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Abstract. An inverse shape design method is developed for steady, two dimensional vis-
cous internal and external flow over airfoils. In this method, a target pressure distribution
is prescribed on the airfoil suction side as well as the airfoil thickness distribution. The
approach is fully consistent with the viscous flow assumption and is incorporated into the
time accurate solution of the Reynolds-Averaged Navier Stokes equations. The latter are
expressed in an arbitrary Lagrangian-Eulerian form so as to allow for the airfoil shape to
deform according to a virtual wall velocity that is computed from the difference between
the current and target pressure distributions. This virtual velocity drives the airfoil to a
new shape that would asymptotically produce the prescribed pressure distribution. A cell-
vertex finite volume scheme of the Jameson type is used for spacial discretization, and
time integration is performed via a dual time stepping. Baldwin-Lomax turbulence model
is used for turbulence closure. The inverse method is first validated, it is then used to
redesign airfoils for internal and external flow cases. The robustness and usefulness of
the inverse method are demonstrated.
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1 INTRODUCTION

Simulating the flow using the Reynolds-averaged Navier Stokes (RANS) equations is
now a common tool for determining quantitatively the flow physics and properties in
many industrial applications. In the aerospace industry it is used to simulate the flow
over airplane wings as well as the flow inside the passages of gas turbine components.
State of the art CFD methods are now being used to analyze the performance of almost
all parts of e.g airplanes or gas turbines. There are also design methodologies that can
be used to improve the performance of a given wing or a given compressor or turbine.

Two-dimensional inverse design methods date back several decades and have been
under implementation and continuous development. Historically, inverse methods were
developed assuming potential flow, then inviscid but rotational flow and finally assuming
viscous flow. Due to this evolution, almost all inverse approaches used today for wings
(external flow) or blades (internal flow) contain some traces of inviscid flow implementa-
tion such as e.g. the tangency condition which requires that the flow be tangent to the
airfoil surface. Moreover, most approaches do not take account of the airfoil motion in
the numerical computations, i.e. when the airfoil shape (hence the mesh) is modified, the
flow variables are transposed to the new mesh without accounting for this motion in the
momentum fluxes across the control volumes nor do they take account of time variation.
These observations can be verified by checking the design methods that were reviewed by
Dulikravich [1].

For internal flow applications, the inverse blade design methods for viscous flows were
shown to be quite efficient [2, 3, 4, 5, 6], however they still carry some traces of inviscid
flow implementation. Some methods [2] involve viscous-inviscid interaction (so that the
metal profile has to be obtained by subtracting the displacement thickness), some [4, 5]
use the tangency condition to find the new blade camberline, while other methods [3] use
the transpiration approach where a velocity tangent to the blade is needed. The most
recent approach of de Vito et al. [6] consists of blending a Navier-Stokes solver, for the
flow analysis, with an Euler solver for the inverse design. In all the preceding methods,
it is assumed that the flow is attached and the boundary layers are well behaved, so that
a representative velocity at the edge of the boundary layer can be used to get the new
blade profile. An example presented recently of the use of inverse methods in the design
of a multistage compressor to improve stage matching is given in van Rooij et al. [7].

Most inverse design methods solve the problem as a time-marching (quasi-steady) prob-
lem and do not account for the blade movement in the problem formulation. The errors
resulting from the quasi-steady assumption will propagate into the new blade shape which
will affect the pressure field computed at the next iteration. In some design approaches
and for some target pressure distributions, such errors can result in an inaccurate blade
shape or in the divergence of the iterative process. A possible example of this situation is
the work of Yang and Ntone [8], who extended the work of Thompkins and Tong [9, 10] to
viscous flow, where the blade shape obtained for subsonic viscous flow was rather wavy.
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Moreover that approach [8] was not successful in designing transonic blades. The elimi-
nation of these errors by using a time accurate formulation will result in a more robust
method that can handle relatively ’difficult’ design cases. This fact is verified in part
by Demeulenaere et al. [3] who used a time marching (but not time accurate) approach
where they accounted for the mesh movement into the formulation, thus improving the
convergence of the inverse method. The merits of using a time accurate solution on a mov-
ing and deforming mesh were demonstrated by Daneshkhah and Ghaly [11] who showed
that the conventional quasi-steady formulation fails to converge particularly for transonic
cases while the time accurate formulation converged without any problems.

