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Abstract

This work presents a framework for the optimisation of dartspects of a BERP-like rotor blade in forward ight while
constraining hover performance. The proposed method gmmpldigh- delity ef cient CFD technique that uses the Hamimo
Balance method in conjunction with arti cial neural netlker{ANNSs) as metamodels, and genetic algorithms (GAs) ftinop
sation. The approach has been previously demonstrateafoiptimisation of linear twist of rotors in hover (steadgepand the
optimisation of rotor sections in forward ight (unsteadgse), transonic aerofoils, wing and rotor tip planformsthie paper, a
parameterisation technique was de ned for the BERP-literrtip and three of the parameters were optimised in forwigtd.

A speci ¢ objective function was created using the initidFl@ data and the metamodel was used for evaluating the olgecti
function during the optimisation using the GAs. The obtdimesults suggest optima in agreement with engineeringtioru

but provide precise information about the shape of the ifihg surface and its performance. The results were cliclsing
different optimisation methods and were not sensitive ¢oetimployed techniques with substantial overlap betweeattpits of

the selected methods. The main CPU cost was associatecheiiopulation of the CFD database necessary for the metdamode
using a full factorial method and even that was reduced withuise of the Harmonic Balance method.

1 INTRODUCTION to the minimisation of blade area and overall, there were no
penalties in hover performance. At high speeds, vibration

The BERP tip was designed for high speed forward ight Was also reduced as well as control loads for manoeuvres [3] .
without compromising hover [11]. The problems associated

with this ight regime, is that the effects of compressityili In terms of optimisation methods, a non-gradient method was
such as transonic ow and shockwaves become signi cant selected since these methods are not trapped in local optima
especially on the advancing blade. Typically, thin aefsfoi @nd the design space is expected to be highly uneven with
are used but these tend to stall more easily at the high angleots of local optima. Genetic Algorithms (GAs) is a popular
of attack which occur on the retreating side. The rst step in Method that ts in this category. It simulate the evolutiona
the design of the BERP was the aerofoil selection. The aero-Process involved in natural selection i.e. that an initiapyp-

foils were selected such that thinner sections could betased !ation exists from which newer generations are created wit
enable higher forward ight speeds. Camber was introduced 8ch new generation increasing in * tness’ by the processes
to improve the stall capability of the blade on the retreptin Of crossover and mutation within the individuals.

side. However, with camber, come increased pitching mo- The problem with such a method is the computational cost in
ments that were alleviated by using an aerofoil that cosnter determining new points. Therefore these methods tend to be
the pitching moment inboards i.e. one with re ex. This re- used for steady state or smaller design optimisations. Exam
sulting blade behaves well in terms of control requirements Ples can be found in the following references [1, 19, 24, 26].
and twist loads [18]. In some cases, a combination of gradient and non-gradient
The planform was then optimised to reduce high Mach num- methods are used to reduce the computational cost but have
ber effects by rst sweeping the tip of the blade back. This & global method. For example, Poloni et al. [16] used a hy-
moved the aerodynamic centre of the swept part backwardrid GA and gradient-based method along with an ANN to
causing control problems in the pitch axis. To counteract OPtimise the keel of a yacht for high lift and low drag, pa-
this, the swept part was translated forward which introduce rameterised by Bézier curves. Dulikravich et al. [7] alsedis

a notch on the leading edge of the blade. The notch corner® hybrid method that combined a number of optimisation
were smoothed to avoid ow separation. A “delta” tip was technigues including Genetic Algorithms, Simulated Arinea

also incorporated so that a stable vortex formed at higher an iNg methods, gradient methods and the Nelder-Mead simplex
gles of attack on the retreating side to delay stall [3] . method (NM) to create a more robust optimiser. The method

switches between these techniques where they work best; for

Some of the bene cial characteristics of the blade are that ©xample the gradient method is employed when the variance
the blade stall occurs rst inboards of the notch and does from the GAs output is small and the NM method is used
not spread outwards. This is because at high angles of atwhen the random behaviour of the GA is prevalent.

tack, such as at the retreating side, the vortex formedIsave

around the leading edge and the ow over the swept part re-Régnier et al. [17] state that there are three classi cation
mains attached. The BERP blade shows similar performance®f non-gradient based optimisation viz., _

to a standard rotor blade at low speed ight, but superior - APriori - Decide and Search: the decision maker decides
performance in forward ight due to the absence of drag rise what is required and the solution is found e.g. the use of a
and ow separation [3]. In hover, the FM was improved due weighting system. Only one Pareto solution is found.



