
Arabian Journal for Science and Engineering (2019) 44:10169–10179
https://doi.org/10.1007/s13369-019-04083-3

RESEARCH ART ICLE - MECHANICAL ENGINEER ING

A Novel Three-Dimensional Inverse Method for Axial Compressor
Blade Surface Design

Chen Yang1 · Hu Wu1 · Yan Liang1

Received: 16 November 2018 / Accepted: 30 July 2019 / Published online: 21 August 2019
© King Fahd University of Petroleum &Minerals 2019

Abstract
Anovel three-dimensional inversemethodbasedon the time-accurate solution ofNavier–Stokes equations for axial compressor
design is proposed in this work. The main novelty lies in the derivation of an inverse design boundary condition established on
the conservation of Riemann invariant in order to directly design the blade surface. Specifically, a dynamic mesh technique is
employed to update the grids and reduce the computational costs. In addition, some restrictions are imposed on the blade surface
movement in order to avoid unrealistic airfoil profiles and guarantee computational robustness. Two redesign procedures are
presented, including shock wave strength restrain for the NASA Rotor 37 stage and integrated controlled diffusion airfoil
concept design for the Stage 35. Results indicate that this novel inverse method is effective for detailed axial compressor
design.

Keywords Computational fluid dynamics · Inverse method · Axial compressor · Blade design · Dynamic mesh technique

Abbreviations
2D Two-dimensional
3D Three-dimensional
CDA Controlled diffusion airfoil
CFD Computational fluid dynamics
CFL Courant–Friedrichs–Lewy
LU-SGS Lower–upper symmetric Gauss–Seidel
MCA Multiple circular arc airfoil
NURBS Non-uniform rational B-spline
RANS Reynolds-averaged Navier–Stokes equations

1 Introduction

Great progress on the theory of three-dimensional (3D) com-
putational fluid dynamics (CFD) has been achieved during
the past thirty years. The flow details captured by CFD simu-
lations can be utilized to redesign the original blade in order
to improve the performance of the turbomachinery or eventu-
ally achieve the goal of an optimization to the aircraft engine.
Therefore, CFD plays an important role in the design area.
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It is often integrated with some optimization algorithms to
redesign or optimize a blade profile. This results in an urgent
need for accurate and fast CFD techniques which are cur-
rently still inefficient. Due to this, the three-dimensional
inverse method may be much more appropriate for design
problems.

Some clear and well-understood inverse design methods
were first proposed based on the solution of the two-
dimensional (2D) potential flow or quasi-3D through flow
equations. Sanz [1] developed a numerical automation pro-
cedure combined with an inverse hodograph method for
the design of controlled diffusion blades. The NASA Lewis
inverse design code (LINDES)was then developed [2]. Since
sophisticatedmodernCFD techniques gradually showadvan-
tages in predicting viscous turbulent flows, some inverse
methods entirely based on 2D or 3D CFD techniques have
been developed and proved to be quite effective. Dang [3–5]
proposed an inverse method which used a pressure-loading
boundary condition across the blade surfaces. Modification
of the blade geometry was achieved by specifying a flow-
tangency condition along the blade surfaces. Daneshkhah
and Ghaly [6] solved the time-accurate RANS equations
for design purposes in 3D flows. The developed inverse
method was further implemented into a commercial CFD
program, namely, ANSYS-CFX, by Arbabi et al. [7]. Qiu et
al. [8] established a novel inverse boundary condition, which
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greatly enhanced the robustness, especially in the presence
of tip clearance flow. Roidl and Ghaly [9] prescribed the
mass-averaged swirl distribution and the blade thickness dis-
tribution to develop an inverse method for turbomachinery
cascades. The approach of Van Rooij et al. [10–12] made
a reformulation of the inverse method, which effectively
decouples the inverse method from the CFD flow solver.
Zangeneh et al. [13–15] developed an inverse design sys-
tem utilizing unstructured grids and the commercial software
Turbodesign. Their method was employed by Watanabe and
Zangeneh [16] to redesign a forward sweep fan and achiev-
ing significant improvements in terms of adiabatic efficiency
and choke mass flow. Sun et al. [17] established an appli-
cable airfoil/wing inverse design method with the help of
artificial neural networks and airfoil/wing database, which is
highly dependent on the accuracy of the trained network and
the richness of the database. A ball-spine inverse design algo-
rithmwas adapted to an axisymmetric viscous solver by Shu-
mal et al. [18] to optimize the performance of an axisymmet-
ric bend duct, in which thewall pressure distributionwas pre-
scribed. Recently, Yang et al. [19] proposed a coupled non-
uniform rational B-spline(NURBS) smoothing technique to
strengthen the robustness of the inverse method, achieving
satisfactory results for several turbomachinery test cases.

