWBs without any constraint on C,,,.

outer wing, which is not true in real values. However presenting the shapes in this way
offers the advantage of being able to see that the shapes and twist angles are modified,
because scaled back to the aerofoil chord, these changes would be too small to be seen.

The twist angles are however not changed much as can be seen with the spanwise
twist distributions of Figure 8.14. These changes are very small compared to the twist
redesign exercise of References [172, 260] but the optimiser has the additional freedom
of modifying the aerofoil shapesto get where it wantsto go so the twist angles might not
play such an important role. It is aso possible that the twist design variables should be
scaled differently to give them more importanceif that iswhat is required.

Despite these small changes, the improvementsin 7./ D are substantial as seen before,
a least in Euler mode. What has been presented so far for these two optimisations
shows that they are successful: starting from a given Euler grid and flow solution,
the optimisations have managed to find much better design points while satisfying the
congtraints. But isit still the case when transferred to the fine Navier-Stokes grid? Thisis
now the point of view of the aerodynamicist who wants to know if the optimisation has
managed to improve his starting geometry. The answer is given in Table 8.8 where the
design changes obtained by the Euler optimisations are applied to the fine Navier-Stokes
grid of Figure 8.7 that is then used by MERLIN to assess the aircraft performance.



210 8. Three-dimensional optimisations

0.93

0.27

—-0.50

—1.22

Figure 8.15: Contours of pressure coefficient on the upper surface of the Euler optimised
BWB without any constraint on C,,,. Navier-Stokes cal cul ation on the fine Navier-Stokes
grid (to be compared to Figure 8.8).

Table 8.8 shows that the improvements are also substantial in Navier-Stokes mode. The
optimisation with linear connections is better this time but the difference with the spline
connection optimisation isvery small. An improvement of 28 drag countsisachievedi.e.
areduction of 10% of the total drag. Even if the lift to drag ratio is still poor compared
to conventiona aircraft, this improvement is quite important. Table 8.8 shows that it
is obtained by a reduction of the pressure drag, part of it coming from a lower wave
drag. Since the wetted area should not be changed very much by the optimisation, there
is little hope of reducing the skin friction drag that even dightly increases. It is aso
reassuring to see that the behaviour observed in Euler mode for the pitching moment is
well reflected by the Navier-Stokes checks: both optima have a higher than initial pitch-
ing moment but the optimum corresponding to thelinear connections hasthe lowest val ue.

These good results are confirmed when looking at the pressure distribution for these
Navier-Stokes checks shown in Figure 8.15 for the linear connection optimum. The
colour bar has the same scale as Figure 8.8 enabling a direct comparison. Clearly the
strength of the shock wave has been reduced and it no longer affects the fuselage, being
stopped in the middle of theinner wing. Asintheinviscid case, its strenght isreinforced
though at the wing tip.
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This is confirmed by the chordwise pressure distributions of Figure 8.16. The optimi-
sation with linear connections manages to eliminate completely the shock wave at the
stations, = 0.17 and 5 = 0.40 asin the Euler mode. The other optimisation does not
perform as well at 40% of the span with till a small shock wave. At = 0.71 both
optimisations have a shock wave but again the one with spline connections is stronger.
These two stations show that the optimum with spline connections has a stronger shock
wave than the other one, which explains the higher wave drag found in Table 8.8. As
seen in Figure 8.15, the shock wave becomes very strong close to the wing tip (station at
n = 0.93) for both optima and is much stronger than on the initial geometry.

The spanwise lift distribution and loading extracted from these Navier-Stokes flow
solutions are shown in Figure 8.17. Here again changes are much smaller than for the
twist redesign. The changes made however seem to go in the wrong direction since part
of theload on the fuselage is shifted to the outer wing while the inverse effect was sought
through the twist inverse design. This can explain though why the shock wave is weaker
on the fuselage and inner wing while stronger on the outer wing.

The conclusion of these Euler optimisations without any constraint on the pitching mo-
ment is that they are relatively efficient and successful. Their main advantage is that the
behaviour of the Euler optimised BWBstrand atesvery well onthefine Navier-Stokesgrid,
making them avery good tool for optimisation at areduced cost. Theimprovementsgained
on the baseline BWB are substantial. However these gains are obtained to the detriment of
the pitching moment since they pull the geometries away from atrimmed aircraft. Having
in mind the comments made in the previous section, an Euler optimisation with atrimmed
aircraft is presented next.

8.3.5 Euler optimisation of the BWB with constraint on ',

The variable-fidelity method is still employed for this optimisation in exactly the same
way as in the previous section: the Euler mode is used for the low- and high-fidelity
models and the same coarse and fine Euler grids (Figure 8.9) are employed. Since the
method with spline connections between master sections was satisfactory, it is this one
alonethat is kept here.

The only difference with the optimisations of the previous section i s the optimisation prob-
lem solved. It is now problem (8.2) with the constraint on pitching moment. This has an
effect on the merit function ®;; employed in the variable-fidelity method, that becomes

o (Cr—041)? 41) Crn? (Vi — vm
dCy|” H dC,* dvm
aB° aB°

8.4)

HdCD
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Figure 8.16: Chordwise C, distributions for the Euler optimised BWBs without any con-
straint on C,,,. Navier-Stokes cal cul ations on the fine Navier-Stokes grid.
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Figure8.17: Spanwiselift distribution and loading for the Euler optimised BWBs without
any constraint on C',,,. Navier-Stokes cal culations on the fine Navier-Stokes grid.

Note that the function C,,,* and its gradient are used directly rather than C,, and its
gradient. This should not change anything in the optimisation. The value of the different

2

= 0.02937. Note also

coefficientsisstill given by Table 8.6 with the addition of dfﬂ”g

that the formulafor @, is dightly inconsistent with the constraint on pitching moment
shown in problem (8.2): the upper limit of (0.001)* isused in thelow-fidelity optimisation
rather than zero, to provide an attainable target that could make the constraint feasible
(it is important since FFSQP is the optimiser employed and thus searches for feasible
congtraints before anything). However what is realy desired is not 0.001 but zero for
the pitching moment, hence the way ®;,; is set up should favour designs with a very low
pitching moment even if itisrelatively far from 0.001. Sincethisvalueisamost 2 orders
of magnitude smaller than the initial pitching moment, this inconsistency should not
however make any difference.