- Progressive and Sequential - Decide and Search: Optimi-performance. It was found that kriging and ANN were two of
sation and decision-maker are intertwined. The preference the most accurate methods.

are sequentially updated. Multiple runs are required taiobt

Pareto solution. The aim of the current work is to quantify the improvements
- Aposteriori - Search and Decide: A single optimisation run that a BERP-like tip can have on a typical high speed forward
provides a set of solutions that the decider can choose fromying rotor. Such rotors tend to have swept tips and thin
e.g. Genetic Algorithms (EAS). sections outboards on the rotor. The base rotor selected her
The last one is of particular interest to this project sirré is made of two sections, the HH-02 and the NACA 64A-006
is no target performance required. Rather, the best desigrat the tip and has a sweep of 20 degrees initiated at r/R =
within the constraints on performance is required. Both the 0.92. It has an AR of approximately 13.7 and linear twist of
weighted sum and the Pareto method were used. The advan®9 degrees. The optimisation was carried out primarily for
tage of using a weighted sum is that it selects a small regionforward ight, although hover conditions were also analyse

in the database where the optimum can be found. The desigrand constrained. The optimisation method used is based on
variables do not change much in this area. However, this re-a Genetic Algorithm (GA) coupled with a Neural Network
duces the exibility of nding another such region unleseth metamodel (ANN). This evolutionary type optimisation tech
weights are changed. Therefore the Pareto method is used taique ensures a higher probability of obtaining the global
nd the best compromise of the performance parameters andoptimum compared to its gradient-based counterpart [14].
typically, the results of the weighted sum method should lie The ef ciency lost in using this method is regained by use
somewhere on the Pareto front [4]. The advantages of usingof the metamodel. The Neural Network method was selected
a Pareto method is that it allows the designer to be able to se&lue to its accuracy, robustness and ef ciency. More detdils
the best compromise before making the decision. However,the ANN used and the effect of the number of layers, neurons
this can still be a dif cult task if the number of design vari- and outputs can be found in reference®[21]. Kriging was
ables is high and if the properties of the Pareto subset dre noalso coded and used to compare and produced similar results.
properly analysed. More information about this can be found All the codes used, were built in house and more details about
in the paper by Daskilewicz and German [6] . Much research them can be found in reference [?, ?] that cover rotor adrofoi
has been carried out in developing and comparing variousoptimisation and the UH60-A blade optimisation.
evolutionary optimisation techniques and can be foundén th

following literature [10, 20, 23].

One way of overcoming the computational load, is to use

metamodels such as Neural Networks and kriging techniques.

For example, in Zhao [27], the optimisation of turbines is pe

formed using a neural network trained model and a GA. The 2 NUMERICAL METHODS

original data was obtained using a NS solver. Bézier curves

were used to de ne the geometry and their control points were

used as design parameters. In Imiela's work [12], he used a ) ] )
genetic algorithm to optimise the rotor and the MATLAB 'he time-marching method, even when parallel computing
DACE kriging toolbox as a metamodel. Hover and forward IS Used, can take days of clock time for a rotor to be fully
ight were both considered whilst constraining structural @nalysed. Another technique that can be used to obtain the
integrity within boundaries. A number of optimisation aigo  Performance of the rotors to the same accuracy (provided a
rithms were tested - CONGRA, a conjugate-gradient basegsSuf cient number of m(_)des is used_), is the Harmonic Balance
method (works by using gradients as well as nding new Method (HB) [25]. With HB, the time taken to perform the
search directions based on former iterations), SUBPLEX, aSame calculation can be about an order of magnitude less than
non-gradient based method and EGO, which uses a metath® time taken using time-marching. This greatly improves
model in a GA. The conclusions were that CONGRA does the ef ciency of the optimisation process, making it a more
not reach the optimum fast enough, and was dependent ofy'sable t_echmque in the rotor design. The_ method is demon-
the step size. SUBPLEX struggled with the tip optimisation, strated in this paper, and the results obtained use four snode

almost producing a rectangular blade which may be due toresulting in ow snapshots at every 10 degrees of azimuth for
issues with accuracy. EGO was the most ef cient and the @ 4-bladed rotor. The method has been shown to give results

least-error prone. of similar accuracy to time marching methods in Woodgate
Kriging and ANNs are popular methods used due to their and Barakos [25]. A brief summary of the method is given in

versatility and accuracy. Glaz et al. [8, 9] are in favour of thiS paragraph.

such methods but suggested that since no single metamodel . ) )

is generically the best, it may be useful to use a combinationHB represents the governing equations in the frequency do-
of metamodels instead. Celi [5] also mentioned that the “con Main. Therefore, if Eqhl1 represents the governing equstion
nection between predictions and accuracy of the optinaisati  WhereQ(t) is the solution an®(t) is the residual; these are
may be more subtle than appears at rst glance.” Also in the 8SSumed to be periodic.

work done by Liu et al. [13], it was shown that for more com-

plicated cases, kriging out-performs other methods. Matce

and Peter [15] compared four different metamodels for their F () = dQ(t)
Tt

+R(t)=0 1)



Then, expressing the solution as a Fourier series with a xed
number of moded\y :

N
Q) = Qo+  Qccos(int )+ Qssin (Int) ;(2)
n=1
Nn
R(t) = Ro+ Rccos(Int )+ Rssin (Int ) : (3)
n=1
Nn
F(t) = Fo+ Fecos(Int )+ Fssin (Int ) (4)
n=1
A Fourier transform of Eqhl4 gives
| Z 2=l
Fo = > F(t)dt = R, (5)
(0]
Z,
Fo = — F(t)cogwnt)dt = In QsRe  (6)
0
| Z 2=
Fs = — F(t)sin(wnt)dt= In Q.Rs (7)
[0}
This gives a system of equatidhr equations, wherdlt =
2Ny +1, for the Fourier series coef cients:
R, = O (8)
In QsR¢ 0 )
nORs = 0O (10)
This is expressed in matrix form as:
IM QO+ R=0 (11)
where MisarNt Nt matrix.