The inverse blade design method that was recently developed and presented by Daneshkhah
and Ghaly [12, 11] is fully consistent with the viscous flow assumption. The main features
of that inverse method are: a- The airfoil walls move with a virtual velocity distribution
derived from the difference between the current and the target pressure distributions on
the blade surfaces; b- The method is implemented into the time accurate solution of the
Reynolds-Averaged Navier-Stokes (RANS) equations, written for a moving and deforming
computational domain.

The trends observed for external flow inverse design are similar to those observed in
internal flow inverse design particularly that, although these methods are quite efficient,
however they still carry some traces of inviscid flow implementation. Some methods use
viscous-inviscid interaction [2, 13, 14], some combine viscous analysis with inviscid inverse
[15, 16].

In this work, the method originally developed by Daneshkhah and Ghaly [12, 11] and
applied to internal flow is extended to external flow and an additional choice of design
variables is introduced. The CFD approach is assessed, the inverse design approach is
validated and examples of airfoil redesign in internal and external flow are presented.
Emphasis is put on the robustness, flexibility and generality of the method in handling
different flow configurations and different flow regimes.

2 FLOW GOVERNING EQUATIONS

The Reynolds-averaged Navier-Stokes (RANS) equations are used to describe the flow
field (either external or internal) both in the analysis and in the design modes of the
computations. The RANS equations are written in the Arbitrary Lagrangian-Eulerian
(ALE) form to take account of the moving and deforming mesh (in the design approach).
The conservative form of the governing equations for unsteady two-dimensional flow is
written as:

∂U

∂t
+

∂(F− Fg − Fv)

∂x
+

∂(G−Gg −Gv)

∂y
= 0 (1)

where U is the vector of conservative flow variables, F−Fg and G−Gg are the convective

flux vectors relative to the moving grid, and Fv and Gv are the viscous flux vectors.
They are discretized in space using a second order cell-vertex finite volume method of

Jameson’s type on a fully unstructured triangular mesh [17]. The method uses an explicit
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Figure 1: Computational domain for a turbine cascade (left) and for an isolated airfoil (right).

Runge-Kutta pseudo-time stepping procedure to obtain the stationary solution where
local pseudo-time stepping and implicit residual smoothing are employed for convergence
acceleration. During the design process, a time accurate solution is ensured using a dual
time stepping scheme [18]. The grid velocities for a moving mesh are computed from the
space conservation law (SCL) [19]. The Baldwin-Lomax model [20], adapted for the use
on unstructured meshes [21] is used for turbulence closure.

For external flow applications, the farfield boundary condition is obtained from the
Riemann invariants and the no slip condition is applied on the airfoil surface. For internal
flow in a two-dimensional cascade of blades, the inlet total pressure and temperature
and the flow angle at inlet and the static pressure at exit are specified. The flow is
assumed periodic between adjacent blade passages so that one blade passage is simulated
with periodic boundary conditions between adjacent passages. The cascade notation and
computational domain for a turbine cascade are given in Fig. 1; the same notation is
used for airfoils in external flow. The computational domain for the flow over an isolated
airfoil is given in Fig. 1.

3 INVERSE DESIGN METHOD

Since both internal and external flows are governed by the same equations then the same
inverse design method applies to both. The current approach is to replace the fixed-wall
boundary condition with a moving-wall boundary condition; this movement is controlled
by a virtual velocity distribution v = (uv, vv) that arises from the difference between the
current and the prescribed target pressure distributions [9]. This transient velocity is
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derived from the momentum flux balance between the target pressure distribution on the
target non-moving airfoil and the current transient pressure distribution on a moving and
deforming airfoil.