The optimisation is still performed on the 4 processor Alpha machine. The evolution of
different parameters during this optimisation is shown in Figure 8.18. The first comment
isthat the process takes |onger than before but thisis not surprising since one more adjoint
solution is required each time the full gradient is needed, due to the additional constraint
on C,,. Figure 8.18 shows that the optimisation is successful: the merit function @, is
well reduced; the drag is improved although not in a monotonic way; the constraint on
lift is satisfied or amost at the optimum although the optimisation wandered away during
the process; and the constraint on pitching moment is very close to being satisfied after
starting from an initial point far away in the infeasible domain. It isremarkable that such
a low pitching moment can be achieved while improving on drag and maintaining lift
considering the poor initial point. A gradient-based method like the one employed here
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Figure 8.18: Evolution of different parameters during the Euler variable-fidelity optimi-
sation of the BWB with constraint on C,,,.
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Cr, Cp L/D Chn
Initial 0.4101 | 0.02125 | 19.30 | 0.08973
Optimised 0.4088 | 0.01727 | 23.67 | 0.00292
Optimised at target C';, | 0.4101 | 0.01733 | 23.66 | 0.00338

Table 8.9: Inviscid aerodynamic coefficients of the Euler optimised BWB with constraint
onC,.

Initia Optimised
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Figure8.19: Comparison of the contoursof pressure coefficient on the upper surface of the
initial BWB and of the Euler optimised BWB with constraint on C',,,. Euler calculations.

could have reached alocal minimum well before attaining this point.

The aerodynamic coefficients of the Euler optimum are shown in Table 8.9: an L/D of
23.66 is reached with a very low pitching moment. This compares favourably to the lift
to drag ratio of 24.16 obtained by the optimisation without constraint on C',,, but that had
a pitching moment 40 times higher. This optimisation brings an 18% drag improvement
(39 drag counts).

The pressure coefficients on the upper surface of the initial geometry are compared to
these of the optimum in Figure 8.19. As previoudy, the strength of the shock wave
is visibly reduced and only affects the region outboard of the mid-inner wing. Thisis
further highlighted by the chordwise pressure distributions of Figure 8.20: the shock
wave has been eliminated almost up to the station at = 0.71. A careful comparison
with the pressure distributions of Figure 8.12 reveals that the constrained aircraft carries
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C.,.. Euler calculations.
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Figure 8.22: Spanwise twist distribution in degrees for the Euler optimised BWB with
constraint on C,.

less lift on the rear part of the sections (after 60% chord say) for all the stations except
perhapsthe oneat » = 0.71. On the fuselage, it even carries negative lift at the rear
of the sections (root section and station at = 0.17). Furthermore a comparison of
Figure 8.19 and Figure 8.11 shows that the shock wave on the constrained optimised
BWB is situated further forward on the wing than for the unscontrained BWB. All of this
gives an explanation as to how the low pitching moment is achieved: removing some lift
on the rear part of the sections reduces the nose down pitching moment around the centre
of gravity.

The shape deformations shown in Figure 8.21 also explain how thisis achieved: on the
fuselage, the twist is decreased and reverse camber seems to be introduced while on the
wing (0.40 < 5 < 0.71), the rear part of the sections is thickened by transfering some
volume from the lower surface leading edge region to the rear of the aerofoil on the upper
surface. Thiswas a so done on the unconstrained BWB (Figure8.13) but the phenomenon
isamplified here. The twist changes shown in Figure 8.22 are bigger than previously and
are closer in magnitude to the changes introduced by the twist inverse design. The trend
isalso very clear: asexplained above, the twist is decreased on the fuselage (that stops at
n = 0.34 just where the two twist curves cross each other) whileitisincreased on thewing.

From an optimisation point of view, this Euler optimisation with constraint on ', proves
to be very satisfactory: the introduction of the constraint on pitching moment reduces its
magnitude very much as was expected and the good thing is that this does not degrade
the very good drag improvement already achieved with an unconstrained problem. Let
us consider now the designer point of view to see if these changes are tranferable to a
Navier-Stokessolution on afinegrid. Theanswer isyesas Table 8.10 proves. the changes
made on the Euler optimised BWB, transferred to the fine Navier-Stokes grid, produce a
geometry that is very efficient and has a very low pitching moment that is even dightly
nose up now. Like for the BWB without any constraint on C,,, the wave drag has been
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CL CD total CD press CD fric CD wave L/D Cm
Initial reference | 0.4101 | 0.02855 | 0.01885 | 0.00969 | 0.00101 | 14.37 | 0.07360
Euler optimised | 0.4100 | 0.02595 | 0.01592 | 0.01003 | 0.00023 | 15.80 | -0.00401

Table 8.10: Navier-Stokes check on the fine Navier-Stokes grid of the Euler optimised
BWB with constraint on C',,,.

well reduced while the skin friction drag dightly increases. Overal, the drag is reduced
by 26 drag countsi.e. 9%, al of this being achieved while reducing the pitching moment
18 timesin magnitude.

The contours of pressure coefficient for this Navier-Stokes solution are shown in Fig-
ure 8.23. The most noticeable feature is that a double shock wave is present on the
upper surface of the wing compared to a single one on the BWB with constraint on ', .
This should explain why the resulting wave drag is higher than for the linear connection
optimum. Otherwise compared to the baseline geometry, the extent and strength of the
shock wave have been much reduced as previously while the strong shock wave on the
winglet is still there.

The corresponding chordwise pressure distributions are given in Figure 8.24. The nega-
tive lift carried at the rear of the fuselage sections in inviscid mode is found in viscous
turbulent mode as well, as the root section and the station at , = 0.17 show. The shock
wave is eliminated on the fuselage as well as further outboard (station at = 0.40). The
double shock waveisclearly visibleat 71% of the span and extends up to 93% of the span.

The resulting spanwise lift distribution and loading are plotted in Figure 8.25. A fair
amount of lift islost at the wing tip probably due to the stronger shock wave (compare
the station at » = 0.98 in Figures 8.24 and 8.16) at the tip that interacts with the winglet
shock. Otherwise some lift is redistributed on the fuselage itself: it is removed from the
centre part and shifted to the outboard of the fuselage.