Eqn[I1 can then be solved by applying pseudo time step-
ping with implicit and explicit integration and the apprae
turbulence models etc. [25]. The time marching method o
HMB can be found in references Steijl et al. [2,22].

f

3 PARAMETERISATION TECHNIQUE

This parameterisation technique allows for the followirgg d
sign features to vary: (i) the sweep angle, (ii) the gradagnt
the BERP notch, (iii) the spanwise position of the notch. To
do this, both the leading and trailing edges of the BERP tip
are modi ed. Referring to Figurgl 2, the leading edge is de-
ned by three equations and the trailing edge by two.
For the leading edge, the rst part is de ned by a sigmoid
curve that represents the notch region. The sigmoid equatio
is given as:

y
1+ e 9(x Xo*

y= =3 (12)
where vy is the notch height i.e. the notch length in the
chord-wise direction, x is the total width of the notch i.e.
the notch length in the span-wise directignis the gradient
of the notch and, is where the notch starts from. The x

coordinate of the notch maximum is de ned by the user and

The second part is used to de ne the sweep. It represents
the part of the leading edge after the notch as a parabola:
y= ax xi1)®+ Y+ Yag (13)

wherea is the gradient of the parabola used to alter the sweep,
X1 corresponds to the notch end and the beginning of sweep,

y is the notch height anghqq is an additional y offset value
to ensure that the y ordinate of the parabola starts at the sam
position as the notch height. The valueygfiy is computed

automatically, onc&; and y are known.

The third part describes the delta tip which joins to thditrgi
edge. Itis represented as a polynomial of order 2.5:

tKX_,_CZ:S 0

y= y (14)
wherebis the gradient of the delta tig,is the centre where
the gradient of the curve becomes 0 (used to match the gra-
dient of the curve to the previous parabola) ang® is the
additional y displacement required to match the curve to the

previous parabolic curve. See Figlie 2.

The two parameterg) anda can be changed independently
and the rest of the parameters appearing in the equations are
automatically adjusted so that the curves match at the point
and the gradient level. These are the values &f Y0 c.

The initial x co-ordinatex, is modi ed with the gradient of

the parabola so that the tip point occurs at the same place for
a required sweep. This is why for different notch positions,
different sweep parameters are used to obtain the same sweep
distribution. The gradierttis dependent on the trailing edge
curve as well. Therefore the trailing edge must be deterchine
rst. The gradient of the trailing edge curve can also be
modi ed independently of the sweep gradient of the leading
edge. This allows the tip point of the blade to move in the
y-direction which inherently modi es the chord distriboiti

as well.

The trailing edge is de ned rst by a linear curve that has
the same gradient as the leading edge sweep parabola or a
scaled value of it, if required, and then by a polynomial of
order 3.5 that is matched to the point and gradient of the
sweep curve that comes before. The trailing edge curve must
be speci ed before hand, as the tip point is required to nd
the gradient of the delta polynomial so that the leading and
trailing edge curves meet at a single point. So the rst curve
for the trailing edge is given as

y= alx X))+ Y+ Yaddre (15)
And the latter part of the trailing edge is given by
y= bre(x+cre)®® ¥y (16)

where all the values and constants correspond to the gailin
edge parameters except for the sweep paranetehich is
exactly the same as the leading edge sweep. The gradient of
the trailing edge can be increased or decreased relatireto t

is kept constant except when the notch position needs to bdeading edge sweep gradient by scaling it with a factor. Fig-

varied. Theg value is varied to change the gradient.

ure[3 show the examples used to build the design space for

the optimisation.



4 GRID AND GEOMETRY GENERATION speed of approximately 220m/s at ISA sea level conditions.
The chord of the blade was 1.75 ft, therefore the Reynolds

Figure[3 shows how a swept rotor tip can be transformed number was approximately 8 million. The weight of the air-
into a BERP-like tip and the effect of varying the parame- craft was approximated by assuming a pressure altitude of 0
ters. The base rotor is made up of two sections - the HH-02ft, a free-air temperature of 20C, a wheel-height of 80 ft
inboard (up to r/R = 0.92) and the NACA 64A-006 at the to ensure out-of-grounds operations and a torque factor of 1
tip (/R = 1). The aerofoil is linearly blended towards this with 100% rpm. The weight capability at these conditions is
latter section. This rotor has a rectangular tip swept back b approximately 20,000 Ib. This results in & 6f 0.018 based
20 degrees, shown in Figuré 4. When the BERP planform isgon a rotor radius of 24 ft.
applied to this tip, the non-linear variation of the chordame
that the thickness changes non-linearly as well. To maintai Cr = T - 9000 9:81
the thickness so that it decreases linearly, from 9.6%Kthic 1=2A( R?) 05 1225 (7:39) 22C¢
ness of the HH-02) to 6% (thickness of the NACA 64A-006), ) N . (18)
sections are cut from the base rotor such that when they ard ©r forward ight, the conditions are for high speed at reaso

scaled to the chord length required, they have the thicknesgPle thrust level. Therefore, the advance ratic; 0.34, G
value that satis es the linear variation. The problem with = 0-0122. This was obtained from typical maximum speed,

this method is that the point of maximum thickness for each Minimum thrust for that speed based on empty weight + 20%

of these sections varies non-linearly and therefore théebla ©F @bout 6.2 tonnes.

