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This paper presents the fundamentals of a continuous adjeithod and the applications of this method to the aerodigdesign
optimization of both external and internal flows. Generahfolation of the continuous adjoint equations and the spoading
boundary conditions are derived. With the adjoint methbd,domplete gradient information needed in the design dyeion
can be obtained by solving the governing flow equations aaddhresponding adjoint equations only once for each costifon,
regardless of the number of design parameters. An inversigrdef airfoil is firstly performed to study the accuracy bet
adjoint gradient and theffectiveness of the adjoint method as an inverse design meffiben the method is used to perform
a series of single and multiple point design optimizatioobbems involving the drag reduction of airfoil, wing, andngibody
configuration, and the aerodynamic performance improvémeturbine and compressor blade rows. The results denaiastr
that the continuous adjoint method cdfiagently and significantly improve the aerodynamic perfoneeof the design in a shape
optimization problem.
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1 Introduction with shortened design cycle and saved design cost.

In the CFD-based aerodynamic design optimization, the
With the advances in computational power and numericalcost function defined to measure the performance of the aero-
methods, research and application of aerodynamic design oglynamic shape is firstly determined through solving the gov-
timization (ADO) technologies based on computational fluid €Ming flow equations in each design cycle. The aerodynamic
dynamics (CFD) have become very active and been widelyshape is then redesigned by using the optimization method
used in aerospace engineering. At the beginning of this cendttémpting to finally obtain the optimal shape with maximum
tury, Jameson and Vassberg [1] forecasted that the advancérodynamic performance and under required constraits. A
aerodynamic design methods would play the most importanPresent, the optimization methods can be categorized by non
role in the design process of aerodynamic vehicles. In regradient-based methods and gradient-based methods. Re-
cent years, Airbus 380, Boeing 787, C919, M88 and Pw40ocsPonse surface method (RSM) [2-4] and genetic algorithm
were designed by using the CFD-based design optimizatiofGA) [5-8] are two of the non-gradient-based methods hav-

and the aerodynamic performance was significantly improved"d been widely used in the aerodynamic design optimiza-
_— tion. Recently Zhang et al. [9,10] successfully performed
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design and optimization of the commercial airplane C919nozzle by using the adjoint method texctively reduce jet
of China by using GA. An acceptable optimization method noise. Wang et al. [30,31], Ji et al. [32] and Walther et &3] [3
should have excellent performance on obtaining the globalntroduced a mixing-plane method to solve the adjoint equa-
optimal and increasing the optimizatioffieiency. The de- tions in the design optimization of multi-stages. The auljoi
sign optimization by using RSM and GA caffieiently sup-  method has also been applied to the aero-elastic design opti
port the global optimal. However, the number of the neededmization of turbomachinery [34] and the design optimizatio
flow calculations depends strongly on the number of desigrbased on an inverse method [35].
parameters. For the design of complex configuration with The continuous adjoint method has been used in the de-
a large number of design parameters by using either RSMsign optimization of both external and internal flows. More
or GA, the optimization fiiciency is low and consequently efforts are still required on the implementation and applica-
it may usually be achieved only on a supercomputer. Theion of this optimization method in aerospace engineering.
finite-difference method (FDM) is one of the gradient-basedThe present study will firstly introduce the fundamentals of
methods and the implementation in the design optimizatiorthe continuous adjoint method, and then present the general
is simple. However, the number of needed flow calcula-formulation of the adjoint equations and the corresponding
tions depends linearly on the number of design parameterboundary conditions. Secondly the crucial issues of design
and thus the optimizationfléciency is not acceptable; and optimization, such as cost function and parameterizatien a
furthermore, the accuracy of FDM gradient can be signifi- briefly introduced. Finally a series of optimization design
cantly influenced by the step size used in the finiffedénce.  examples are presented, including an inverse design of air-
Hereby it is rarely applied to the aerodynamic design opti-foil and the aerodynamic design optimization of airfoilngi
mization. In the late 1980s, Jameson et al. [11-13] propose@ving-body configuration, turbine stator and compressanrot
another gradient-based method, the adjoint method via thender single and multiple point design conditions.
control theory of partial dferential equations.

In the design optimization by using the adjoint method, 2 The adjoint method
the complete gradient information can be obtained by solv-
ing the governing flow equations and the corresponding ad2.1 Fundamentals

joint equations only once for each cost function, regasdles gj e the cost functiohof aerodynamic design optimization

of the number of design parameters. Due to its high acCuyg gependent on the flow field solutiomand the geometry
racy and high iciency for gradient calculation, the adjoint aerodynamic shap®, we write the cost function in the
method has been successfully used in the design optimizatiofonowing general functional form

of external flows. Reuther et al. [14,15] performed a serfes 0

optimization designs of airfoil, wing, wing-body configura I'=1(w,F). 1)
tion by using the continuous adjoint method and succegsfull
improved the aerodynamic performance of the aircraft of Mc-
Donnell Douglas. In recent years, the continuous adjoint fo sl = Msws I sr @