The conclusion of this section isthat this Euler optimisation of the BWB with constraint
on pitching moment is successful since it achieves its aim of greatly reducing the pitch-
ing moment while reducing the drag at constant lift. The good thing is that once again
the behaviour observed in Euler mode is very well reflected in Navier-Stokes mode on
afine grid. This has two consequences: first our belief that the Euler optimisation is a
very efficient tool to perform optimisation that would be more costly on a higher-fidelity
model is reinforced; secondly, the BWB geometry obtained is quite good and it will be
difficult to find a much better one by starting from the same baseline and using a simi-
lar optimisation methodology. This is however what is tested in the next section: since
substantial improvements have been achieved only by using a medium-fidelity physical
model for these optimisations, it might be possible that by using a high-fidelity model i.e.
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Figure 8.23: Contours of pressure coefficient on the upper surface of the Euler optimised
BWB with constraint on C,,,. Navier-Stokescal culation on the fine Navier-Stokesgrid (to
be compared to Figure 8.8).
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the turbulent Navier-Stokes equations, even greater performance could beattained. That is
why Navier-Stokes optimisations of the BWB with and without constraint on the pitching
moment have been carried out as is described next.

8.3.6 Navier-Stokesoptimisations of the BWB on acoarsegrid

Two optimisations of the BWB starting from the baseline geometry were carried out
by using the Navier-Stokes equations on a coarse grid. These optimisations are with
and without constraint on pitching moment to be able to compare them to the same
optimisations performed in Euler mode and described in the previous two sections.

The variable-fidelity method is still employed: the low-fidelity model solves the Euler
equation on the same coarse Euler grid shown in Figure 8.9(a); the high-fidelity model
solves the Navier-Stokes equations on a coarse Navier-Stokes grid shown in Figure 8.26.
This grid has the same number of points as the fine Euler grid employed previousy
(Figure 89(b)) i.e. 81 x 33 x 39 points divided into 16 blocks, but the grid is much
more clustered towards the surface of the wing. The grid stretching, at least for the first
point away from the surface, is the same as for the fine Navier-Stokes grid of Figure 8.7
to provide an adequate grid for the Navier-Stokes equations. The surface grid on the
BWB isthe same as for the fine Euler grid and Figure 8.26 illustrates the master sections
that correspond to the grid sections of the coarse Euler grid, in exactly the same way
as previously. The parameterisation is also unchanged and uses the same 256 design
variables.

The optimisation problem solved is still problem (8.2) and the merit function ®;; is
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0.006460 | 0.07816 | 0.01369

Table 8.11: Vaue of the coefficients used in the evaluation of ®,,; for the Navier-Stokes

optimisations of the BWB.
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either given by Equation (8.3) or Equation (8.4) depending on the presence or not of the
constraint on pitching moment. The different values for the volumes and their gradient
are unchanged and given in Table 8.6 while the norms of the gradient for the aerodynamic
functionsare given in Table 8.11.

The stopping criteria for the flow and adjoint solutions were dightly modified: for the
low-fidelity model, everything is as before but the maximum number of iterations was
reduced to 2500 for the high-fidelity Navier-Stokes flow solutions. This is because the
flow solution never converged to 10=° on this coarse Navier-Stokes grid and stalled
after areduction of three orders of magnitude of the total residual. This means that the
flow calculation is always performed during the optimisation until the maximum number
of iterations is reached even with the restart capability employed. Since the design
changes are not too important around 1500 implicit iterations should be sufficient to get
a non-changing flow solution. To be conservative, the maximum is set to 2500 iterations
but thisis aready half of the 5000 iterations used for the Euler optimisations and thus
should save alot of computing time. These two optimisations were carried out on one
node of 16 processors of the IBM SP parallel supercomputer. Since the time limit of the
jobs run on this machine is of 12 wall-clock hours, the optimisations had to be restarted
severa times, which is not too much of a problem with the variable-fidelity method
because each high-fidelity cycle could be done in isolation.

The evolution of the aerodynamic coefficients during the optimisation is plotted in
Figure 8.27 for both optimisations with and without constraint on pitching moment. Since
the magnitude of the merit function ®;; is greatly changed with the introduction or not
of this constraint, it is represented in Figure 8.27(a) as aratio of its evolving value over
itsinitial value to be able to plot the two merit functions in a single graph. This graph
shows that the optimisation is struggling to find a better design point especialy in the
unconstrained case. Nonetheless it manages to reduce the drag by afair amount in this
latter case. Asexpected it isless successful for the pitching moment constrained problem.
The congtraint on lift iswell satisfied for the optimisation without constraint on €', but it
is more chaotic for the other optimisation. It is not surprising however that the minimum
of ®,; isreached when the target lift is matched. The constraint on the pitching moment
manages to reduce it but the optimal design is still far from the target imposed. Thisis
the first obvious difference with the equivalent Euler optimisation that almost reached the
feasibility boundary.

The aerodynamic performance of the optima is summarised in Table 8.12. The striking
point is the very high drag for the three configurations that was aready present in the
graph 8.27(b) but that is emphasised here by the very low L/D ratios. It is not too
surprising when remembering the two-dimensional optimisations on coarse grids of
Section 7.2.3.2 that presented the same problem. The breakdown of drag into pressure
drag and skin friction drag proves that both components are equally affected with values
around 50% higher than what they should be. This shows that the grid quality is a major
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Figure 8.27: Evolution of different parameters during the Navier-Stokes variable-fidelity
optimisations of the BWB on a coarse grid with and without constraint on C',.

CL CD total CD press CD fric L/D Cm,
Initial 0.4100 | 0.05457 | 0.03822 | 0.01635 | 7.51 | 0.05366
\Without constraint Optimised 0.4093 | 0.05049 | 0.03507 | 0.01542 | 8.11 | 0.07240
on C, Optimised at target C',| 0.4101 | 0.05053 | 0.03512 | 0.01542 | 8.11 | 0.07261
With constraint Optimised 0.4091 | 0.05186 | 0.03662 | 0.01524 | 7.89 | 0.02184
onCp, Optimised at target C| 0.4100 | 0.05192 | 0.03668 | 0.01524 | 7.90 | 0.02207

Table 8.12: Aerodynamic coefficients obtained on the coarse grid for the Navier-Stokes
optimised BWBs.