surface appears to be bumpy. To overcome this, the notch

section is blended from the HH-02 to a NACA-64A section

of the appropriate thickness and then the rest of the tipils bu 6 HOVER RESULTS
with NACA-64A sections of the required thickness so that at

the tip, th_e thickness IS 6%' . The objective for this case, was to obtain a high FM over a
A”f’thef issue that arises is that the HH-02 aer_ofc_nl has a tabyige thrust setting. Therefore the FM over a range of thrusts
whilst the NACA 64A-006 does not. So a tab is introduced o5 ohtained for the original rotor and a BERP variant. Fégur
for the NACAG4A and is kept constant till the tip, where 1 pqys the comparison of these blades for increaSing .

the tip is rounded off. The tab is introduced by cutting the ¢ gERP rotor with the same twist and anhedral has a better
aerofoil curves at about 20% from the trailing edge and then ty ot 10w thrust, but at higher thrust values, its performanc
rotating the latter part of the curves in the longitudinailax drops to below that of the original rotor. With a higher twist

of the blade so that it adds the required thickness for the tab o 1a of the performance of the original rotor is redeemed and
The curve is then blended by point, tangent and radius t0 theé;i an anhedral of 20 degrees implemented, an improved ro-
main part of the curve to remove any kinks. tor in hover is obtained.

Also, t,he tW',St IS rgmoved frqm where the BERP_t'p peglns, The reason for this performance trend is that for the BERP ro-
to avoid having a dihedral trailing edge as shown in Figlire 5. tor, the loading of the blade increases steeply where theF BER
The trailing edge point is kept at a constant z-value and eaChsection starts as can be seen in Fidire 8. Also the loading in-
section is twisted so that its chord line (not necessardly it 4.4 is lower than the original rotor. With increasingsii
quarter chord point) intersects (or its extension intesjabe the inboard loading is increased which improves the FM. The
reference pitch axis. This prevents dihedral from occgerin anhedral, reduces the outboard loading and thus the perfor-

mance of the BERP blade matches the original rotor blade.
A number of ICEM replay les are used to automate these

steps, but some manual intervention is required in theioreat
of these grids. 7 FORWARD FLIGHT RESULTS

=0:018

4.1 Tip Anhedral The original BERP rotor used aerofoils speci cally designe
for its overall performance [3]. However, the optimisation
The tip anhedral is implemented as follows. Let's assume tha here only changes the planform while using generic aerofoil
10 degrees of anhedral is to be implemented starting from thesections. To compare the effect of the aerofoil on the plan-
station r/R = 0.918 to the tip. Then, for each station in be- form, steady ow 2D results were obtained at a number of
tween these two stations (/R = 0.918 and r/R = 1.0), theresections and azimuths and compared to the ow of the sec-
will be a z distance by which that section should be trans- tion on the blade at the same conditions. This was done by

lated downwards (Figufd 6) which is found as: obtaining the section at the rotor and running as a steady 2D
aerofoil to obtain the same lift coef cient at the same Mach
z= Xxtan 17) and Reynolds conditions experienced on the rotor. In this wa

i . the downwash angle can be estimated as well even with some
Once each station has been translated, then the stations are ution since 3D effects are not included.

joined by curves and surfaces are created. Figure[® shows the comparison of the aerofoil with the rotor
section at r/R = 0.75 at 4 azimuth angles. It can be seen that
5 FLIGHT CONDITIONS the 3-dimensional effects on the rotor section play an impor

tant role in reducing the geometric angle via the downwash
The hover ight conditions for the blade were based on a ro- increment. The aerofoils also have large pitching moments
tor tip Mach number of 0.65 which was assumed from a tip especially more outboards on the retreating side as shown in



Figure[I0 andD1. This shows the importance of selecting7.2 Effect of Notch Offset
good aerofoils for a BERP-like rotor and hence why much ef-
fort was put in to selecting the RAE aerofoils for the actual
BERP rotor. A dM/dt optimisation similar to the one dis-

cussed in [?] prior to the planform optimisation would have

likely produced a better rotor. However, regardless of the r ) : . .
tor sections, these aerofoils have been used in rotorandft a &S Shown in Tablel3. The effect of this parameter is to amplify

this case only serves to highlight the planform optimisatio the effect of the sweep parameter. For example, the rdalistri

The high suction peaks of Figurgs| 10 11 at 190 and 28dion of lift so that it is reduced at the back and increaseteat t
degrees of azimuth show the limitation of the employed aero- TONt caused by sweep is larger in magnitude when the notch

foils since they are pushed to high lift and high suction peak starts more inboard. _The same can be seen_for momentin Fig-
ure[13 where the region on the edge of the disk where moment

is higher is thinner for the more outboard notch. For torque,
the general trend is an increase with radial position. Where
the notch occurs there is a drop in torque and then a continued