It is worth noting that the blade camber is the design
variable in most of the CFD-based inverse methods men-
tioned above. In addition, the blade thickness distribution
is prescribed and kept unchanged to allow an easier control
for blade shape. However, considering the significant influ-
ence of thickness distributions, direct design to blade surface
profiles will be a feasible way to further improve the per-
formances. To the writer’s knowledge, only Daneshkhah and
Ghaly [6] presented an 2D inverse design case using such
a scheme. In a similar way, 3D application by Ferlauto was
performed in a low speed nozzle guide vane [20] solving
incompressible Euler equations. Based on the above analy-
sis, a novel 3D inverse method is developed in this work.
The blade suction and pressure side profiles are considered
as design variables, while the static pressure distribution on
blade surfaces is prescribed as input. A novel inverse design
boundary condition based on the conservation of Riemann
invariant on the blade surface is proposed. Moreover, spring-
based smoothing dynamicmesh technique is adopted to avoid
updating themesh at every iteration in the inverse design, that
makes the method quite effective.

The remainder of this paper is organized as follows. Sec-
tion 2 presents basic governing equations and detailed theory
of the proposed inverse method, the derivation process for
the novel inverse boundary condition, calculation princi-
ple for the inverse design time step, some treatments to
improve robustness and the spring-based smoothing dynamic
mesh technique. Then, a general inverse design procedure is
described in Sect. 3. Its effectiveness is validated in two appli-

cation cases in Sect. 4, including the shock wave restraining
for the NASA Rotor 37 and CDA concept redesign for the
stator of NASA Stage 35. Finally, concluding remarks are
summarized in Sect. 5.

2 The Novel Inverse Method

2.1 Introduction to Flow Analysis Solver

The inverse method is basically developed on the basis of
fully three-dimensional Reynolds-averaged CFD solver. The
conservation form of RANS equations in Cartesian coordi-
nates is employed as

∂

∂t

∫

Ω

W dΩ +
∫

∂Ω

(Fc − Fv) dS =
∫

Ω

Q dΩ (1)

where Ω represents the control volume, W are conservative
variables, Fc are convective fluxes, Fv correspond to viscous
fluxes and Q are source terms. Based on cell-centered finite
volume scheme method, both the JST(Jameson, Schmidt,
Turkel) central scheme [21] and the Steger–Warming upwind
scheme [22] are available to complete spatial discretization,
while the explicit hybrid multistage Runge–Kutta scheme
or the implicit Lower–Upper Symmetric Gauss–Seidel (LU-
SGS) scheme [23] can be used to deal with temporal dis-
cretization. As for turbulence model, considering the solving
efficiency of inverse design module, a classic Baldwin–
Lomax turbulence model [24] is utilized. Two acceleration
methods are applied in the solver, namely local-time step-
ping and central implicit residual smoothing, and the latter is
only usedwith the explicit scheme. Except for some common
boundary conditions such as inlet, outlet and periodic ones,
mixing plane model [25] is applied to consider the mutual
interference between rotor blades and stator blades in a mul-
tistage environment. Structured H-type grid is employed to
discretize the computational domain. Based on the relevant
theories and models above, a program consisting of decou-
pled direct analysis module and inverse design module has
been developed.

2.2 The Novel Inverse Boundary Condition on Blade
Surface

In the analysis module, the wall boundary is fixed during
the iterations. However, in the inverse module, the fixed-wall
boundary condition is replaced by a moving-wall boundary
condition. On the basis of the flow solver described above,
the core problem of inverse design method is to establish
a relationship between prescribed aerodynamic parameters
and blade geometry. In the present work, static pressure dis-
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tribution on both pressure and suction sides of blade surfaces
are prescribed and chosen to calculate the virtual velocity of
the blade surfaces. All viscous effects are considered, and a
strict non-slip wall boundary condition is implemented.