226 8. Three-dimensional optimisations
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Figure 8.28: Comparison of the contours of pressure coefficient on the upper surface of
theinitial BWB and of the Navier-Stokes optimised BWB without any constraint on C',.
Coarse grid Navier-Stokes calculations.

factor in the solution accuracy and that totally wrong results can easily be obtained if
no grid sensitivity study is performed. In the present case as for the two-dimensional
optimisations, it is not very important since the aim isonly to investigate the optimisation
process, thefinal design point being then checked on afine grid to assess its performance.
Table 8.12 shows that the optimisations manage to reduce drag but the improvementsare
not as big as for the Euler optimisations. 7% for the optimisation without constraint on
C,, and 5% for the other one. As mentioned above the pitching moment is not reduced as
much as desired either.

The contours of pressure coefficient calculated on the coarse Navier-Stokes grid are
shown in Figure 8.28. The optimised shape in this Figure corresponds to the optimisation
without constraint on pitching moment. Surprisingly, despite what has just been said on
the drag values, the pressure contours on this coarse grid for the baseline geometry are
very close to what is obtained on the fine grid (Figure 8.8): the shock wave is strong
and has the same extent, it even stops before the tip region like on the fine grid to leave
some space for the strong suction at the rear of the wing tip due to the interaction with
the winglet shock. The shock wave on the wing is smeared though but thisis due to the
coarsening of the surface grid. Even if the reduction in drag after optimisation is not as
important as expected, the shock wave has been visibly weakened and its extent reduced.

Figure 8.29 shows the chordwise pressure distributions obtained on the coarse grid for
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CL C’D total CDpress C1D fric C1D wave L/D Cm
Initia reference 0.4101 | 0.02855 | 0.01885 | 0.00969 | 0.00101 | 14.37 | 0.07360
Without constraint on C,,, | 0.4101 | 0.02644 | 0.01663 | 0.00981 | 0.00020 | 15.51 | 0.09436
With constraint on Cl, 0.4100 | 0.02706 | 0.01730 | 0.00978 | 0.00035 | 15.15 | 0.04043

Table 8.13: Navier-Stokes check on the fine Navier-Stokes grid of the optimised BWBs
obtained by a Navier-Stokes optimisation on a coarse grid.

both optima and the initial point. At first sight, the optimisation hardly changes the
pressure distributions from the initial distributions compared to what was happening for
the Euler optimisations. A careful look though reveals that the shock wave is effectively
reduced al along the span from the fuselage to the tip region and is even eliminated at
40% of the span. The optimised sections plotted in Figure 8.30 explain why the pressure
distributions appear to change so little: it is because the design changes themselves are
relatively small with the twist changes amost non existent. The sectionsat = 0.93
and n = 0.98 aso show that the geometrical constraints on interior volume are not well
satisfied since the volumes are greater than what is expected. We have not looked at these
congtraints so far because they were always well satisfied. The present problem is not
explained since the shape parameterisation and geometrical constraints are the same as
before.

As aconsequence, the concluding comments from an optimisation point of view concern-
ing these two coarse grid Navier-Stokes optimisations are mixed: on the one hand, the
drag and pitching moment are reduced and thelift is maintained, al of thisbeing reflected
by a weakening of the shock wave as expected, but on the other hand the reduction in
drag is not substantial, the constraint on pitching moment is still far from being satisfied
and a problem with the constraint on interior volume appears. If the Euler optimisations
had not been performed these coarse grid Navier-Stokes optimisations would have been
qualified as successful but the insertion of the Euler optimisations in this thesis makes
this conclusion less obvious.

Thefinegrid Navier-Stokes checks are neverthel ess carried out on the optimal geometries,
the resulting aerodynamic coefficients being given in Table 8.13. The good point is that
some improvement has been made in the right direction with a decrease of 7% of the
drag for the unconstrained optimum and 5% for the constrained one (the same reduction
as on the coarse grid). This decrease is partly due to the weakening of the shock wave
since the wave drag has been well reduced. These improvements are not as good as
what was obtained with the Euler optimisations and has a consequence, the lift to drag
ratios are relatively low. The reduction of the pitching moment by the introduction of the
constraint on C,,, isaso going in the right direction but is nothing compared to what the
Euler optimisation achieved. The only comforting comment is that these fine grid checks
confirm once again the behaviour observed on a lower-fidelity model that is obtained in
this case by coarsening the grid.
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Figure8.31: Contoursof pressure coefficient on the upper surface of the Navier-Stokes op-
timised BWB without any constraint on C',,,. Navier-Stokescal cul ation onthefine Navier-
Stokes grid (to be compared to Figure 8.8).

The pressure contours of the optimised BWB without any constraint on pitching moment,
calculated on thefine grid, are presented in Figure 8.31. Compared to the baseline picture
of Figure 8.8, the strength of the shock wave has been reduced. Its extent has been
reduced as well but not as much as the Euler optimisations did because the inner wing is
still very much affected. A second shock wave isaso forming just behind the main shock
on the outer wing, looking like the double shock present on the Euler optimised BWB
with constraint on C,,. The wing tip flow field does not seem to be affected by the design
changes.

All of thisis confirmed by the chordwise pressure distributions extracted fromthefine grid
solutions for these Navier-Stokes optimised geometries. These are plotted in Figure 8.32.
For al the stationsup to = 0.93, it isclear that the optimisation has weakened the shock
wave but this latter is still very much present where the Euler optimisation managed to
completely eliminate it (stationsat » = 0.17 and n = 0.40). The station at 70% of the
span shows the double shock wave noticed on the contour plot but it is only present on
the unconstrained BWB. Finally the last section at the tip shows that not very much is
happening there as noticed above a so.
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Figure 8.32: Chordwise C,, distributionsfor the Navier-Stokes optimised BWBs. Navier-
Stokes calculations on the fine Navier-Stokes grid.
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Since these Navier-Stokes optimisations did not improve on the baseline geometry as
much as the Euler optimisations, there is no need to detail any further the aerodynamics
of the optimised shapes. If any optimised geometry hasto be picked up for further work,
it will be one resulting from the Euler optimisations. This unfortunately sums up well
this section on the Navier-Stokes optimisations of the BWB: they manage to improve the
geometry but not as much as desired or expected.