Table[2 shows the effect of sweep on the performance paramincrease followed by another drop where the anhedral occurs
eters of the BERP rotor. There is considerable loss in thrustWith @ more outboard notch, the torque continues to rise prio
with increased sweep. Therefore, for all cases shown, thet0 reaching the notch for longer, therefore the latter pért o
rotor was trimmed to give the same thrust of approximately the curve is higher. This can be seen in Fidure 14 where the
Cr= = 0:09. These results comparing the effect of sweep value of the reduced region at the notch is not as low when
are shown in Figurds_12=114 for the results with the highest the notch is more outboard. Also, the torque further out from
notch gradient and the most inboard and outboard notch po_the notch is higherfor the rotor with the more outboard notch
sitions. With more sweep, it can be seen that the distributio More inboards, on the advancing side, a decrease in torque is
of the lifting load is reduced at the back and outboards on theobserved over a larger region and this brings the total value
advancing side, and is increased at the front of the disk andf the torque down as shown in Table 3. Figlure 17 shows that
more inboards on the advancing side. The load is also dis-the total torque on the blade is most affected by notch puwsiti
tributed more inboards in the spanwise direction at themotc 0N the retreating side.
for the blade with a more inboard notch. The table[B also shows that the peak-to-peak moment de-
The pitching moment is mostly negative on the advancing creases (also seen in Figlré 16) but the absolute average mo-
side and mostly positive on the retreating side. Withinsega ~ Mentover a full revolution increases, the further outbdhed
sweep, the magnitude of the moment increases (Figdre 15)M0tchis.
since the moment is calculated about the pitch axis. Also as
Witth M?2C,, a more inboard notch spreads the moment peaks7_3 Effect of Notch Gradient
out.
The torque distribution shows a drop iy@here the notch  Figure[18 compares the performance of different notch gra-
of blade is. @ is highest at the back of the disk and lowest dients. The notch gradient has a smaller in uence on the
at the tip in the advancing side. These extremes increase irdesign than the other parameters tested. The difference in
magnitude with more sweep. Overall, on the advancing side,the lift and moment distribution do not change much. With a
the torque reduces with increased sweep and on the regeatinhigher notch gradient, there is a slight increase in théapite
side reaches maximum value. Figliré 15 shows a 3D view ofmoment, evident from Tabl€ 4 where the average moment is
the load distributions comparing low and highly swept blade slightly higher and the peak-to-peak value is lower, sugges
tips for the most inboard and outboard notch BERP-like tips. ing that a higher notch gradient provides better perforraanc
The torque distribution shows that the effect of sweep is in- The torque is not affected much at low sweep, but at higher
creased when the notch is more outboard. The advantagesweep, notch gradient has slightly more in uence on the
of high sweep on the advancing side and low sweep on thetorque as shown in Tablé 4 and Figliré 18.
retreating side is also shown. The moment distribution has
similarities to the torque distribution and its magnitude i FiguredIP anf 20 show the integrated loads of pitching mo-
much higher at the front and back for the more swept tips. ment and torque over the blade during one revolution for
The lifting load distributions differ much less than the@th  varying design parameters. The peak-to-peak moment value
performance parameters. reduces with further outboard notch positions and the aeera
moment tends to be more centred around zero when sweep is
Figure[16 compares the blade loads at 4 azimuth positionshigher. The torque seems to be mostly affected by sweep and
and shows the effect of sweep at each location. As can beon the advancing and retreating side. The torque is reduced
seen, high sweep of oads the tip at the back of the disk and more on the advancing side than the increase on the refgeatin
increases it at the front. On the advancing side, lift is main side. This is because it alleviates the compressibilitga§.
tained till just after the notch, where the highly swept lelad On the retreating side, the differences are more subtles Thi
loses lift quickly. The torque is low for higher sweep for data suggests that a highly swept blade would be optimal.
most of the blade. At the tip, after the notch region, however Having a higher notch gradient would also improve the mo-
it increases rapidly. The pitching moment follows a similar ments and having a notch more inboards would amplify the
pattern although the sweep does not have much of an effeceffects of the sweep. The quantities of the design parameter
inboards. that make up the optimum design are obtained in the next

Figure[12 {14 also compare the loads when the BERP area of
the blade is increased i.e. when the notch is more inboards.
Again, these are trimmed results although not much variatio
with notch position occurs in thrust with or without trimngin

7.1 Tip Sweep Effects



section. be seen that the optimised one spreads the loading at the tip
over more of the span. Therefore, overall, the optimiseddla
has better performance than the baseline blade espeaially i
terms of moment where the average pitching moment was
reduced to approximately a fth of the baseline designs.