Following the variation principle, eg. (1) can be written as

mulation for unstructured grids [16] and the flutter control ow oF
based on the adjoint method [17] were achieved. Xiong etThe first and the second terms on the right-hand-side of the
al. [18-20] successfully performed inverse design and-opti above equation represent the changes of cost function due to
mization designs of aero-elastic wings. Kim et al. [21] ine the variation of flow field solution and the modification of
an existing adjoint-based design method by adjusting the co aerodynamic shape, respectively. The variation of flow field
trol parameters of CFD analysis and design process. solution implicitly depends on the variation of aerodynami
In the first few years of this century, Dreyer et al. [22], Liu shape through the governing flow equations, which may be

et al. [23], and Wu et al. [24] introduced the adjoint method generally represented by the following functional form
to the design optimization of internal flows. Because of the RW.7) = 0 (3)
complexity of both flow conditions and geometries at thetinle O
and outlet boundaries of turbomachinery blade rows, work is  The gradienG can be defined as the variation of cost func-
required to determine the choice of cost functions and the aption 51 per unit variation of aerodynamic shag&. From eq.
propriate boundary conditions for the adjoint equationso L (2) we have
et al. [25-27] studied the optimization through blade peofil

R . . . ol al ow
modification, spanwise restaggering and endwall contgurin ol = G§F = (— + ——) oF.
to effectively reduce the flow loss of turbine stators by using of  owoF
the continuous adjoint method. They also performed multi-From eq. (4) it is known that in order to obtain each of the
point design optimization of a transonic compressor raior t gradient components, the variation of flow field solution re-
improve the overall performance in the whole operating eang sponding to the variation of aerodynamic shape should be cal
and the shockip-leakage interaction near stall [28]. Xiong et culated. Hence at leabt + 1 flow calculations are required
al. [29] successfully redesigned the fan-flow deflectorbét to determine the complete gradient if the finitéfelience

(4)
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method is used, wherd is the number of design parame-
ters. By using this method, the computationfibg is very
costly when the number of design parameters is large.

The key of the adjoint method is to eliminate the influence

of the variation of flow field solutiow on the gradient by
introducing an adjoint operator and regarding the governin
flow equationR as a constraint. Taking the variation of eq.
(3), we obtain

= ﬁ6w+ %67-' =0.

R
ow oF

®)

Multiplying eq. (5) by a Lagrange operatdrand then sub-
tracting it from eq. (2), we obtain

sl = {ﬂ —\PT%}6W+{ﬂ -
ow

ow oF
The explicit dependence @ on éw can be eliminated by
setting

\yTﬁ

2 ¢}57—'. (6)

ol

oR
P =
ow

=0.
ow

(7

Then the variation of the cost function with respect to the

variation of aerodynamic shape can be determined by

ol = G5F. 8)

where

I R
Gza__\y"'a_

0F oF ©
Eq. (7) is called the adjoint equation to eq. (3). Eq. (9) give
the gradient of the cost functidnto the aerodynamic shape
F.

In order to calculate the gradient as shown by eq. (9), the

flow field w should be firstly obtained by solving eq. (3) and
then obtain the adjoint flow field by solving eq. (7). In the
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Table 1 Number of flow calculations needed in each design cycle fer di
ferent optimization methods

Method RSM

N2

GA FDM

N+1

Adjoint
~2

Number N xm

2.2 Continuous adjoint equations and boundary condi-
tions

The derivations of the general formulation of the continu-
ous adjoint equation and the boundary conditions corregpon
ing to the three-dimensional Navier-Stokes equation age pr

sented in this section. The Reynolds-Averaged Navier<3ok

(RANS) equation with a source term is usually given as:

ow N o(f; - ojw— fy))

ow _S-0 j=123
at ax; »1=hes

(10)
wheref; andf,; are the inviscid and viscous fluxes, respec-
tively; 0; andS denote the grid velocity and the source term,
respectively. For three-dimensional flow with a grid atexdth
to a rotor in thex-direction

CI]_ =0, 02 = —QX3, 03 = QXo,
S=1{0, 0, pusQ, —puQ, 0}7,

whereQ is the rotation speedy; andx; denote the absolute
velocity and the cartesian coordinate in the physical damai
respectively. The addition of the above source term and grid
velocity due to rotation is specific for turbomachinery appl
cations.

Usually the cost function is defined on the boundary of the
aerodynamic shape, the variation of which can be given as:

i =f6CdB=f60de+f6ngB,
B B B

(11)

CFD-based design optimization, the adjoint equation is sim whereC is a scalar function of both flow variables and geo-
ilar to the governing flow equation in type and dimensionsmetric variables and depends on the definition of cost func-

and thus requires the same level of computatioftalrefor
solution. Once the flow fieldv and the adjoint flow fieldV
are obtained, the gradient can then be calculated on obggini
additional derivatives of the cost function and computaio

tion; 6Ct andsCy denote the flow variation term and the ge-
ometric variation term, respectively, an@¢ = c’ow.