In the current inverse method, it is assumed that each grid
cell line on the blade surface is a one-dimensional subsonic
outlet boundary of the flow domain. Then, the outgoing one-
dimensional Riemann invariant on the normal direction of the
calculation domain can be employed to build a relationship
between the prescribed static pressure and the blade wall
movement.

R± = v±
n ∓ 2a±

γ − 1
(2)

The superscripts ‘+’ and ‘−’ identify the lower and upper
boundaries of the blade surfaces, respectively, and vn is the
virtual velocity normal to the boundary. R is the outgoing
Riemann invariant,γ is the specific heat ratio and a is the local
sound speed. According to the characteristic theory of one-
dimensional isentropic flow, the Riemann invariant remains
unchanged when enforcing the inverse boundary condition.
For example, on the lower boundary

R− = (
R−)new

(3)

With the definition of Riemann invariant, Eq. 3 concretely
means

v−
n + 2

√
γ p−/ρ−
γ − 1

=
(

v−
n + 2

√
γ p−/ρ−
γ − 1

)new

(4)

It is assumed that ρ is kept constant during the process of
inverse design. For a non-slip wall boundary, the normal
velocity vn on the blade surface is zero before blade surface
modification. Hence, Eq. 4 becomes

(
v−
n

)new = 2

γ − 1

√
γ

ρ−

(√
p− −

√(
p−)new)

(5)

pnew is the prescribed static pressure in the inverse design,
which is imposed on the blade surface. vnnew can be inter-
preted as the blade surface virtual moving velocity, through
which the change from the old pressure p to pnew could be sat-
isfied. It is clear fromEq. 5 that if apnew equal top is achieved,
then vnnew will be zero and the movement of blade geome-
try vanishes, which means the goal of the inverse design is
achieved. A similar result can be obtained on the upper sur-
face of the blade

(
v+
n

)new = 2

γ − 1

√
γ

ρ+

(√(
p+)new − √

p+
)

(6)

Fig. 1 Inverse boundary condition on blade surfaces

A sketch map of this novel inverse design boundary con-
dition on blade surfaces is given in Fig. 1.

2.3 The Inverse Design Time Step Calculation

The blade wall movement can be calculated by

Δs = vnewn Δt (7)

where Δt is a pseudo time step and it strongly influences
the stability of the inverse design procedure. In this method,
the suggested value of Δt is nearly on the same order of
magnitude as the local time step of time-marching analysis.
The detailedmethod to calculate virtual time step is described
as follows

⎧⎪⎪⎨
⎪⎪⎩

vmax = max (vi )

Δtprofile = (
1/βγ

)
min

(
C/nk, T /n j

)
/vmax

Δt = min
(
ΔtCFL,Δtprofile

) (8)

βγ is the stagger angle of the design section, C is the chord
of the blade and T is the pitch of the blade row, nk is the
number of grid points in axial direction and n j is the num-
ber of points in tangential direction. ΔtCFL is the time step
related to Courant–Friedrichs–Lewy (CFL) number in anal-
ysis module.

2.4 Robustness Improvements

During the design procedure, several blade sections, i.e., at
various spans, are chosen as the design sections and the wall
displacement between two design sections is interpolated as
shown in Fig. 2. Both the blade pressure and suction side
profiles change constantly until the desired static pressure
distribution is obtained. For sections nearby the endwall,
extrapolation is used because it is hard to provide an accurate

123



10172 Arabian Journal for Science and Engineering (2019) 44:10169–10179

Fig. 2 Blade design sections

static pressure distribution in the absence of endwall bound-
ary layer, which may cause a divergence.

For feasible design, i.e., in order to ensure that there is
no intersection or bifurcation on leading or trailing edge,
it is necessary to restrict the changing thickness during the
inverse design procedure. Firstly, the thickness of leading and
trailing edges stays unchanged so as to avoid distortion. In the
presentwork, the leading and tailing edges are not considered
as design parameters and are imposed to the updated blade
in every inverse design iteration step, i.e., the leading and
tailing edges are first translated to the updated blade and then
rotated based on the inlet or outlet angle of the updated blade.
Secondly, according to some special design intents such as
the strength of blades, the upper limit and the lower limit of
the blade thickness are input to the inverse design process,
as schematically depicted in Fig. 3.