8 PLANFORM OPTIMISATION

The original population obtained from the CFD results con-
tained 27 points. The design parameters selected were the
average pitching moment (G, ,), peak-to-peak pitching mo- 9 SUMMARY AND CONCLUSIONS
ment ( Cy,) and the torque coef cient (. The objective
function weights were determined such that on average, eaclThis paper describes the optimisation of a BERP-like rotor
of these parameters had the same in uence. This was deterplanform. The optimisation technique is based on a genetic
mined using the data from the original population which was algorithm that uses predictions from an Arti cial Neural Ne
obtained using the high- delity CFD solver. Firsteach desi  work that has been trained using high- delity CFD data from
was scaled with the baseline design case. The baseline castae HMB solver. The optimisation was carried out for for-
chosen was the BERP most similar to the typical fast ying ward ight while constraining hover performance by modify-
rotor as shown in Figure21. The parameters for it are NE ing twist and anhedral in hover. A parameterisation method
=12, NG = 25, SW = 0.25. The average ratio oG to was de ned to modify the sweep, the notch gradient and the
Cm was found to be 2.7893:1 and the average ratio 6f, notch position of the BERP-like tip. A full factorial method
to Gy was found to be 0.9548:1. Therefore the ratio af,( was used to obtain the sample space, which contained 27
to Cqyto Cyis obtained as: 2.6634 : 0.9548 : 1.0000. The design points. The objective was to improve the compress-
weight for G, was then calculated as: ibility effects on the advancing side of the rotor and thél sta
26634 performance in the retreating side. This objective was cap-
0= 5 — =0:5767 (19) tured using the average pitching moment of the peak-to-peak
2:6634 +0:9548 + 1 o ; ;
pitching moment of the rotor over a full revolution. In addi-
Hence the weight of ,,, and Cy, are given as: tion torque was optimised for and constrained. All the rissul
were trimmed to the same thrust. The outcome was a substan-
Wen,,, = 0:576~2:6634 = 0:2165 (20) tially improved pitching moment performance with slightly
W ¢, =0:57670:9548 = 0:6040 (21) reduced torque for the same thrust as the baseline design.

. . This was obtained using high sweep and notch gradients with
C, was also used as a constraint. Since the rotors Wer&, - otch position at approximately I/R = 0.86. Hover perfor
trimmed to a G/ = 0.09, G/ did not need to be con- T

. mance was not compromised.
strained.

From this data, it was determined that the most in uential . . .
. The time required to obtain all the data was reduced by
design parameter was the sweep, followed by the notch po-

o . . ing the Harmonic Balance method in parallel. With th
sition and then the gradient. ANNs were trained for each of using t € rarmonic baiance ethod n parafe’. | .t the

- Harmonic Balance method, the clock time for obtaining the
the performance parameters as shown in Fifute 22. Thes

: . FD data is reduced by an order of magnitude. Using the
parameters were used to nd the optimum blade using a GA : .
: . N HB, each calculation took approximately 3/4 of a day when
which was compare with the Pareto front shown in Figures

started from a previous solution, whereas for the same case
23 tolZ5. P

. . . - . with TM, for two revolutions so that the data is periodic,
The comparison of the optimum with the original baseline would take approximately a week of clock time. The azimuth
blade is shown in Tablgl 5 for the trimmed rotors. A much PP y ’

better avg MC,, was obtained and also a slightly better resolution for the H.B was every 1.0 (_Jleg_rees. This makes the
5 . g method more practical to rotor optimisation on forward tgh
M<Cy. The performance of the resulting optimum rela-

five to the baseline design is shown in Figurel26, 27and 28'The ANN predictions were quite accurate. The error con-

The black line indicates the contour line of the baseline de- . .

sign and the red is the optimum blade design. On the moment\/ergencg was se_t to_ 0.01 anq the maximum error in the over-
' all combined objective function between the CFD data and

the ANN predictions was 2.7% which was for a design that

had a 16% change in design parameters. This shows that the

. . . ANN wi reliable metamodel. The overall optimisation w
be seen for the torque plot. Figlrd 28 shows the difference in. . asareliable etan ode e overall optimisation was
limited to the aerodynamic performance of various planform

the objective function components between the optimum anddesigns and did not include rotor section optimisation
the baseline design. For the regions of higher OFV, the areas '
enclosed by red are larger showing that the optimised bIadeF

. : s uture work on this method includes optimising the rotor
increases the area where performance is good and vice versa_ . Lo .

Sections as well as the planform, possibly including thefus
for areas of poorer performance.

lage in the optimisation to reduce the effective downwash on
Gthe fuselage aerodynamics.

Wc

of lower moment especially on the retreating side but also on
the outboard region of the advancing side. A similar trend ca

The hover performance of the optimum blade was measure
and compared to t_he baseline in Tefjle 5. The r_esults were Ob:é\cknowledgements:Catherine Johnson is sponsored by the
tained at a collective of 13 degrees. Thg Cis slightly less ORSAS award from the University of Liverpool

than the baseline design mostly due to the added solidity, bu '

the FM obtained was higher. Figurel29 compares thei€-

tribution for the BERP reference and optimised blade. It can
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r/R =0.750

Azimuth (deg) | rotor geometric angle 2D incidence for| “downwash” (deg), A -B
(deg), A same G (deg), B

10 13.8571 5.40 8.46

100 15.6783 3.07 15.61

190 12.1430 7.00 5.14

280 17.0265 8.80 8.23

'R = 0.862

Azimuth (deg)| rotor (deg) aerofoil (deg) downwash (deg)

10 22.6805 4.80 17.88

100 14.6000 1.03 13.57

190 10.3370 4.30 6.04

280 15.8830 6.80 9.08

MR =0.918

Azimuth (deg)| rotor (deg) aerofoil (deg) downwash (deg)

10 10.108 2.30 7.81

100 9.1738 0.55 8.62

190 8.3903 3.80 4.59

280 10.916 6.15 4.77

Table 1: Table showing the effective downwash angle at 3 stationheBERP-like blade; before the notch, in the middle of thehamnd
after the notch. Figur€s 9[fal11 correspond to this data. rRetdads for the rotor section pitch angle (A), aerofoil foe equivalent g aerofoil
angle (B) and “downwash” is the difference between A and B.