The governing flow equation is regarded as a constraint in
the derivation of the adjoint equation. The variation of the

grid metrics on the design parameters, which can be evalsteady-state RANS equations can be given as:

uated conveniently and with relatively small computationa
cost by a finite-dierence scheme and by using the chain rule
for derivatives. Hereby the adjoint method requires about

twice the computationfBort of flow calculation to obtain the

I(OF;i — 6Fyy)
0éi

whereF; = S;j(f; —0;w), Fyi = Sijfyj; & denotes the carte-

~6(J9) =0, i=1,23, (12)

complete gradient information for each cost function, rdga  sjan coordinate in the computational doman);= JKi—jl, Kij
less of the number of design parameters. Table 1 gives typicas the transformation matrix defined Wy, = dx/0¢; ; Jis
numbers of flow calculations needed in each design cycle fokne determinant oKij. Multiplying eq. (12) by the adjoint
the Optimization methods inClUding second-order RSM, GA,Variab|e\}l and then Subtracting it from eq. (11), we have

FDM and adjoint method, wherd is the number of design
parameters. For GA\ is the number of populations amd

is the number of individuals of each population. It is known

from this table that the optimizatiorfficiency by using the
adjoint method is significantly higher than others.

Sl = f c’owdB + f 6C4dB
B B

) f\PT[WFia;;Fw)-é(JS)}dD (13)
D 1
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According to Gauss theorem, eq. (13) can be written as:  and outlet boundaries the viscou$eets can usually be ne-
glected. For a particular case where the normal direction of

5l = f[cT L A G Avsj)sij]6WdB the inlet and outlet boundary planes are parallel to thel axia
B . direction, i.e.n, = 0, n3 = 0, the determination of the inlet
N f [8 Si6(f; — Ow— fu;) + \PTJ(SS] dD and gutlet boundary conditions depean o.n.only the Jacobian
ol| 94 matrix Ag1, and eq. (18) can thus be simplified to

+ 6lg, (14) T -
c —-mV¥ Ag1S11=0. (19)
whereAgj and Ay j are the Jacobian matrices defined as:
Eq. (19) presents a general formula of the inlet and outlet
N A = atyj boundary conditions of the continuous adjoint equatioiits su
able for the design optimization of both viscous and invis-
cid internal flows studied in the present paper. Refs. [26,28
present the boundary conditions of the adjoint equatiotts wi

wherel is the unit matrix; and

5ly = fni\PT(fj — W= fu,)0(Si;)dB + f(SngB respect to several filerent cost functions.
B B
e d . 3 The problem of aerodynamic design opti-
+j|;[a_§i(fj - 0w - fy;)é(Si;)|dD mization
+ f ¥1S5JdD. (15) A complete CFD-based design optimization procedure con-
D sists of three main parts, parameterization of aerodynamic
Eqg. (15) is the general formula for gradient calculation. shape, flow calculation and optimization method. In the

As mentioned before, the key of the adjoint method is topresent study, the Euler equations or RANS equations with
eliminate the contributions afw to the adjoint gradient. By turbulence model are numerically solved to support the flow
setting the second term on the right hand side of eq. (14field solutions. At present the molecular viscosity, ther-
to zero we obtain the continuous adjoint equation to RANSmal conductivity including their turbulent contributioase

equation frozen in performing the derivations of the adjoint equasio
P 1 in the present study.
A;a_ +BlY + 3[|\/|—1]TY =0, j=123, (16) In starting an aerodynamic design optimization, a proper
Xj

cost function should be given to evaluate the aerodynamic
performance. In the present study, the design optimization
external flows attempts to reduce the drag with constrained
lift, while the design optimization of internal flows attetap

to improve the adiabaticfciency with aerodynamic con-

where Bl is the adjoint source term and is the trans-
formation matrix between the conservative flow variables
and the primary flow variables = {p, u;, U, us, p}" with the

definitions . : . .
straints. The improvement of adiabatitieiency can be mea-
B, = 5_5 oW = [M~sw, (17) sured by the reduction of entropy production i.n tur_bomachin
ow ery [36]. Several dferent cost functions are given in the fol-

andY is the primary adjoint operator. The detailed forms of 10Wing and will be used in the sample problems to be de-
M andY are presented in ref. [25]. The continuous adjoint SCTibed later.
equation consists of a set of linear partiaffeliential equa- 1 )
tions and can be numerically solved by using the same CFD | =5 fB(p — Py)°dB, (202)
method as that used for solving the governing flow equation.

The boundary conditions of the adjoint equation can be de- |
termined from the first term on the right hand side of eq. (14).