The transient convective momentum flux F on the airfoil surface that is moving with
a virtual velocity distribution has the following form [11]:

F =

[
(ρuvuv + p) nx + (ρuvvv) ny

(ρuvvv) nx + (ρvvvv + p) ny

]
(2)

where n = (nx, ny) is the vector normal to the airfoil surface. When the airfoil reaches the
target shape (that corresponds to the target pressure distributions), the virtual velocities
asymptotically reach zero and thereby the target momentum flux yields

Fd =

[
(pdnx)
(pdny)

]
(3)

By equating the transient and the target momentum fluxes, Eqs. 2 and 3, the virtual
velocity components in the x- and y-directions are found.

vv = ±
(

n2
y

n2
x + n2

y

|pd − p|
ρ

) 1
2

uv = vv nx

ny

(4)

The sign of the virtual velocities is chosen such that positive virtual velocities exist when
there is positive pressure difference between target and current pressures and vice versa.
For convenience, the wall motion is taken normal to the airfoil surface and which is
computed as

vv
n = vv · n (5)

It is required that the virtual velocities computed be under-relaxed so as to ensure the
problem stability [9]. This under-relaxation factor is expressed as

ω = ε · (1/a)
√
|∆p|/ρ (6)

where a is the speed of sound and ε is a constant that varies between 0.1 and 0.2 for
subsonic flow cases and about 0.05 for transonic flow cases.

The wall displacement δs is proportional to vv
n, but is in the opposite direction so as

to counter this virtual velocity and thereby driving it to zero. Therefore δs = (δx, δy) is
given as,

δs = −ω vv
n δt (7)
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where δt is the user defined physical time step. The modified airfoil geometry is then
constructed by applying wall displacement on discrete airfoil points i.e.

xnew = xold + δx

ynew = yold + δy (8)

It is interesting to note that the present inverse formulation works well for inviscid as
well as viscous flows although, in Eq. 2, the viscous flux terms were neglected, and the
balance of convective flux terms only was used to move the walls towards a shape that
would satisfy the target pressure distribution [22]. It is believed that this is due to the fact
that all the studied cases correspond to high Reynolds number flows where the viscous
fluxes are negligible compared with the convective fluxes.

3.1 Design Variables

In the current implementation, two choices of design variables are proposed. Choice 1
consists of prescribing the pressure distributions on both pressure and suction surfaces;
the airfoil geometry is then driven by the difference between the target and the current
pressure distributions along the airfoil surfaces.

Choice 2 consists of prescribing the suction surface pressure distribution and the airfoil
thickness distribution. This option is practical for airfoil design since the suction side
pressure distribution predominantly dictates the airfoil performance; it gives more control
on the flow over the airfoil and hence on the performance so that e.g. weakening of a
shock or reducing a flow separation region can be achieved through the choice of p−. Since
the pressure surface pressure distribution has little impact on the flow, the pressure from
the current time step is used as the design target. The thickness distribution ensures that
the airfoil is closed and allows for satisfying manufacturing and structural constraints.

3.2 Inverse Design Implementation

The airfoil movement is represented schematically in Fig. 2. The resulting airfoil
is scaled back to the original chord length. The discrete x-location points are interpo-
lated back to their original x-location, thereby the airfoil is essentially moving only in
y-direction. The new camberline and thickness are now computed from the modified
geometry as

f(x)new = 0.5(y(x)−(new) + y(x)+
(new)) (9)

T (x)new = y(x)−(new) − y(x)+
(new) (10)

The resulting camberline profile is smoothed to eliminate any geometry oscillation using
the following elliptic form:

fj = fj + ωs[|fj+1 − fj|(fj+1 − fj) + |fj−1 − fj|(fj−1 − fj)] (11)
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Figure 2: Schematic representation of wall movement

where j refers to the discrete points on the airfoil camberline. A typical value for the
smoothing coefficient ωs is 0.2 for subsonic flow cases and is 0.05 for transonic cases. It is
also recommended to modify the smoothing coefficient with the amount of displacement
δs. When p− and T (x) are prescribed, Choice 2, the new p− and p+ are generated by
adding the prescribed thickness distribution to the new smoothed camberline as follows:

y(x)±new = f(x)new ± 0.5T (x)prescribed (12)

For Choice 1, where p+ and p− are the design variables, it is suggested that the thickness
distribution be smoothed in a similar manner (Eq. 11) as camberline smoothing before
computing the camberline (Eq. 9) so as to ensure a smooth distribution, and depending
upon the case, camberline smoothing may be eliminated. The new geometry is constructed
by adding the new thickness to the new camberline.

y(x)±new = f(x)new ± 0.5T (x)new (13)

After the new geometry is obtained, the design constraints are enforced, as detailed in
the next section, to get the final shape.