This terminates this long part dedicated to the optimisation of a BWB. Overal the
outcomeis positive since the variable-fidelity method applied in Euler mode worked well:
the decrease in drag was substantial, the constraint on lift well satisfied and the addition
of aconstraint on pitching moment for one of the optimisationswas successful. The Euler
optima when checked with the Navier-Stokes equations on a fine grid to be compared to
the baseline geometry proved to be valuable geometries, reducing the total drag by 9% in
the case of atrimmed aircraft. This demonstrated that the Euler optimisations are both
relatively fast and avery good tool to perform aerodynamic optimisation on industry-type
problems. The introduction of a higher-fidelity model with the Navier-Stokes optimi-
sations on a coarse grid was however not so successful: they reduced the drag but not
as much as expected and the constraint on pitching moment, when added, was not well
satisfied. However these Euler and Navier-Stokes optimisations confirmed the findings
made in the previous chapter i.e. that low-fidelity optimisations can improve substantially
the performance of a design even when measured with a high-fidelity model, all of this
being achieved at a reduced cost compared to a high-fidelity optimisation.

The other aspect that this part considered wasthe BWB itself. Herethe outcomeisnot very
satisfactory. Thefirst theoretical advantage of the BWB isthat of aerodynamic efficiency.
Starting from an aerodynamically poor baseline geometry, we expected the optimisation to
greatly improveon it and provide a much more efficient aircraft. The optimisation carried
out its share of the work but did not do any miracle and the optimised geometry is still
not very satisfactory. We will come back to this problem in the next section. To end this
chapter, a section of discussion isindeed added that looks at the two aspects of thisthesis
i.e. the optimisation methodol ogy with adjoint solver devel oped and the application of this
methodology to the BWB.

8.4 Discussion

The aim of this section is to take a step back and reconsider with a globa vision al the
results presented in the last two chapters. Its goa is also to explain where the difficulties
were encountered and why certain choices were made. Thisisto help people who would
be tempted to develop asimilar method, to understand our approach and possibly to avoid
some of our mistakes by choosing other paths. This will thus introduce some ideas that
will be described as future work in the next chapter of conclusions. As mentioned above,
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this section deals with the two aspects of this work: the optimisation method itself and
the BWB.

First of all let us come back to the choice of the variable-fidelity method to perform the
three-dimensional optimisations. Chapter 7 showed that the variable-fidelity method was
faster than a direct SQP method on the two-dimensional test case used. This is one of
the reason why it was chosen for the optimisations in the current chapter. However the
SQP method was also tested on the BWB problem but did not work and thus has not
been reported. The main problem encountered was robustness. The optimiser isfed with
information in the form of the objective function, the constraints and their gradients. As
soon as one of these informationswas dightly inconsistent, the SQP method failed, often
after wandering a bit trying to understand what was happening. Two main problemswere
the source of inconsistency: a divergence of the adjoint solver and some noise in the
objective function. We will come back later to the problem of divergence of the adjoint
solver. The numerical noise is mainly found for three-dimensional turbulent problems
where as already explained in thisthesis, the flow solution failsto converge properly and
stalls generally after about 3 orders of convergence. Unfortunately the design changes
during optimisation are often so small that when restarting the flow solution to assess a
new design point, the flow solver is aready in that region of stalled residua. Hence the
aerodynamic coefficients it outputs might not be very accurate and might not reflect the
design changes since the flow solution seems to have hardly evolved.

These problems come from the choice of the optimisation methodology that requires
accurate information. From the two approaches identified by Giles,[®8264 we chose the
second one i.e. a quasi-Newton method that approximates the Hessian of the problem
but thus needs accurate hence costly information. This approach is not robust to noise.
Maybe a better choice would have been to try the other approach based on a steepest
descent method that requires a lot of steps but for all these steps, the information does
not need to be very accurate and hence can be obtained at a reduced cost. This is the
approach followed by Jameson and his colleagues with their continuous adjoint solver.
Their method although based on the steepest descent, relies heavily on the smoothing of
the gradient that they perform to improve the conditioning of the optimisation process
and that greatly accel erates the optimisation convergence.?%°!

Thisleadsto the other problem encountered with an SQP method i.e. computational time.
The variable-fidelity method brings some improvement on this matter but it still requires
costly evaluations of the high-fidelity objective function and constraints and of their gra-
dients. The alternative methods presented in Section 7.3 seem to be very cheap although
their reported performance only relate to two-dimensional problemsand to the knowledge
of the author, have not been demonstrated for three-dimensional optimisations. The
steepest descent-like method of Jameson has and dueto thefact that it easily accomodates
partially converged flow and adjoint solutions, it is fast, three-dimensional optimisa-
tions being performed in afew hours.!® A better use of parallel computing by increasing
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the present efficiency on a 16-processor machine should also greatly improvethe problem.

Finally another problem encountered with an SQP method is the generation of non-
physical designs during optimisation. Putting geometrical constraints does not solve the
problem entirely nor does using a feasible method to satisfy these constraints at each
optimisation cycles. Indeed what happensisthat inside one cycle, as soon as the optimiser
knowsthe gradients, it islooking at pointsfar away fromwhereitis. Of coursetheevalua-
tion of the constraints or of the objective function at these points, shows the optimiser that
they do not bring any improvement and thusit reduces the length of the step it istaking in
that direction. These evaluations have nevertheless to be performed in the first place and
that is where problems occur. Even if the evaluations are carried out correctly at these
points, it is awaste of time since the optimiser almost aways reduces its step size to con-
sider much closer points. This problemis partly alleviated in the variable-fidelity method
by the use of the trust-region approach that forces the optimiser to look in aregion close
to the point where it is. In the low-fidelity optimisation since an SQP optimiser is still
employed, the problem can reappear though, but generally the low-fidelity model isrobust
enough to cope and is fast enough to be able to aff ord these often unnecessary evaluations.

The introduction of the variable-fidelity method improved very much on all the problems
encountered when using a direct high-fidelity SQP optimisation. Its first advantage is of
course computational time that is reduced by the use of the low-fidelity model. But the
low-fidelity model also bringsrobustness and islessnoisy sincein our case the Euler flow
and adjoint solutions always converge well. Asjust explained, the use of the trust-region
also contributes to the robustness and efficiency of the method.