1 1
Co + 5A1(A~ Ao)? + 5A2(CL - CLo)®>,  (20Db)

The inﬂuence of flow variation on gradient can be eliminated | = Cp + }A(CL ~CLo) (20c)
by setting 2
| = Sgen+ AlB = fol, 20d
¢’ — ¥ (Asj — Aus)Sij = 0. (18) Sgen + Al ol (20d)
| = sgen+ Aglo — U + Aol — 1, (20e)

Although the adjoint equation as shown by eq. (16) keeps
unchanged, the boundary conditions ar@edent for difer- wherep and p; are the calculated and target pressure distri-
ent cost functions. butions, respectively on the airfoil surfa€g; andCp, are the

In the design optimization of external flows, the far field drag codicient and lift codficient, respectivelyA denotes
boundary is usually far enough away from the aerodynamiahe airfoil area;s8 denotes the mass-averaged flow turning at
shape. It is acceptable to s&t= 0 on the far-field bound- the outlet of turbine stator blade row; andsx are the ratios
ary. In the design optimization of internal flows, on the inle of mass flow rate and total pressure ratio, respectivelyeat th
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outlet of compressor rotor blade rose, denotes the mass- 10r
averaged entropy production at the outlet. Their defingtion sk
are given as: i
0.6
nipu;S;jsdB =
sgen:w, s:c\,lnﬂ—cpln ﬁ, (21a) 0.4
j‘;‘nipUjSide Pr Pr
0.2
_ nipu;S;;BdB
B - M, anﬁ - ﬁ’ (21b)
fB nipUjSide Uyx
m
O'=.—,ﬁ'=£,71’=%. (21c)
Mo o Poi

pr andp, are the references of pressure and density, res-
pectively; u; anduy are the velocity components in the cir-
cumferential and axial directions, respectivety;andrg de-
note the mass flow rate and total pressure ratio at the ofitlet o
the reference rotor blade rowp; and pge denote the mass-
averaged total pressure at the inlet and outlet, respéctive

In the constrained design optimization, each constraimt ca : : A
be regarded as one design objective. As shown by egs. (20b)- (b)

(20e), constraints are enforced by incorporating penaftigf  Figure 1 (a) Shape functions; and (b) perturbed airfoils.
tions in the original cost functions. In this way the design
optimization with constraints is converted into the design
timization without constraint.

In the design optimization involving profile modification
of the aerodynamic shape, Hicks-Henne shape functions [3
are introduced. The cdiécients of the shape functions are
regarded as the design parameters.

whereg; denotes thé-th gradient component;denotes the

step length artificially given in the present study. On aiptai

ing all the design parameters, the aerodynamic shape can the

e updated by eq. (22).
In the design optimization of a turbine stator blade row, the

blade cross-sectional profiles may be modified and the blade
N profile may be restaggered in the spanwise direction. Ref.

oc(x) = Zaibi(x), (22)  [26] suggests a useful parameterization method for restag-
i=1 gering a three-dimensional blade in an annular blade row.

wherea; andb;(x) are the design parameters and shape func- Figure 2 presents the process of the aerodynamic design
tions, respectivelysc(x) denotes the circumferential pertur- Optimization by using the continuous adjoint method. The
bation added to a reference aerodynamic shidpethe num-  design optimization stops when the cost function reaches an
ber of design parameters. Figure 1 presents fifferdint air- ~ acceptable convergence. The steepest descent method is se-
foils and 16 shape functions uniformly distributed along th lected as the optimization method due to its simple and rapid
unit chord. 4th, 8th, 12th and All denote the airfoils by im- implementation. Some other optimization methods may be
posing the perturbation from the fourth, eighth, twelftagh  used for obtaining the optimal with reduced total design cy-
function and all three of them, respective|y on the upper sur cles. However, more flow calculations and adjoint calcula-
face of NACA0012 airfoil. tions are required in each design cycle.

It is seen from Figure 1 that (1) the maximum pertur-
bation appears at the corresponding control point for each
shape function; (2) the shape function can influence the air- I
foil shape from the leading edge to the trailing edge; and (3) Grid
the perturbed aerodynamic shape is still smooth enough. Im- generation

posing the perturbation corresponding to each of the design F%J' JAT—— — oo
parameters on the aerodynamic shape, the grid deformation calcutation f[—{ Grid gee%;“ﬁinfé‘ — O‘;‘h”;’;?d — par:rfmgérs
can be achieved by using the perturbation technology [38], ﬂ
finally the corresponding gradient component can be calcu- No. T
lated from eq. (15). Once the complete gradient is obtained, — 1 Adjoint calculation (=) Gradient [ 0% Tieon
the design parameters can then be determined by using the I Yes

steepest descent method

a = —|9i, (23) Figure 2 Process of the design optimization using the adjoint method
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the normalized cost function decreases from unit to about
1.06 x 1072, The lift codficient increases from 0.4437 to
The following study presents a few important applicatiohs o 0.7999, while the drag céiécient slightly increases from
the continuous adjoint method to the inverse design and th®.0091 to 0.0104. Both the lift cfiicient and the drag co-
aerodynamic design optimization of both external and inter efficient of the optimized airfoil approach close to those of
nal flows. The aerodynamic shapes including airfoil, wing, the target airfoil, 0.8013 and 0.0112, respectively.
wing-body configuration, turbine stator and compressanrot  Figure 4 presents the pressure distributions and the shapes
are optimized for proper cost functions. of the reference, the optimized and the target airfoils. The
shape and the pressure distribution of the optimized &irfoi
are very close to the targets except mindfetences around
the shock.