The next step is to displace the computational grid according to the wall movement.
This is presently done by using transfinite interpolation as it has the ability to displace the
grid at a relatively low computational cost. From this grid movement, the grid velocities
are calculated using the Space Conversation Law (SCL) which are in turn substituted
into the flow governing equations (Eq. 1).

3.3 Design Constraints

An arbitrary choice of target pressure distribution does not necessarily mean that the
inverse design problem is well posed. As described by Mangler W. [23], Lighthill M.J.

7



Raja Ramamurthy, Benedikt Roidl and Wahid Ghaly

[24] and later by Volpe et al. [25], there are three integral constraints relating target
pressures and free stream conditions that need to be satisfied to ensure a well posed
problem. Otherwise we may end up with a trailing edge crossover, an open airfoil, or any
unrealistic airfoil configuration. In the present implementation this is taken care of by
solving the inverse problem between 0.5%− 2% and 98%− 99.5% of the chord while the
remaining parts which fall near the leading and trailing edges are solved in analysis mode.
To ensure the profile smoothness at the transition points, the slope of the camberline and
the airfoil thickness are matched with those prevailing from the design region.

3.4 Inverse Design Algorithm

Figure 3 shows the inverse design iterative process. The design module starts from
a semi-converged or a fully converged solution on an initial geometry where the target
pressures are read. The difference between the target and the current design pressures
are used to compute the virtual velocities. The virtual wall velocities are then translated
into displacements that are used to modify the airfoil shape. The next step is to adjust
the computational grid using transfinite interpolation. The grid velocities are computed
from Space Conservation Law [19]. The grid velocities are added on to the governing
equations and the stationary problem is solved until the residuals reach a predetermined
convergence level. The design and target pressures are compared and the whole process
is repeated until the L2 norm of the grid displacements are within the tolerance value;
this ensures that the airfoil is not moving and steady state condition is asymptotically
reached.

4 ASSESSMENT, VALIDATION AND REDESIGN OF THE RAE 2822
AIRFOIL

To assess the accuracy of the CFD method, the computer program is run in analysis
mode for the RAE 2822 airfoil at transonic flow conditions and the results thus obtained
are compared with the available experimental data. The inverse design method is then
validated by imposing the original pressure distribution of one airfoil as target but starting
the design from a different airfoil geometry. Last but not least, the inverse method is used
to redesign the RAE 2822 airfoil.

4.1 Assessment of the CFD method

The flow analysis method is assessed for its accuracy by comparing the computed
lift and drag coefficients against the experimental values for the RAE 2822 airfoil. The
inverse design method is then validated by imposing the original pressure distribution of
one airfoil as target but starting the design from a different airfoil geometry.

A hybrid mesh was employed on the computational domain that consists of a C-mesh
where the far-field boundary is taken at 10 chords away from the airfoil. Near the airfoil,
a structured and stretched O-mesh of rectangles that are cut into triangles surrounds
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Figure 3: Computation algorithm for inverse design
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Figure 4: Mesh close-up near airfoil leading edge

Table 1: Analysis Method Assessment

Case Lift coefficient (cl) Drag coefficient (cd)
Computed Experimental Computed Experimental

RAE 2822 0.782 0.743 0.0111 0.0127

the airfoil so as to resolve the boundary layer while the rest of the domain is filled with
Delaunay triangulation. A y+ < 1 was maintained at the first node away from the wall.
The domain consisted of 17414 nodes (34447 cells). A close up of the mesh near the
leading edge is shown in Fig. 13. A background mesh as required by the turbulence
model was created with entirely unstructured mesh with rays going normally outwards
from the airfoil surface and has 17153 nodes (33620 cells).