L et us come back to the problem of the divergence of the adjoint solver mentioned above.
What happensis that the adjoint solver sometimes diverges for no-apparent reasons since
it works fine on very similar geometries. The problem is comparable to what happens
when the CFL number of the flow solver is too large and provokes a divergence of the
residual. Usually reducing the CFL number solves the problem for the flow solver. With
the problem of divergence of the adjoint solver, this does not help at al. To partialy fix
this problem and still output agradient in order to let the optimisation go on, thefollowing
was donein the adjoint solver: when the total residual reaches 100, whichisclearly asign
of divergence, the calculation is restarted from the beginning and only 10 iterations are
performed before calculating and outputting the gradient. Since the adjoint calculationis
started from aprevious solution, thisnormally ensuresthat the adjoint residual islow when
outputing the gradient, which should be more or less a measure of its accuracy. However
since only 10 iterations are performed from the previous solution, the gradient may be
very close to what it was before and thus the optimisation will suffer. This problem was
encountered only with the Navier-Stokes adjoint but both in two and three dimensions.
In two dimensions, this was unfrequent and did not cause major problems. It did in three
dimensions and is the main reason why Navier-Stokes optimisations of the BWB on a
fine grid are not included in thisthesis: they were attempted but did not prove successful,
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essentialy it is thought because this problem occurred. It also affected the coarse grid
Navier-Stokes optimisations that have been presented and might explain why they did
not work very well. Fortunately this did not affect the Navier-Stokes optimisation of the
ONERA M6 wing that was successful. At the time of writing, we have been made aware
of recent work!?®®! attributing such non-convergence of the adjoint solver to the presence
of complex conjugate pairs of eigenvalues of the adjoint lying outside the unit circle.
These correspond to small amplitude limit cyclesin the behaviour of the nonlinear solver,
but cause blow-up of the linearised adjoint solver. These authors showed that a physi-
cally relevant adjoint can be obtained by using GMRES to stabilise the adjoint cal cul ation.

It is indeed necessary to say that the optimisation methodology developed in this work,
although not perfect, makes it possible to perform some valuable optimisations. The first
example of thisis the Euler optimisations of the BWB that worked very well, especialy
the one with constraint on pitching moment, and proved that this tool can be used in
an industrial context to improve the design of an aircraft. However they are only Euler
optimisations and a lot of time and effort would have been wasted in developing a
Navier-Stokes adjoint solver if they were the only positive results. The Navier-Stokes
optimisation of the ONERA M6 wing proves though that this was not a waste of time
since it fully employed the capabilities of the method (fully turbulent adjoint and flow
solvers, variable-fidelity method, parallélisation of the computations, multiblock grid)
and proved successful. The fact that the M6 wing geometry and especially grid are
smple might explain why the method worked very well there and not so well on the
BWB geometry that hasamore complicated grid mainly dueto the presence of thewinglet.

Let us now discuss the optimisations of the BWB. As aready mentioned, they manage
to improve substantially the baseline geometry but alot still remains to be done. These
optimisations only did what they were realistically able to do considering their possibili-
ties: only the shape of the sections on the fuselage and the wing were allowed to change
and yet within the constraint of keeping their internal volume and more importantly
the aircraft planform. The implication of thisis obvious with what is happening on the
winglet: the strong shock wave present on the interior surface of the winglet on the
baseline geometry (see Figure 8.8) is still as strong on the optimised geometries (see
Figure 8.23 for example). Thisis not surprising since nothing was meant to correct this
in the optimisation. As already explained, modifying the winglet implies finding an
automatic way of deforming or regenerating the connection between the wing and the
winglet, which isnot atrivial task and the reason why thisis not attempted in this work.
The wave drag generated by the winglet shock wave is estimated to be of only 6 drag
counts?® sp its elimination will not solve all the problems of aerodynamic efficiency
but it does contribute to bad performance: it not only affects the flow on the winglet
itself but also interacts with the flow on the wing where some efficiency is certainly 1ost.
Improving the winglet is definitely arequirement to get a better aircraft.

The main requirement though would be to optimise the BWB planform aswell as volume
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distribution. It isindeed expected that aerodynamic performance could be restored with
such changes. However for such aircraft this no longer involves only the discipline of
aerodynamics but al the disciplines involved in the design (flight mechanics and struc-
tural analysis) and truly becomes a multidisciplinary problem. Indeed the changes carried
out in thisthesis i.e. modifying the aerofoil profiles and twist should not greatly affect
the structural part of the aircraft and its flight mechanics, at least to afirst approximation,
o this can be done in isolation as a pure aerodynamic optimisation. When changing the
planform however, al the disciplines are affected and performing an aerodynamic shape
optimisation would be meaningless without the consideration of other disciplines because
the resulting shape may not be flyable. However it is felt that a great potential existsin
optimising the planform and conversely, that not doing so limits very much the possible
improvements.

One of the lessons learnt during this work is that you need to put stringent constraints
on the optimisation problem otherwise the optimiser exploits all of the weaknesses in
your defence and goes where you do not want it to go. It might not be obvious looking
at the results presented in this work but this is the reason for introducing the constraints
on internal volumes, the bounds on admissible shape displacements and the constraint
on pitching moment for the BWB. The latter is a good example since when you are
not constraining it, the optimiser minimises drag at constant lift as you want but also
increases pitching moment, which you do not want. By constraining the problem, not
much freedom is left to the optimiser to find its path and it is highly possible that the
optimum it finds is not the true optimum in the design space available to the designer.
Hence a unique optimisation is not enough and several have to be performed sequentially
to improve the geometry step by step possibly by releasing some degrees of freedom and
constraining others or by changing the objective function. Why not indeed optimise for
minimum pitching moment at constant lift and drag and then come back to a drag minimi-
sation problem? A good example of such adesign methodology is given in Reference [9]
where a high-speed civil transport aircraft is optimised by means of dozens of successive
optimisations with alot of intervention from the designer who does not just press a button
and wait for the optimiser to do al the job. Such a methodology applied to the BWB
would certainly find someimprovementseven if only asa pure aerodynamic optimisation.

Finally the optimisations of the BWB performed in this work are only single-point
optimisations, which means that the optimisation only considers one flow condition. It
is well-known that such approach is dangerous because the optimiser will improve very
much the geometry at the flow conditions it is optimising for but the performance of
the aircraft at off-design conditions is likely to get worse. This is the same problem as
the one mentioned in the previous paragraph of not allowing too much freedom to the
optimiser. A better approach is to use multipoint optimisation!-% 91391641 \where several
design conditions are considered at the same time, a composite objective function taking
information from all the design points being minimised. Such an approach would not be
too difficult to introduce in the present methodology but it becomes very computationally
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intensive since the flow and adj oint equations haveto be solved at all the design conditions
for each design point. It is however the only approach that ensures the optimised aircraft
is globally better and not just at one design condition. Ideally a multipoint optimisation
of the BWB should thus be performed.