The inverse design attempts to determine the airfoil shape Once the target pressure distribution is given, the opti-
by specifying a pressure distribution, which is usuallyegiv. mized airfoil can be obtained fast and accurately through
based on the experience of the designers. Such an invershis optimization-based inverse design. An advantageisf th
problem may not always have a solution but may be converte@dptimization-based inverse design method is that the ndetho
to an optimization problem, in which the specified pressurewill always yield a best solution whether the inverse prable

4 Results and discussion

4.1 Inverse design of airfoil

distribution can be used as the target and an airfoil shape i
sought to best approach the target pressure distribution. |
the present test case, the target pressure distributioreis p

fias a solution or not.

determined from the airfoil RAE2822 and the inverse design4-2 Drag reduction of airfoil

starts from the reference airfoil NACA0012. The cost func-
tion is defined as eq. (20a). The flow conditions are given a
Ma = 0.734,Re = 6.5 x 10° and the attack angle = 1.0°.

Since NACAO0012 is a symmetric airfoil and RAE2822 is a
supercritical airfoil, the starting and the target presslistri-

butions are quite dierent. This inverse design is performed
to validate the ffectiveness of the adjoint method in the aero-

dynamic design optimization. On each surface 16 shape funcr

tions are uniformly distributed.

In order to assess the accuracy of the gradients of the co
function with respect to the design parameters computed b
the adjoint method, the same gradients are also calculsted
the direct finite-diference method with fferent sizes of the
perturbation & normalized by the axial chord. The results

are compared in Figure 3, where each of the gradients is nor-

malized by the corresponding norm. The FDM gradients

with different perturbations converge and match well with the

adjoint gradient except some minorflérences around the
shock on the upper airfoil surface.

On validating the accuracy of the adjoint method for com-
puting the gradient, the optimization procedure of Figure 2
is then performed for this problem. After 50 design cycles,

09r
i v dh=1.0x10"*
i & dh=1.0x10"%
061 o dh=1.0x10"
1% L = Adjoint
5 033"
B P
s — .
o L. ey S
00F sy ®
r n 'qﬁﬁqﬁ, Tuw
a2
-0.3f 655&
-0.6 L L L L L L L

10 15 20

Design parameters

25

Figure 3 Comparisons of gradients.

In order to improve the commercial benefits of airplane, it

s significant and necessary to reduce the drag of the air-

foil with constrained lift. The shape and the attack angle of
the NACA64A410 airfoil are optimized in the present design
case. The cost function is defined as eq. (20b). The flow
conditions are given asla = 0.75, Re = 6.5 x 10° and the
reference attack angte = 1.0°. On each surface 23 shape
unctions are uniformly distributed.

i After 100 design cycles, the attack angle decreases to

Hbout 093 Figure 5 presents the lift and drag d@eents

li(/ersus design cycle. The drag €deent of the optimized

airfoil decreases from 0.02410 to 0.01155, a 52.1% reduc-
tion. The lift codficient keeps almost unchanged.

Figure 6 presents the pressure distributions and the shapes
of the reference and the optimized airfoils. Compared to the
reference pressure distribution, the shock on the optidnize
airfoil almost disappears. Due to the geometric constraint

-0.5

0.5
............... Reference

Target

Optimized

15 1 1 1 1 1 1
0.4

1.0

Figure 4 Comparisons of pressure distributions and airfoil shapes.
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0.03 0.7 Figure 8 presents the pressure distributions and the shapes
] of four different control sections for both the reference and
the optimized wings, wheredenotes the span. In this figure,
the shock of the optimized wing is significantly weakened

002 and hence the wave drag can be reduced. Figure 9 presents
. the pressure contours on the upper surface of the wings. The
© shock almost disappears on the whole upper surface of the
0.01 optimized wing.

- 4.4 Drag reduction of wing-body configuration

P a—— In this subsection we demonstrate the application of the ad-

0 20 40 60 80 100 .. . . . .
Design cycles joint method to a wing-body configuration and also multi-

Figure 5 Codficients of lift and drag versus design cycle.

0.012 0.5
Cq
-1.5 O e G |
B _ -~ — — — Reference
B -~ \ Optimized N
- Footon T T T T T T T T Ho4 &
0.008 TS TSN SIS TR SN A SS ST ST WA NN 03
0 10 20 30 40
Design cycles
0.0 0.2 0.4 0.6 0.8 1.0 Figure 7 Codficients of lift and drag versus design cycle.
x/c
e er
- - - - Reference - - - - Reference
Figure 6 Comparisons of pressure distributions and airfoil shapes. -1.0F 7 — Optimized 4 o 27~~~ — Optimized

0.5 -0.5
the thickness of the optimized airfoil decreases on thetfron _

portion and increases on the rear.