After the calculation of the wall movement for blade
surfaces, the new blade surface profiles are defined. In the
present work, a radial grid line is selected as the stacking
line. The new coordinates of blade profiles are integrated

Fig. 3 Blade thickness restriction

upstream and downstream from this line. The upstream coor-
dinates from stacking line are given by

(
si, j

)
new = (

si+1, j
)
new + Δsi, j + (

si, j − si+1, j
)
old (9)

where Δsi, j is the local wall grid movement calculated by
Eq. 7. Similarly, downstream coordinates from stacking line
are

(
si, j

)
new = (

si−1, j
)
new + Δsi, j + (

si, j − si−1, j
)
old (10)

2.5 The Spring-Based Smoothing Dynamic Mesh
Technique

It is common that in most inverse design methods, the grids
of the computational domain need to be regenerated after
the blade geometry update at each iteration. However, this
is cumbersome and time-consuming considering the high
complexity of the 3D mesh topology, which is significantly
detrimental to the efficiency of the inverse design. Owing to
the unsteady form of the governing equations and the chang-
ing blade geometry, it is possible to utilize dynamic mesh
modification to overcome this difficulty. Such a technique is
widely used in unsteady numerical simulations,while usually
they are not necessary for steady calculations in turbomachin-
ery. Nevertheless, it is appropriate to use dynamic mesh in an
inverse design problem since the geometry keeps changing
until the calculation converges. In this work, spring-based
smoothing method is employed to generate a new mesh in
the deforming regions, which is interpreted in detail below.

In a spring-based smoothing model, every grid line in the
computational domain is regarded as a spring. All of the grid
mesh points are in equilibrium state before blade changing.
While blade geometry is modified, an external force corre-
sponding to the displacement of the bladewill act on all of the
springs. Therefore, the length of all springs will be changed
until all of the mesh points come to a new equilibrium state
which is exaggeratedly exhibited in Fig. 4. According to
Hooke’s law, forces acting on each grid points in the compu-
tational domain can be calculated as

(FN )i =
n∑
j=1

ki, j
(
Δs j − Δsi

)
(11)

where Δsi is the displacement of the local grid point i, while
Δs j is the displacement of the adjacent point j. n denotes the
total number of grid points adjacent to point i. For structured
hexahedron mesh, n equals 6. k is Hooke coefficient, which,
according to the literature, can be calculated by

ki, j = 1√∣∣li, j ∣∣
(12)
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Fig. 4 Spring-based smoothing mesh update

where l denotes the length between adjacent grid lines. Then,
the displacement of each grid point can be iterated by means
of a point implicit Jacobi method as

(Δsi )
m+1 =

∑n
j=1 ki, j

(
Δs j

)m
∑n

j=1 ki, j
(13)

Based on the displacement of the blade surface boundaries
at the current time step, the displacement of every grid point
can be iterated by Eq. 13 successively until all of the mesh
points come to a new equilibrium state. The new coordinates
of each grid point can be established by adding the original
grid coordinates and the corresponding displacement. Using
the spring-based smoothing dynamic mesh technique, the
mesh update usually takes less than 10% of CFD run time.

3 Execution Procedure of the Novel Inverse
DesignMethod

Lying in the foundations established above, a general inverse
design procedure is developed. At the beginning of the
inverse design, the initial blade geometry and the target static
pressure distributions on both the lower and upper surfaces
are defined. Then, a 3D CFD simulation is carried out. After
the analysis module, the inverse design module is executed,
in which the virtual displacements of the blade surfaces are
computed. Once the displacements at current time step are
known, the blade geometry, i.e., its lower and upper surfaces
are updated, followed by the spring-based dynamic mesh
update. Eventually, the convergence is checked. A typical
flow chart for the present inverse design method is shown
in Fig. 5. It is noticeable that at the beginning, the selection
and definition of the target pressure distributions are based on
designer’s experiences influidmechanics in conjunctionwith
the specific design intent. Considering the high complexity
of pressure distributions in a 3D flow, the target pressure
distributions are usually based on the pressure distributions

Fig. 5 Flowchart of the present inverse design method

in original blades with some experienced adjustments in
practice.

4 Application of the Inverse DesignMethod

The accuracy of this developed inverse method has been
validated bymeans of a blade recovery test in [26]. Twoappli-
cation cases are presented herein to demonstrate its effec-
tiveness, including the restraining shockwave boundary layer
interaction inRotor 37 stage and theCDAconcept redesignof
the stator in Stage 35. The spring-based smoothing dynamic
mesh technique and treatments to improve the robustness of
the method are also applied in these two examples.