NE [ NG| SWEEP| Ci/ [ Cq | avgMCy | MZCy
After trimming

11.75| 28 | 0.09 0.0905| 0.000192| -0.00253 | 0.01030
11.75] 28 | 0.13 0.0900| 0.000191| -0.00164 | 0.01029
11.75| 28 | 0.21 0.0899| 0.000186| -0.00020 | 0.01115

Table 2: Sweep effects on performance comparison. NE is the notatiggpparameter and NG is the notch gradient parameter. ﬁ@,\j\/l
is over one revolution and M?Cy is the peak-to-peak amplitude over one revolution.

NE | NG | SWEEP| Cq | avg MCy | MZ?Cy
After Trimming

11.50| 28 | 0.185 0.000186| 0.00030 | 0.01156
11.75| 28 | 0.21 0.000186| -0.00020 | 0.01115
12.00| 28 | 0.25 0.000184| -0.00047 | 0.01062

Table 3:Example of BERP spanwise notch position performance casmarNE is the notch position parameter and NG is the notatlignt
parameter. avg KCy is over one revolution and M?Cy is the peak-to-peak amplitude over one revolution. The pwaéies differ because
the gradient of the parabola differs when the position o€hahanges, but in actual fact, the sweep is the maximum sareafi three rotors
and it is the same amount of sweep.



NE NG | SWEEP]| Cy/ Co avg MPCy MZ2Cpy
12.00| 25 | 0.10 0.09088| 0.000189| -0.00256 | 0.00961
12.00| 28 | 0.10 0.09066| 0.000189| -0.00246 | 0.00957
12.00| 35 | 0.10 0.09108| 0.000189| -0.00236 | 0.00949
11.75| 25 | 0.21 0.08976| 0.000188| -0.00030 | 0.01096
11.75| 28 | 0.21 0.08981| 0.000186| -0.00020 | 0.01115
11.75| 35 | 0.21 0.08981| 0.000187| -0.00011 | 0.01102

Table 4:Example of BERP spanwise notch gradient performance casgoarNE is the notch position parameter and NG is the notatlignt

parameter. avg FCy is over one revolution and M?Cy, is the peak-to-peak amplitude over one revolution.

NE NG | SWEEP| Cy/ Co avg MPCy, M2Cp,

11.75| 35 | 0.21 0.08318| 0.000171| -0.00037 | 0.01078

After trim 0.08981| 0.000187| -0.00011 | 0.01102
Baseline 0.09045| 0.000186| -0.00052 | 0.01083
Hover Performance Comparison

NE NG | SWEEP| Cy/ FM Collective (deg)
11.75| 35 | 0.21 0.2896 | 0.6873 13

Baseline 0.3039 | 0.6543 13

Table 5: BERP and baseline case (NE = 12, NG = 25, SW = 0.25) performemmmgarison related to Figurel26. NE is the notch position
parameter and NG is the notch gradient parameter. a%@\Ms over one revolution and M?Cy is the peak-to-peak amplitude over one
revolution

0.4
i HH-02
i NACAGB4A-006
02F
O
S 0 e —
0.2
04}
‘ ‘ 1 R I ]
0 0.2 0.4 0.6 08 1
x/c

Figure 1: The HH-02 and the NACA 64A-006 aerofoils used for the basdlilade design.



Figure 2:(a) Notch gradient, (b) sweep and (c) delta parameter eaques nitions for the BERP planform.

Base rotor with BERP modi cation (b) Varying the gradienttbé notch

low sweep

(c) Varying the sweep (d) Varying the initiation of the notch

Figure 3:Visualisation of the three parameter changes to the gegrsetfaces in ICEMCFD.
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ROTOR RADIUS =73 m

0.921/R

root chord
=175

or 21 inch
AEROFOIL
=HH02 tab
9.6% thick

LINEAR TWIST of -9 degrees

COLLECTIVE PITCH RANGE = +1 to +19 degrees ‘
ANGLE BETWEEN BLADES: 90/90

acrofoil transition

Figure 4:Schematic of a baseline rotor blade.

AEROFOIL
=NACA64A-006
6% thick

Figure 5: Effect of twisting about the quarter chord point (top) or abithe quarter chord line (bottom).

towards blade root Dx

blade leading edge -
rotor sections

10 deg

Figure 6:Generation of anhedral for the blade tip.
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Figure 7:Figure of Merit vs. thrust coef cient of the original bladecthe BERP variants with varying twist and anhedral.
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Figure 8:Lift distribution along the span with varying twist at 13 degs of collective.
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Figure 9: Aerofoil comparison to section on BERP-like rotor at the sazonditions before the notch, green is the 2D aerofoil adds¢he
rotor section, r/R = 0.75.
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Figure 10:Aerofoil comparison to section on BERP-like rotor at the saranditions in the middle of the notch, green is the 2D adrafal
red is the rotor section, r/R = 0.862.
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Figure 11:Aerofoil comparison to section on BERP-like rotor at the saznnditions after the notch, green is the 2D aerofoil andseie
rotor section, r/R = 0.918.
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NE =11.5 NE =12