4.3 Drag reduction of wing

The shape and the attack angle of the supercritical Lannwing 00 02 04 06 08 10
are optimized in the present design case to reduce the drag Q—
with constrained lift cofficient. The cost function is defined
as eg. (20c). The aspect ratio of Lann wing is 7.92, the rela- _, e Reforenee 15 e Reterence
tive thickness is 12% and the semi-span length is 1.0 m. The — Optimized — Optimized
flow conditions are given asla = 0.82 and the reference at- '
tack anglex = 0.56°. Seven control sections along the span s
are selected to be optimized and 13 shape functions are unix
formly distributed on each surface of the control sectians a
there are totally 182 design parameters. 0.5
After 45 design cycles, the optimized attack angle in- | ' zp=65% L zb=90%

creases to about®65. Figure 7 presents the lift and drag 0o e e 0 1o O R Y S Yy
x/c

codficients versus design cycle. The drag fticéent of the xe

optimized airfoil decreases from 0.01134 to 0.00927. It de- O <:>‘
creases by 18.3%. The lift cfizient of the optimized airfoil ~ Figure 8 Shapes and pressure distributions dledént span locations of
remains almost the same as that of the reference airfoil. the wings.
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along the span. The mass-averaged flow turning at the outlet
is enforced to be equal to that of the reference blade. Hereby
the adiabatic €iciency can be improved due to the reduction
of flow loss without loss in working capability. The cost

0.032

0.031

Figure 9 Pressure contours on the upper surface of the wings. 0.030

Cost function

point design optimization. The cost function and the corre-

sponding variation of th& design point optimization can be 0.029
defined as:
M M
|:ZAi|i,6|=Zai5|i, (24) . L
i=1 i=1 0 10 20 30 40 50

Design cycles

whereM is the number of design points, anadis the weight _ _ _
glgure 10 Cost function versus design cycle.

for thei-th design point. In the present test case, the shap
of the wing-body configuration DLR-F4 is optimized at three
different design conditions with Mach number 0.72,0.77 and

0.81 and the corresponding weights 0.3, 0.2 and 0.5, respec-

- - - - Reference - - - - Reference

tively. The given set of the weights constitutes only ong¢ tes ~°} — optimized — Optimized
case. Designers can choosffetient sets of these parameters ']

according to dierent requirements for industrial application. =5}

The Reynolds number is@x 10°. The cost function at each © 0.0}

design condition is defined as eq. (20c) witho = 0.5. Four 05

control sections along the span are selected to be optimized 1.0

0.2

and 13 shape functions are uniformly distributed on each sur 00 e
face of the control section. Q
Figure 10 presents the cost function versus design cycle.
Figure 11 presents the pressure distributions and the shape_t5 3 ---- Reference  _1.5F - - - - Reference
of two selected control sections for both the reference and | —— Optimized —— Optimized

the optimized configurations at threeffdrent design con-
ditions. Figure 12 presents the drag ftméent at diferent :
Mach numbers for the reference and the optimized configu- °°f
rations. The drag cdicient can be significantly reduced at 05
high Mach number, while it keeps almost unchanged at low 1ot
Mach number. The results demonstrate that the multi-point °¢ 02 04 06 08 10

(b

-0.5F

2/b=20%

2/b=60%

design optimization of wing-body configuration by using the
continuous adjoint method igfective.

0.0 0.2 0.4 0.6 0.8 1.0
x/c
) -

-15

- - - - Reference
—— Optimized

- - - - Reference
—— Optimized

4.5 Design optimization of a turbine stator -1.04

Compared to external flows, turbomachinery flow is much ;0'55’
more complex because of the complex internal geometrﬁ, i
the relative motion of the blades, and the multi-stage con- %%}
figuration of the machine. As more and more high-level to¢ .
requirements need to be satisfied in aerospace engineering %° %2 04,06 08 10

the aerodynamic design optimization of turbomachinery be- Q

comes more and more significant and active nowadays. In the (
present design case, a turbine stator blade row is optinhized Figure 11 Shapes and pressure distributions of the wings fé¢reint de-

reduce the flow loss through blade profiling and restaggeringgn conditions: (aMa = 0.72; (b)Ma = 0.77; and (Ma = 0.81.

2/b=20%

2/b=60%

o 1 1 ! ! J

0.0 02 04 06 08 1.0
x/c
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0.05 although the design optimization is performed without the i
fluence of viscosity, the performance of the optimized blade
— — — — Reference , keeps a similar relative improvement over the referencgebla

0.04 Optimized / under viscous conditions.

4.6 Design optimization of a compressor rotor
0.03

Cq

The performance of the compressor rotor significantly influ-
ences the overall performance of an aircraft engine. With
a given rotation speed and flow capacity, the compression

LU R HLN L B N B A L B B

0.02 . . X .
ratio of the compressor rotor is usually fixed according ® th
overall performance. In this case the design optimizatam c
oo . . . . be performed to increase the adiabafitcéency and thus de-
" 0.60 0.65 0.70 0.75 0.80 0.85 crease the specific fuel consumption (SFC) of the engine. A
Meo
10
Figure 12 Drag codficient at diferent Mach number witl_ = 0.5. [
08}
I A T Refgr(_ance
function is defined as eq. (20d) ad = 20. The three- 06f Optimized