4.1 Rotor 37’s Shockwave Boundary Layer
Interaction Restraining

Rotor 37 is a typical supersonic axial compressor rotor, in
which the inlet relative Mach number along the whole span
is greater than 1.0. Compared with Rotor 67, Rotor 37 has a
higher design pressure ratio of 2.105 [27]. Such considerably
high load contributes to its severe flow separation, which has
been proved by many experiments and numerical analysis in
the past [28,29]. These experiments and simulations showed
a typical flow separation caused by interaction between the
shock wave and boundary layer which is a complex flow
phenomenon. Nevertheless, the strong adverse pressure gra-
dient in the boundary layer caused by the shock wave is
definitely the main cause of an imminent risk of separa-
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Fig. 6 Rotor 37-relativeMach number contour close to the suction side

tion. Figure 6, in the meridional plane, shows the relative
Mach number contours nearby the suction side of Rotor 37
produced by numerical simulation. Behind the shock wave,
a sharp decrease in the relative Mach number is observed,
especially above 50% span where it almost reduces to zero
and is obviously lower than a reasonable value that clearly
reveals the flow separation phenomenon.

This redesign work has been conducted with the view of
weakening the strength of the shock wave. Based on the flow
character and the previous analysis, two design strategies are
presented here. According to the first one, the static pressure
in front of the shock wave is increased aiming to reduce the
shock strength.According to the second one, the pressure rise
is maintained almost invariant and the gradient of the static
pressure across the shock wave is suppressed. Both make the
pressure rise change process gentler so as to decrease the
flow loss. The 70% and 90% spanwise locations are cho-
sen as design sections here. The computation iterates about
8000 steps, and the CPU time costs 4 hours approximately
on an Intel I7-4790K processor. Figure 7 shows the chord-
wise static pressure distributions of the original Rotor 37,
the target one and the redesign result, at 70% and 90% span-
wise locations. The gradient of the static pressure has been
suppressed. It is clear that the inverse redesigned result has
obtained a conformity with the target pressure distribution
satisfactorily.

Figure 8presents the comparisonof blade profiles between
original Rotor 37 and redesigned blade. It can be seen that the
blade stagger angle changes obviously at 70% span, while it
changes less at 90% span. Thinner blade profiles can also be
observed at both 70% and 90% span positions.

Figure 9 shows relative Mach number contour compari-
son at 70% span position, Fig. 9a corresponds to the direct
analysis result at the original Rotor 37 blade, while Fig. 9b
corresponds to the result of the redesigned blade. In Fig. 9a,

Fig. 7 Rotor 37-static pressure distribution in the inverse design a 70%
span, b 90% span

Fig. 8 Rotor 37-profiles of original and designed blade a 70% span, b
90% span

it can be seen that the boundary layer in suction side begins
to grow up from leading edge. However, its growth speed is
very slow in front of the shock wave owing to a accelerating
flow. Behind the shock wave, the boundary layer thickness is
increased sharply due to the strong adverse pressure gradient.
Then combined with action of curvature change, it results in
flow separation in the original blade. In Fig. 9b, it is obvious
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Fig. 9 Rotor 37-relative Mach number contour comparison a original
blade, b redesigned blade

that most of the flow separation has been restrained in the
redesigned blade.

Table 1 shows primary aerodynamic performance compar-
ison between original Rotor 37 and redesigned blade. Owing
to amore reasonable static pressure distribution, theflowcon-
dition has been greatly improved. Compared to the original
Rotor 37, the mass flow is increased by 0.77%, the pressure
ratio is increased by 2.22% and the adiabatic efficiency is
increased by 1.14%.