M2Cn: -0.050 -0.017 0.015 0.048 0.081 0.113 0.146 M2Cn: -0.050 -0.017 0.015 0.048 0.081 0.113 0.146
TF T

Low Sweep
M?C,: -0.050 -0.017 0.015 0.048 0.081 0.113 0.146 M?C,: -0.050 -0.017 0.015 0.048 0.081 0.113 0.146
1 1F
0.5
c | V_
P> () —
-0.5r
-1
-1.5

Medium Sweep

M’C_: -0.050 -0.017 0.015 0.048 0.081 0.113 0.146 M’C_: -0.050 -0.017 0.015 0.048 0.081 0.113 0.146
1F

High Sweep

Figure 12:M?C,, for the BERP-like rotors with xed parameters: NE =11.5 and 8§12, NG = 35 and variable sweep parameters. The black
line indicates the KICp = 0 line.
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NE =11.5 NE =12
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Akl
15

High Sweep

Figure 13: M?Cn, for the BERP-like rotors with xed parameters: NE = 11.5 anB N 12, NG = 35 and variable sweep parameters. The

black line indicates the I@Cm =0line.
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NE =12

M’C_: -0.300 -0.137 0.027 0.190 0.353 0.516 0.680
1F

. -0.300 -0.137 0.027 0.190 0.353 0.516 0.680

Low Sweep

M?C_: -0.300 -0.137 0.027 0.190 0.353 0.516 0.680 M?C_: -0.300 -0.137 0.027 0.190 0.353 0.516 0.680
1F

-
o
——

Ak
35

Medium Sweep

MZCq: -0.300 -0.137 0.027 0.190 0.353 0.516 0.680 MZCq: -0.300 -0.137 0.027 0.190 0.353 0.516 0.680

High Sweep

Figure 14:M? Cq for the BERP-like rotors with xed parameters: NE = 11.5 anB 812, NG = 35 and variable sweep parameters. The black
line indicates the FICq = 0 line and the white line indicates the approximate midelkeie, M-Cq = 0.2.
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NE=11.5 NE =12

M?2C,

MZ2C,,

M2C,

Figure 15:M2Cpn, M?Crn and M?Cq for the BERP-like rotors with xed parameters: NG = 28 andiahte sweep parameters for different
notch positions. Red is lowest sweep, blue is highest swHeparrow shows the free stream direction.
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M2Cy, M2Cr, M2Cq

Azimuth = 0 degrees

Azimuth = 90 degrees

Azimuth = 180 degrees

Azimuth = 270 degrees

Figure 16: Comparisons at azimuth 0, 90, 180 and 270 degrees of fien M2 Cm and M Cq for BERP-like rotor with xed parameters:
NE =11.5and 12, NG = 28 and variable sweep parameters.
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MZ2C,,

M2Cq

Figure 17:Comparisons of the integrated loads? Gy and IW?Cq for BERP-like rotor with xed parameters: NE = 11.5 and 12, N&5
and variable sweep parameters.
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NG =25 NG =35

MZ2C,

M2Cp,

M2Cq

Figure 18:M?Cp, M?Cm and MCy for the BERP-like rotors with xed parameters: NE = 11.75 & = 0.21 with varying NG. The black
line indicates a contour level = 0 line and the white line aadés the approximate middle value fof G4 =0.2
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Figure 21:The baseline BERP-like rotor in comparison to a swept tifigitesThe parameters for this rotor are NE = 12, NG = 25, SW =.0.25

Cq scaled average & scaled Cy

Figure 22:ANN predictions with training data and GA selection showndach of the performance parameters. The white dots areAhe G
optimal selection and the black dots are the CFD training @tatthe ANNs. The dashed line is where the contour level ®.1the value for
the baseline design.

Figure 23:Pareto front points compared with GA selection; red is NE 5,1dreen is NE = 11.75, blue is NE = 12. The white dots are the
GA optimal selection and the cyan dots are the Pareto frdatisps.
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Figure 24:Pareto front for the BERP-like design.

(a) (b)

Figure 25:(a) Pareto front points compared with GA selection; red isNEL.5, green is NE = 11.75, blue is NE = 12, (b) OFV contour
colour map in the design space. The white dots are the GA apBeiection, the cyan dots are the pareto selection andabk ots are the
CFD training data for the ANNS.
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M2Cy, M2C,

Figure 26:0ptimum (red contour lines) compared to reference (blacka lines) for M Cm and M Cq.

M2Cp, M2Cq

Figure 27:Optimum (red contour lines) compared to reference (blackaw lines) for MCm and M Cq.
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Figure 28: OFV for the baseline and BERP-like rotor where the black aontines represent the reference rotor with parameters=NE
12, NG = 25, SW = 0.25, and the red lines represent the optihmistor with parameters: NE = 11.75, NG = 35 and SW = 0.21 where
OFV= 02 MZ2Cn 06 M?2Cq.

Cp distribution comparison

Planform comparison

Figure 29:Cp and planform distribution of the reference (blue) and ofgtéd (red) BERP variant at high thrust (collective = 13 degje
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