dimensional Euler equations are selected as the governing- |
flow equations. The stacking line of the stator blade is lo-  %4f
cated at the trailing edge. '
Table 2 gives the aerodynamic performance including nor- ;
mall_zed entropy production, no_rmal!ze(_j mass flow rate, flow 0.0 e 055 555 s o1 o5 o5 er e oo
turning, total pressure and adiabatiti@ency at the outlet Po.o/Po 7 (%)
of the reference and the optimized blades. For the optimized (a)
blade, the entropy production is decreased by 28.3%; the to-
tal pressure and adiabatiffieiency are increased by 0.52%
and 0.70%, respectively; the mass flow rate is increased by
0.6%, while the flow turning remains almost unchanged due
to the strictly enforced constraint. <
Figure 13 presents the spanwise distributions of totalpres
sure, adiabatic f&ciency, flow turning, and stagger angle
change represented y. The total pressure, adiabatiffie ; i
ciency and stagger angle of the optimized blade are inclease ool i e
. . 72 74 76 78 00 05 10 15 20
over the whole blade span, while the flow turning decreases 50) oa ()
on the inner span and increases on the outer span. (b)
Figure 14 presents the contours of isentropic Mach num-igure 13 Spanwise distributions of: (a) total pressure and adiateffir
ber on the suction surface and the contours of the circumfereiency; and (b) flow turning and stagger angle change.
entially mass-averaged total pressure on the meridiareplan
The shock on the optimized suction surface is significantly
weakened and hence the total pressure increases on the whole
blade span due to the performance improvement.
In order to study theféectiveness of the design optimiza-
tion, Figure 15 presents both the inviscid and viscous perfo

/)

AN

xo.g}
o, 1660

mance of the reference and the optimized bladefatesign

conditions. It is seen that (1) the operating range is wider f @f& 99

the optimized blade; (2) the performance of the optimized ﬂqﬂ &

blade is improved at all of theflodesign conditions; and (3) § g°>°
N |
~

Table 2 Performance of the reference and the optimized stator blade Vg] 5

; o Referen Optimized Ref Optimized
Sgen m B(°) Po.e/ Po 7 (%) eference @ ptimize eference (b) ptimize

Reference 1.000 1.000 75.81 0.9821 97.61 ) ) . )
o Figure 14 Contours of: (a) isentropic Mach number on the suction setfa
Optimized 0.717 1.006  75.83 0.9872 98.29 and (b) total pressure on the meridian plane.
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----- -~ Euler_Ref

(a) —=— Euler_Opt
----- & N-S_Ref
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2
< 0.96
Q
0.94 -
0.92 ‘0.I96‘ — ‘O.SIJB —— ‘1'60‘ — Reference @ Optimized Reference ©) Optimized
Normalized mass flow rate Figure 16 Contours of relative isentropic Mach number on the blade sur
..... H-Euler Ref face: (a) pressure side; and (b) suction side.
(b) —=&— Euler_Opt
wt &= N-S_Ref
—— N-S_Opt 1.2 Reference
! Optimized
. 98 | 5 I
9 S 1.0
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S
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Figure 15 Performance atfé-design conditions: (a) total pressure; and (b) 1.4 1.6

adiabatic #iciency. P o e
812 814
= =
2 o
transonic compressor rotor blade row, the NASA Rotor 67, 31.0 S12
is optimized near pealffeciency (P.E.) in the present design §o 8 g
case with constrained total pressure ratio and mass flow rate” : AL 60% Spa'r-] ........ . 100 Atg5% Sp;;,
The cost function is defined as eq. (20e) with= 1.6 and 00 02 04 06 08 10 00 02 04 06 08 10
Az = 0.15. The profiles of nine dierent blade sections along x/c x/c

the span are selected to be optimized and 16 shape functiorfdgure 17 Blade profiles and distributions of relative isentropic Macim-
are uniformly distributed on each blade surface. The threeP®" on diferent spans.
dimensional RANS equations with one-equation turbulence
model [39] is numerically solved to obtain the flow field [28]. Per distributions at three fierent span locations of the ref-
Table 3 gives the performance including normalized en-€rence e_md the optimized blades. Through blade profiling,
tropy production, mass flow rate, total pressure ratio, -adia € 10ading keeps almost unchanged on both 25% and 60%
batic efficiency, and flow turning at the outlet of the reference SPans and decreases on 95% span, the shock at 60% and 95%
and the optimized blades. Through optimizing the blade prO_span Iocatlpns is significantly weakened. Esp_emally at 95%
files, the entropy production is decreased by 13.4%, the adiSPan. the single shock of the reference blade is replaced by a
abatic dficiency is increased by 1.10%, and the flow turning double-shock system of the optimized blade. Denton and Xu
is slightly decreased. The total pressure ratio and the masé'0l: Biollo and Benini [41] pointed out that such a solution
flow rate keep almost unchanged due to the strictly enforced@vors the reduction of aerodynamic loss associated wéh th
constraints. shock, providing a moreficient local flow dffusion.
Figure 16 presents the contours of relative isentropic Mach Figurg 18 p_reser)ts th_e spanwise distribut_ions of totakpres
number on the blade surface. The shock on the blade su""® ratio. a_dlabatlcf@uency and flow tuming. The total
face is significantly weakened for the optimized blade. ThePressure ratio decreases on the outer span and increases on

downstream pressure on the inner span of the optimized bladttlj1e inner span. The flow turning sllghtly_/ decreases on thg
increases near the trailing edge. outer span and keeps unchanged on the inner span. The adia-

Figure 17 presents the profiles and isentropic Mach num—b"JltIC diiciency increases on the whole span.