The transonic flow over the RAE 2822 airfoil is analyzed at M∞ = 0.725, α = 2.92◦, Re =
6.5 millions, see AGARD AR 138 section A-6, test case 6 [26]. For this case, there is a
transonic bubble on the suction side and a shock is observed between 50% and 60% chord.
The computed lift and drag coefficients are compared with the experimental values in Ta-
ble 1. The computed and experimental values of pressure coefficient are given in Fig.
5.

4.2 Validation of the inverse method

The viscous inverse design method is verified by inversely designing an existing airfoil
(referred to as target), where the airfoil design variables are prescribed. The validation
case is that of recovering a NACA 0012 airfoil starting from an RAE 2822 airfoil; the flow
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Figure 5: Assessment of CFD - Computed Vs Experimental Cp values for RAE 2822 airfoil
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Initial - RAE 2822
Target - NACA 0012

Figure 6: Inverse Design validation - Initial, target and design airfoil geometry
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Figure 7: Inverse Design validation - Initial, target and design Cp plot

Table 2: Design Method Validation for RAE 2822 to NACA 0012, Minf = 0.725, AOA = 2.92◦, Re = 6.5
millions

Lift coefficient (cl) Drag coefficient (cd)
Design Target Design Target
0.466 0.444 0.0164 0.0134

being transonic over both airfoils. For the inverse design process, NACA 0012 airfoil was
analyzed under the same flow conditions where a shock appears on the suction side and
is located between 30% and 40% chord. Inverse design was started from a fully converged
solution of the RAE 2822 airfoil and the pressure distributions on pressure and suction
surfaces of NACA 0012 were applied as target. The final airfoil shape corresponding
to NACA 0012 was achieved in around 1200 design steps where the L2 norm of grid
displacements went down to 2 × 10−4. The number of design iterations is higher than
that of a subsonic flow case as the under-relaxation factors were kept low in order to
maintain the problem stability and eliminate any waviness that may occur in the shock
region. Figures 6 and 7 show the initial, target and design airfoil geometries and Cp
distributions, respectively. The design values of cl and cd are compared with the target
values in Table 2; given that this is a transonic case, the agreement is rather fair.

4.3 Inverse design of a NACA 2412 airfoil in transonic flow

The inverse design method is used to redesign a NACA 2412 in transonic flow. The
method robustness, flexibility and usefulness in designing airfoils in viscous subsonic and
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Figure 8: NACA 2412 redesign: design convergence history.

transonic flows are demonstrated.
In order to demonstrate the benefits of using a time-accurate simulation on a moving

mesh and to describe the evolution of the blade shape from the initial guess to the final
steady shape, the design approach was carried out using the time-accurate and the quasi-
steady approaches. The former approach does not account for the mesh movement during
the design solution and a steady-state solution is assumed for the flow field after each airfoil
shape modification. Figure 8 compares the convergence history of the time-accurate with
the quasi-steady simulations, where the latter did not converge and failed to recover the
airfoil geometry and the target pressure distribution. A similar convergence behavior was
also observed when designing a compressor blade in internal transonic flow, see Fig. 9.

The main aim of this redesign case is to apply the inverse method to a separated flow
case in an attempt to reduce the separated flow region. NACA 2412 was analyzed at an
AOA of 12◦, Mach of 0.39 and Reynolds number of 2.6 millions. Target Cp was tailored
such that the flow possesses higher energy upstream of the separation region so as to
energize the low momentum fluid near the wall and reduce the separation region, hence
increasing cl. Also the peak of the target Cp near the leading edge was reduced in mag-
nitude thereby reducing the pressure recovery and hence delaying separation. Reduction
of peak Cp also leads to lower mach numbers, and transonic flow or a weak shock near
the leading edge region could be eliminated and thereby reducing losses.

The design was carried out at relatively low relaxation factors due to the presence of a
small transonic region near the airfoil leading edge which led to relatively slow but stable
convergence rate. After 920 design iterations the target Cp distribution was reached; Fig.
10 shows the initial, target and design isentropic Mach number distributions. It is seen
that the transonic bubble near the leading edge was reduced and almost matches with the
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Figure 9: Transonic compressor: design convergence history, [11].