4.2 Stage 35 Stator Redesign with the CDA Concept

The controlled diffusion airfoil is a kind of airfoil introduced
by Hobbs and Weingold [30], which is designed analyti-

Table 1 The aerodynamic performance of the original and redesigned
Rotor 37

Parameters Original Redesigned %Increase

Mass flow 20.82 20.98 0.77

Pressure ratio 2.120 2.167 2.22

Adiabatic efficiency 0.877 0.887 1.14

cally to be shock-free at transonic flows and to avoid suction
surface boundary layer separation for a range of inlet condi-
tions. Different from some traditional standard series airfoils,
such as NACA65, the thickness distribution of CDA varies
with specific flow condition. Usually, there are two kinds of
design methods for CDA blade, i.e., the optimization method
and the inverse method. The optimization method sets a
prescribed velocity distribution as the objective function,
which requires a massive calculation to establish a sample
database. The inverse design method for a CDA, in con-
trast, imposes a given surface velocity distribution which
reflects the desired aerodynamic behavior. In the early inverse
design method, based on the potential equations, systems
of nonlinear multi-variable equations were built between
the velocity distribution and the blade geometry and then
solved by Newton–Raphson iteration method. Compared to
the potential method, the 3D RANS method has obviously
many advantages, such as much more reliable prediction
capability. The newly developed 3D viscous inverse design
method is thus utilized in the CDA redesign for Stage 35.
Notice that flow velocity on the blade surface is zero in the
actual 3D viscous flow. Instead, the isentropic Mach num-
ber is adopted to describe the flow near the blade surface. In
the present work, the isentropic Mach number distribution
is modelled by means of a cubic spline. The corresponding
static pressure distribution on blade surface is then computed
from the isentropic flow relations, which is used as input of
inverse design module.

Stage 35 is one of the four inlet stages for an advanced
core compressor in reference [27], which has a rotor aspect
ratio of 1.19 and a staged pressure ratio of 1.82. The stator in
Stage 35 is chosen here to achieve a redesign work by apply-
ing the CDA concept. The inlet Mach number for the stator
varies from 0.725 at the tip to 0.765 at the root. The original
stator is designed using multiple circular arc airfoil (MCA)
with 46 blades. The tip solidity is 1.3, and the aspect ratio is
1.26. In the present inverse design module, 5, 30, 50, 70 and
95% spanwise locations of the stator are chosen as design
sections. It is worth to notice that the inverse design process
is running in a stage environment, instead of an isolated stator
simulation.

For a stator row in the axial compressor, to achieve a cer-
tain exit flow angle is necessary, which means that the exit
flow angle shouldmaintain stable through a redesign process.
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Fig. 10 Stage 35-isentropic Mach number distribution in the inverse design a 30% span, b 50% span, c 70% span

Inspired by the work of Dang et al. [31], this is feasible by
a reasonable blade pressure-loading distribution illustrated
below. The angular momentum-force balance relationship
for a quasi-3D blade element can be expressed as

∫ T E

LE
rΔp dAθ = m

[
r1Vθ,1 − r2Vθ,2

]
(14)

The pressure loading Δp is the static pressure difference
between the pressure side and suction side. Subscripts LE
and TE denote the leading and trailing edges of blade,
respectively. Aθ is the circumferential projection of the blade
camber surface area,m is themass flow rate through the blade
element and Vθ,1 and Vθ,2 are mass-averaged circumferen-
tial velocity at the inlet and outlet, respectively. Once the
inlet aerodynamic parameters are fixed, the desired exit flow
angle can be obtained by adjusting the pressure loading on
the blade surfaces. Specifically, it is necessary to guarantee
that the pressure loading of the redesigned blade is equal to
the original one on different design sections as the new static
pressure distribution is specified.

Figures 10 and 11 show the target Mach number and cor-
responding static pressure distributions at three of the five

different spanwise locations. On the suction side, the maxi-
mum Mach number is 1.0, and the strong velocity gradient
is avoided so that the risk of an imminent shockwave bound-
ary layer interaction can be eliminated. The Mach number
at blade trailing edge on pressure side is 0.56. The design
calculation was started using a previous analysis result as
the initial solution. The flowfield and blade profile reached
its steady state after about 2000 iterations, and the CPU time
costs about 3 hours. It is also shown that the target and inverse
designed pressure distributions match perfectly in most part
of the chordwise. However, the notable deviation can be
found nearby the leading and trailing edges. The reason is
that in the present inverse design method, leading and trail-
ing edges are not allowed to be redesigned, and thickness at
these regions remains unchanged during the inverse design
process as described previously. In spite of the inevitably
small deviation at the leading and trailing edges regions, the
design results can hardly be affected.