Table 3 Performance of the reference and the optimized rotor blades 4.7 Multi-point optimization of a compressor rotor

Sgen  M(kg/s) n 1 (%) B©) The aerodynamic performance at the operating condition nea
Reference 1000 3459 1627  92.09 —3885 P.E. can bg ;lgnlflcant!y improved through blade redesign.
However, it is uncertain whether the performance fit o
design conditions can be improved or not. In order to improve

Optimized 0.866 34.59 1.626 93.10 -3864
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the aerodynamic performance in a wider operating rangehead flow region along with severe flow blockage in the tip
Rotor 67 is redesigned for three operating conditions, neagap. In the present study relative Mach number is used to
choke, near P.E., and near stall in this design case. identify the flow blockage induced by shgtig-leakage in-
Figure 19 gives the overall performance of the referenceeraction. Figure 20 presents the contours of relative Mach
blade, the single and multi-point optimized blades. It srse number on the S1 streamsurface at the blade tip at the oper-
that (1) significant gains of adiabati¢fieiency can be ob- ating conditions near P.E. and near stall. Under the opeyati
tained from single-point optimization without any lossoft  condition near P.E., the regions of low dynamic head are sig-
tal pressure ratio around the 98% normalized mass flow rataificantly reduced for the optimized blades due to the weak-
and beyond, however, for the mass flow rate below the 98%ened shock on the outer span. Under the operating condition
mark the total pressure ratio significantly decreases; apd ( near stall, the single-point optimization makes little chato
the total pressure ratio of the multi-point optimized blade the shoctip-leakage interaction. However, it is clear that the
matches well that of the reference blade, while the adiabati region of low dynamic head is reduced for the multi-point op-
efficiency shows a significant increase in the whole operatingimized blade. Although the true stall can not be captured in
range. the present study, the shgtig-leakage interaction near stall
Shocktip-leakage interaction is regarded as one of theis indeed improved in the multi-point optimization, which
main stall triggers in transonic compressor rotors. Sugar e helps increasing the stall margin.
[42] and Chima [43] suggest that there exists a low dynamic

10 5 Conclusion

This paper presents the general formulation of the contisuo
adjoint equations, in particular the derivation of the aajo
equations for the RANS equations, and the boundary condi-
tions for the design optimization of both external and ingtr

0.8

0.6

Reference

0.4 Optimized o 3 X
flows. The accuracy of the adjoint gradient and thedive-
02 ness of the adjoint method are demonstrated for several dif-
ferent design cases including drag reduction of airfoihgi
0.0~ L - - ] and wing-body configuration and improvement of the adia-
1.5 16 17 80 20 -50 -45 -40 -3 . . ,
x 7 (%) BC) batic dficiency of turbine stator and compressor rotor blade
Figure 18 Spanwise distributions of total pressure ratio, adiabefic rows. The results of the aerodynamic design optimization
ciency and flow turning. by using the continuous adjoint method in the present paper
demonstrate
1.7F
16F
8 15)
------ A------ Reference
14r -4~ Single-point
—&—— Multi-point
13 1 1 1 1 1 1
0.90 0.92 0.94 0.96 0.98 1.00
Normalized mass flow rate
(a)
92t
& gl
=
------ A----- Reference !
--——-== Single-point 4
84r _ w Multi-point .
L *

0.90 0.92 0.94 0.96 0.98 1.00
Normalized mass flow rate

(b)

Single-point
(b)
Figure 19 Performance atf-design conditions: (a) total pressure ratio; Figure 20 Leakage flow on the S1 streamsurface at the blade tip: (a) near

and (b) adiabaticféciency. P.E.; and (b) near stall.

Multi-point
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(1) In each design cycle, the complete gradient information
can be obtained by solving the governing flow equations and 9

the corresponding adjoint equations only once for each cost
function, regardless of the number of design parameteiis. Th 10
method with high-#&iciency for gradient calculation is partic-
ularly useful for the design optimization of complex configu
ration with a large number of design parameters.

(2) In the multi-point design optimization, one cost func-
tion can be defined by the sum of all the weighted objectives12
to simplify the design optimization. 13

(3) The constraints can be imposed by adding the penalty
functions in the original cost function and thus the desigho 1,
timization with constraints can be converted into the desig
optimization without constraint.

By using the adjoint method, the computatioffioet for
the aerodynamic design optimization can be significantly re
duced. Due to its high accuracy and highi@ency for gra-
dient calculation, this optimization methoéfers a powerful
tool for wide application in aerodynamic design. However, 17
it must be pointed out that the adjoint method is one of the
gradient-based methods and only the local optimal can be ob18
tained by using this method. Therefore, it is very suitable f
application in the detailed design phase. In the prelinyinar
design phase, the aerodynamic shape usually changes a Iolf,g
but a hybrid optimization method consisting of the adjoint
method and other non-gradient-based methods, such as G'Az‘o
and RSM, may fier a better choice.
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