Table 3: Redesign of NACA 2412 airfoil: Minf = 0.39, AOA = 12◦, Re = 2.6 millions

Lift coefficient (cl) Drag coefficient (cd) Lift/Drag (cl/cd)
Design Original Design Original Design Original
1.392 1.250 0.0437 0.0517 31.805 24.158

target. The small deviation could be attributed to retaining the shape of the leading edge
which is enforced as a constraint in the first couple of percents. However, the leading edge
did change its orientation so as to match the target. As intended, the size and extent of
the separation region are reduced, as seen in Fig. 12. The original and designed airfoil
profiles are shown in Fig. 11. The design and original values of cl and cd given in Table
3, show an increase in cl and a decrease in cd.

5 ASSESSMENT, VALIDATION AND REDESIGN OF A TURBINE CAS-
CADE

The LS89 transonic turbine vane, which is designed and tested at the von Karman
Institute [27], is selected as a test case to assess and demonstrate the capability and
usefulness of the present inverse design scheme.

The inverse design simulation code is first run in analysis mode and the results thus
obtained are compared with the LS89 experimental data so as to assess the reliability and
accuracy of the CFD method. The inverse design method is then assessed for its robustness
and accuracy by inverse designing the LS89 using its original pressure distribution as
target but starting from a different blade geometry. The inverse method is then applied to
redesign the LS89 blade profile in order to achieve a modified target pressure distribution.
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Figure 10: Redesign of NACA 2412: Original, target and design Cp distributions

Design
Original NACA 2412

Figure 11: Redesign of NACA 2412: Original and redesigned airfoil geometry

15



Raja Ramamurthy, Benedikt Roidl and Wahid Ghaly

x/c

y/
c

0.8 0.85 0.9 0.95 1 1.05

-0.04

-0.02

0

0.02

0.04

0.06

0.08

x/c

y/
c

0.8 0.85 0.9 0.95 1 1.05

-0.04

-0.02

0

0.02

0.04

0.06

0.08
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Figure 13: Computational mesh and LE/TE close-up

5.1 Assessment of the analysis scheme

The inverse design simulation method was first run in the analysis mode. The isentropic
Mach number distribution thus obtained for a subsonic and a transonic outflow condition
are compared with experimental data [27].

Figure 13 shows the unstructured mesh with a close-up of the LE/TE regions. In
order to achieve the resolution requirements in the boundary layers, a structured mesh is
constructed around blade in such a way that the first point away from the wall results in
an average y+ < 1. Figure 14 shows the stream lines at LE/TE regions for the subsonic
case which clearly shows the LE stagnation point and TE vortices.

Figure 15 shows a comparison of measured and computed blade isentropic Mach number
distributions along the blade surfaces for M2is = 0.875 and M2is = 1.02 cases with Re =
106. The agreement is very good for the subsonic case and fair for the transonic case.
There are some discrepancies on the suction side near the shock location for the transonic
case. The reason maybe attributed to laminar to turbulent transition occurring in the
experiment at the rear part of the blade suction side and to some related unsteady effects
[27].

5.2 Assessment of the inverse design method

In this section, the viscous inverse design method is verified by inversely designing the
LS89 blade for the subsonic outflow condition (M2is = 0.875, Re = 106) using its original
pressure distribution as the design target. The initial geometry is the same profile as
LS89, but rotated by 2◦ in the clockwise direction, as depicted in Fig. 16.

The initial and target geometries are first analyzed by solving the RANS equations
using the same code but in analysis mode. The resulting blade pressure distributions
are presented in Fig. 17. As it is shown by de Vito et. al. [6], in order to obtain a
unique inverse solution, one has to specify the blade mass flow rate. This is accomplished
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Figure 14: Close-up of streamlines at LE/TE

Figure 15: Isentropic Mach no. distributions
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Figure 16: Original,initial and designed LS89 blade

indirectly by adjusting the back pressure until the target mass flow rate is reached. In
practice this could be done every 3-5 iterations during the inverse design solution and
modifications are reduced when the mass flow rate is approaching the target. A similar
approach is adapted in the present work. The difference in the computed and target
reduced mass flow rate using this approach is less than 0.2% for this case.