This terminates this section of discussion about the optimisation methodology and the
problems encountered when developing it. It also discussed the optimisation of the BWB
that isthe second important contribution of thiswork. The main lesson isthat timewasan
issue in this study because otherwise alot of directions would need to be investigated to
improve both the optimisation methodol ogy and the design of the BWB. However within
the timeframe, meaningful progress was achieved: concerning the optimisation chain, the
key achievement is undeniably the successful Navier-Stokes optimisation of the ONERA
M6 wing that employed the full capability of the method; regarding the BWB, the Euler
optimisations managed to improve the geometry, certainly as realigtically as possible
having in mind the limitations mentioned above.

This is also the end of thislong chapter. It first presented the parallelisation of the flow
and adjoint solvers performed by using OpenMP. It then described the three-dimensional
Navier-Stokes optimisation of the ONERA M6 wing. This was followed by an intensive
part dedicated to the Euler and Navier-Stokes optimisations of the BWB. The present sec-
tion of discussion ended this chapter. It is now time to end this thesis by presenting its
conclusions and by giving some advice for future work.
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Chapter 9

Conclusions

9.1 Summary of achievementsand findings

The first part of thisthesis was dedicated to the description of the optimisation chain de-
veloped inthiswork. The major task was the devel opment of the discrete adjoint solver to
calculate efficiently the gradients used by the optimiser. This was successfully completed
by verification through careful comparison between sensitivity derivatives calculated by
the adjoint solver and those calculated by a finite-difference method. Optimisations on
a two-dimensional problem proved that the chain was working but also that it was quite
computationally demanding and that it was difficult to reduce easily this computing cost.
This resulted in the adoption, for the rest of the thesis, of the variable-fidelity method of
optimisation that combines a low-fidelity model with a high-fidelity model to accelerate
the optimisation and which reduces overall computing time. This was found to be better
than doing a direct high-fidelity optimisation with a traditional optimiser. To further
reduce the computational cost, both the flow and adjoint solvers had to be parallelised
using OpenMP.

With these improvements, three-dimensional Navier-Stokes optimisations were possible.
The example that best illustratesthe capabilities of the optimisation procedure devel oped,
is the Navier-Stokes optimisation of the ONERA M6 wing. This optimisation was suc-
cessful with a 15% drag improvement at constant lift. This showed that thefirst objective
of thisthesis, i.e. to develop an aerodynamic optimisation method based on a discrete
adjoint solver for three-dimensiona Navier-Stokes flows was achieved successfully.

The other objective of this work was to apply this capability to the optimisation of a
Blended Wing-Body aircraft and this was done in the remaining of the thesis. Euler op-
timisations of a BWB geometry were performed using the variable-fidelity method. Sub-
stantial improvements were achieved in the Euler mode that were confirmed by Navier-
Stokes calculations on afine grid: an optimisation found a 9% drag improvement while
lift was maintained and the aircraft was forced to be trimmed, which was not the case for
the starting geometry. Navier-Stokes optimisations on the same geometry were less suc-
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cessful though and did not improve the aircraft performance as much as the Euler optimi-
sations. Even if some improvement was made on the starting BWB geometry, the main
conclusion of these optimisationsis that they did not manage to find an aerodynamically
efficient shapethat isthetheoretical basisof the BWB concept. However limitationsinthe
way the optimisation chain has been applied as explained in the last section of discussions
of the previous chapter, might explain why limited results are obtained. This leads usto
give some recommendations for future work asis described next.

9.2 Futurework

Having started from a CFD code, the work described in this thesis managed to develop
an optimisation method that proved to be successful on some problems but it is clearly
far from perfect and lacks some generality. Some indications on how to make it a better
tool are given here. Let us come back to Figure 1.1 and try to see what can be done for
each component of the optimisation chain.

On the optimiser side, the main task would be to test different optimisation methodol ogies.
This should involve testing a steepest descent-like method similar to what Jameson and
his colleagues are using to see if thisis more efficient. Developments of the variable-
fidelity method should also be attempted following the example of Marduel.[**3 On the
aerodynamic side, it could also be interesting to compare the present method where the
angle of incidence is a design variable governed by the optimiser and lift is a separate
constraint with a more traditional methodology where the constraint on lift isan internal
congtraint that is satisfied in the flow evaluation and does not appear in the optimisation
problem. Which isthe best? Extending the method to multipoint optimisationis certainly
necessary for realistic usage.

The shape parameterisation and the grid deformation algorithm employed in this work
performed well although with limitations. The winglet of the BWB could not be easily
optimised for example. Thisisdefinitely a point of necessary improvement. Others could
include the extension of the parameterisation to other methods and a truly multiblock
grid deformation capability in order not to limit the possible grid topologies. The pos-
sibility of parameterising afuselagein addition to awing would be avaluable contribution.

The flow solver was relatively mature when starting this work so not much may be
improved. However the paralelisation of the code using MPI would be useful to be
able to use it in parallel on any platform. Developing a capability of performing flow
solutions at constant lift coefficient rather than constant angle of incidence would also
be necessary if an optimisation method that considers the constraint on lift as an internal
constraint, was adopted. Deciding on the convergence of the flow solution based on the
convergence of its corresponding aerodynamic coefficientsinstead of the convergence of
the residual would also be a useful addition because the aerodynamic coefficients are the
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flow solution outputs that are important to the optimisation. This could also bring some
large computational savings since the flow solver would do just the necessary amount of
iterations.

The main task concerning the adjoint solver is to investigate the problem of divergence
described in Section 8.4. Thisisthought to be the main cause for the optimisation failures
encountered in thiswork and that limited its extent. Solving this should make the method
more robust and applicable to a wider range of problems. Like for the flow solver, the
parallelisation of the adjoint code with MPI would be useful to broaden the type of
platforms on which the optimisation chain can be run. Controlling the convergence
of the adjoint solver by looking at the evolution of the gradient it calculates (the only
quantity that mattersfor the optimisation), could also save some computing time. Finally
implementing in the adjoint solver the two-equation turbulence models that already exist
in the flow solver, would extend the applicability of the method to other types of flows.
Thiswould also eliminate the grid topol ogy requirementsimposed by the Bal dwin-Lomax
model athough the cost of optimisation would be greatly increased in three-dimensions.