Figure 12 presents the comparison at three different loca-
tions between new CDA blade profiles designed by the novel
inverse method and the original MCA blade. The difference
is obvious that the new designed CDA blade has its unique
profile and thickness distribution. Over the first half chord,

123



Arabian Journal for Science and Engineering (2019) 44:10169–10179 10177

Fig. 11 Stage 35-static pressure distribution in the inverse design a 30% span, b 50% span, c 70% span

Fig. 12 Stage 35-profiles of original and redesigned blade a 30% span, b 50% span, c 70% span

Fig. 13 Stage 35-relative Mach number contour of the designed blade a 30% span, b 50% span, c 70% span

the new designed CDA blade has a greater change in curva-
ture, due to the higher design load. The relatively straight rear
half of the blade is necessary to achieve a smooth diffusion
process. In contrast, the original blade has a much gentler
and even nearly constant curvature change rate.

The relative Mach number contour lines at different span-
wise locations are shown in Fig. 13. The stator blade passage
flow structure is similar from the root to the tip of the blade.
On the suction side, the inlet flow Mach number is about
0.7. The flow accelerates from the leading edge to the peak
Mach point with a value very close to 1.0. Then, the flow
continues to decrease till the trailing edge. The strong shock
wave is avoided, and no boundary layer separation occurs.On
the pressure side, the flow nearly keeps a constant subsonic
Mach number from the leading edge to the trailing edge. Fig-
ure 14 shows the comparison of outlet swirl angle between
the original and redesigned stator. It is proven that the sta-

Fig. 14 Stage 35-original and redesigned stator outlet flow swirl angle
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Fig. 15 Stage 35-original and redesigned performance curves a abso-
lute total pressure ratio, b adiabatic efficiency

tor outlet flow angle stays almost unchanged and the outlet
flow environment is ‘protected’ well by this novel inverse
design method. All the results indicate that flow structure of
the newly redesigned stator is in good agreement with the
CDA concept design qualitatively and quantitatively.

Figure 15 compares the resulting performance curves
between the new stage with redesigned CDA stator and the
original one. It can be seen that the absolute total pressure
ratio performance curves are almost identical. Moreover, it
is surprising that almost in the full mass flow range, the adia-
batic efficiency of the stagewith CDA stator improves signif-
icantly compared to the original one, which is not expected
at first. This case shows the advantages and potentials of the
present inverse method in the region of new concept profiles
design. In addition, the direct correlation between the veloc-
ity (adiabatic Mach number here) and static pressure makes
it possible to use velocity parameters in a 3D inverse design,
such as the adiabatic Mach numbers distribution in the Stage
35 case, which is more engineering-friendly and cannot be
achieved in a blade camber-designed inverse method.

5 Concluding Remarks

Anovel three-dimensional viscous inverse designmethodhas
been presented in this work. In this method, a new inverse
design boundary condition is developed based on the conser-
vation of the outgoing Riemann invariant normal to the blade
surface. It realizes direct update of the blade surface and strict
satisfaction of the ‘no-slip’ boundary condition on it. In addi-
tion, a spring-based smoothing dynamic mesh technique is
introduced to further improve the inverse design efficiency.
Restrictions on blade thickness are also defined to ensure
an adequate blade profile and meet some structural strength
requirements. Moreover, a detailed inverse design time step
calculation method is employed to guarantee a robust design
process.

Effectiveness and robustness of this novel 3D inverse
design method are demonstrated through two redesign cases
concerning the transonic Rotor 37 and the stator in Stage
35. For the Rotor 37 case, the flow separation has been
eliminated by restraining the shockwave and boundary inter-
action; this moderates contradictions between the very high
load and the poor aerodynamic performance. Under the
nearly same mass flow rate, the inverse redesign increases
the total pressure ratio and the adiabatic efficiency by 2.22%
and 1.14%, respectively. For the Stage 35 case, the newly
defined parameter termed adiabatic Mach number is adopted
in the inverse design. Results show nearly the same exit flow
angle and absolute total pressure characteristics between the
CDA-designed blade and the original one, while the effi-
ciency of the stage is unexpectedly improved in almost the
whole mass flow range. This validates the novel inverse
design method applied in a stage environment, and enriches
the design parameters which can be utilized in 3D inverse
design method. In particular, the cases presented in this work
indicate that this novel inverse method is robust and effec-
tive in compressor redesign. Further applications will be
focused on turbine stages, as well as on cases in a multistage
environment.
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