The resulting blade pressure distributions using the inverse method are given in Fig.
17, which shows that the target distribution was achieved, rather accurately. Figure 16
shows that the target blade profile is very well recovered by the design method. The origi-
nal geometry is recovered after about 400 geometry modification steps. The time-accurate
solution which is obtained after each geometry modification step requires about 200 iter-
ations to converge the local problem (no multigrid approach was used) and the number
of iterations are reduced as the design approaches the target. The overall computation
time is equivalent to that of 4 analysis calculations.

5.3 Redesign of the LS89 transonic vane

The inverse design method was applied to the redesign of the highly loaded transonic
vane VKI-LS89 at transonic outflow conditions where the isentropic exit Mach numbers
is M2,is = 1.02.

The design variables were chosen to be the pressure distributions on both pressure
and suction surfaces of the vane; the original and target pressure distributions are given
in Fig. 18. The target pressure distribution on the pressure side was chosen to be the
same as the one prevailing from analysis of the original vane as the flow was found to be
insensitive to almost any modification in pressure on the vane pressure side. The target
pressure distribution on the vane suction side was smoothed out in the region between
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Figure 17: Pressure distributions for design assessment

20% and 70% chord, and the diffusion region which is located at about 85% was reduced.
Note that the thickness distribution is not fixed however the ’small’ difference between
the original and target pressure distributions and the design considerations whereby the
first and last 1% of the vane are run in analysis mode ensure that the blade shape is closed
and smooth.

The design converged after 500 design steps which is equivalent to 2 analysis simula-
tions, i.e. the difference between the target and computed pressure loading has reached
an acceptable tolerance. The latter is measured by the L2-norm of the grid velocity, which
was set to 10−4. A good agreement between target and computed pressure distributions
is obtained as depicted in Fig. 18.

The resulting pressure loss coefficient (ζ), mass flux, etc. are presented in Table 4,
where ζ is the pressure loss coefficient; it was reduced by 5%. As it is presented in Fig.
19, the required geometry modifications were marginal and geometric parameters such as
vane leading and trailing edge radii, and throat did not change. The reduced mass flow
rates at the operating conditions varied by 0.26%. This variation is due to the fact that
the mass flow rate is fixed indirectly by manually varying the back pressure downstream
of the rotor. (The mass flow rate is fixed so as to obtain a unique blade shape [28]).

The pressure ratio varied between the original and design conditions by 0.03%. This
variation is due to the fact that the total pressure loading (given by the area under the
pressure loading curve) resulting from the target pressure distributions is not exactly
equal to the one prevailing in the original vane.
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Table 4: VKI-LS89 redesign results

Original Design

ṁred. 0.2698 0.2705
ζ % 7.14 6.80
PR 1.919 1.920
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Figure 18: LS89 pressure distributions for transonic outflow conditions

21



Raja Ramamurthy, Benedikt Roidl and Wahid Ghaly

x/c

P
/P

0
1

0 0.2 0.4 0.6 0.8 1
0.4

0.5

0.6

0.7

0.8

0.9

1

Design
Target

Original

x/c

P
/P

0

0 0.2 0.4 0.6 0.8 1
0.4

0.5

0.6

0.7

0.8

0.9

1

Design
Target
Original

Design

Original

Figure 19: Original and redesigned LS89 blade geometry

6 CONCLUSION

An aerodynamic inverse shape design method is successfully developed for 2D external
and internal viscous flows, where the pressure distribution on the airfoil surfaces are chosen
as design variables. A virtual wall velocity that is calculated from the difference between
the target and current pressure distributions, is used to modify the airfoil geometry. The
problem is solved in a time accurate fashion which contributed to convergence acceleration
as temporal errors were eliminated. The redesign cases performed especially in transonic
flow with flow separation regions confirm the robustness of the methodology implemented
in internal as well as external flow.
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