If some of the points mentioned above were performed, a more valuable optimisation of
the BWB could be attempted. This would include optimising the winglet as a first task
and then performing multipoint optimisations as already explained in Section 8.4. Also as
mentioned in that section, modifying the planform of the BWB would be useful if some
coupling with structural analysis and flight mechanics, even with smplified models of
these, was developed in order to generate a flyable aircraft. This coupling would aso be
interesting for the current optimisations or at least an aposteriori check to see what impact
the aerodynamic optimisation has on other disciplines.

9.3 Pergpectives

The author believes that the two subjects of this thesis, i.e. aerodynamic optimisation
and the Blended Wing-Body, are each promised a great future on their own. First the
BWB: according to the Boeing study,!?* this is the aircraft of the future due to the
reduction in fuel burned it brings over conventional designs. Only public acceptance and
economic/political reasonswill decide if such an aircraft ever flies.

Aerodynamic optimisation is not limited by these factors and is highly likely to develop
even morethan it istoday. The recent work by Martins, Reuther and Alonso!®”2%"1 pushes
anew frontier: they are coupling a high-fidelity flow solver to a high-fidelity structural
analysis codeto perform the high-fidelity multidisciplinary optimisation of aflexiblewing
using an adjoint solver. Likewise, Nadarajah and Jameson(?% have recently opened anew
field by developing an adjoint-based shape optimisation method for unsteady flows. This
isgoing one step further than the harmonic adjoint of References[10,11] and is promised
a great future for helicopter aerodynamics and turbomachinery. Finally looking further
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ahead, when considering the future concept envisioned by NASA of amorphingwing air-
craftl?8d that constantly modifies the shape of its wing according to what it wants to do,
it is not impossible to think that one day, real-time aerodynamic shape optimisation will
exist as an onboard system.
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Appendix A

L inearisation of the boundary

conditions
Let us denote P = (p w v w p )" the vector of primitive variables and
P = (p U V W p) the same vector but this time with the velocity calcu-

lated in the body fitted transformed coordinates. For all the boundary conditions detailed
in Section 5.6.3, this appendix gives the matrix 0P used in MERLIN and the additional

P P oP:
8PZ and gP: used in the adjoint solver.

matrices

. OP,
A.1 Calculation of —
OP5

A.1.1 Inviscid wall boundary condition

From equation (5.20) it iseasy to calculate:

0P, _ 0P,
aPQ B 8?1

P,
0P,

(A1)

OO OO~
o O O

OO = OO
O = O OO
_— o O O O
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266 A. Linearisation of the boundary conditions

A.1.2 Viscouswall boundary condition

The linearisation of equation (5.21) gives

1 0 0 0 0
0 =1 0 0 0

gglz 0 0 -1 0 0
2 0 0 0 —1 0
00 0 0 1

A.1.3 Symmetry boundary condition

Since mathematically the symmetry boundary condition is identical to the inviscid wall
boundary condition, the linearisation of thisformer is the same as equation (A.1).

A.1.4 Supersonicinflow boundary condition

In the case of supersonicinflow boundary, the flow valuein the halo cells does not depend
on what happens inside the domain hence

P,
A.1.5 Supersonic outflow boundary condition

In subsection 5.6.3.5, it was explained that in the case of a supersonic outflow boundary,
the flow valuein cell 2 inside the domain isdirectly copied to thefirst halo cell 1 hence

oP,
=1 A3
P, (A.3)

where I isthe identity matrix.

A.1.6 Farfield boundary condition

Since the farfield boundary condition is the most complicated boundary condition pre-
sented in section 5.6.3, its linearisation is not as simple as for the other boundary con-
ditions. However a careful application of the chain rule of differentiation, with the same
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0P,
notation as in subsection 5.6.3.6, gives for a subsonic boundary:
- Poaz YPb52 Pb
-+ flag————7— —— 0
2(y — appa lag (7 = 1)sop 2a
ag
oP, 0P, 2y — 1)p, 2 0
oP, P, 0 0 flag
0 0 0 flag
Prapls YPbS2 Pras
——————+ fla - 0
L 2(y = 1)p2 Jlag (7 = Dsepz 2
Prad —fla PrS2 7
2(’)/ - 1)%]?2 ; (’)/ — 1)pr2
"2
— (A4
0
Prapds Pv52
————— — flag.
2(y = 1)p2 (v = Dssp2
where flag — 1 for outflow boundary
9= 0 forinflow boundary
For a supersonic boundary, either equation (A.2) or (A.3) isused.

A.1.7 Interfaceboundary condition

In the case of an interface boundary, the flow value in the halo cell of one block does not
depend on what happens inside this same block hence the linearisation (A.2) has to be
employed. Thisisonly used in MERLIN, in the adjoint solver amore accurate treatment

of this boundary condition is employed.

. 0P,
A.2 Calculation of —
OP5

According to the details given in section 5.6.3

p. =0
for the following boundary conditions:

¢ Inviscid wall boundary condition

¢ Viscouswall boundary condition

¢ Symmetry boundary condition



268 A. Linearisation of the boundary conditions

¢ Supersonic inflow boundary condition
¢ Supersonic outflow boundary condition

For afarfield boundary condition,

%—2xﬁ_l
oP, 0P,

where P isgiven by equation (A.4).
0P,

. oP,
A.3 Calculation of —
0P,

For an inviscid wall boundary condition and a symmetry boundary condition, the lineari-
sation of equation (5.20) gives

dP, 0P,
aPB B 8?0

Q
&l

[enBN el el e N
OO = OO
O = O OO
— O O o O

QO

g

w

o OO

For aviscouswall boundary conditions, equation (5.21) smply gives

1 0 0 0 0
0 -1 0 0 0

oP
a—POZ 0 0 —1 0 0
3 00 0 —10
00 0 0 1

According to the details given in section 5.6.3

JdP,
=0
0P,

for the following boundary conditions:
¢ Supersonic inflow boundary condition
¢ Supersonic outflow boundary condition

¢ Farfield boundary condition



