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ABSTRACT

Discrete tip injection (DTI) shows great promise for improving the operating stability of transonic axial flow compressor (AFC) rotors.
However, the design optimization of DTI remains a challenging task because of both the reliance on computationally expensive unsteady
simulations to calculate its effects and the lack of a flow physics-based index for assessing operating stability. The present study introduces a
nonlinear harmonic method for the rapid simulation of the dominant unsteady effects caused by a DTI device, and it proposes the unsteady
shroud endwall blockage attenuation as an operating stability optimization index for DTI design based on analyzing the stall flow mechanism
in transonic AFCs. On this basis, an efficient optimization method for DTI design is proposed in combination with an adaptive kriging-
based optimization technique. This design optimization method is validated by the Coand�a injector design for the transonic rotor National
Aeronautics and Space Administration Rotor 37, with improved operating range and reduced injection mass flow pursued simultaneously by
a comprehensive objective function. The optimal DTI design significantly reduces the stalling flow coefficient of the compressor by 4.46% at
a small injection mass flow (0.72% of the compressor stalling mass flow), with a slight increase in the aerodynamic performance of the com-
pressor. Detailed unsteady flow-field analysis shows that the main reason for the improved operating stability of the transonic AFC is a sig-
nificant attenuation and delayed recovery of shroud endwall blockage, and the underlying flow mechanism is elucidated well.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152319

NOMENCLATURE

a distance between injector and blade leading edge
AFC axial flow compressor

B blockage factor
Bave average shroud endwall blockage

Bt,max maximum shroud endwall blockage near blade trailing
edge

C weight coefficient of objective parameter
Choked choke point

Cax tip axial chord length
de1 eccentric distance in radial direction
de2 eccentric distance in axial direction
DE design point

DTI discrete tip injection
h height of the injector outlet

LE leading edge
minj injection mass flow rate
mNS compressor mass flow rate at near-stall

NASA National Aeronautics and Space Administration
NLH nonlinear harmonic method
NS near-stall point
Nd number of blades of the downstream row
NH number of harmonics
Nu number of blades of the upstream row
O1 circle center of the inner circular arc
O2 circle center of the outer circular arc
PE peak efficiency point
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Ps static pressure
Pt total pressure
r1 radius of the inner circular arc
r2 radius of the outer circular arc
Rh radius of hub endwall
Rs radius of shroud endwall

SEB shroud endwall blockage
SMI stall margin improvement
TLF tip leakage flow
TLV tip leakage vortex
Tt total temperature
V absolute velocity

Vinlet average velocity at compressor inlet
W relative velocity
Wz axial velocity component
de local displacement thickness
D relative difference of parameters
g adiabatic efficiency
h circumferential width of the injector
p� total pressure ratio
q density
s tip clearance size
u mass flow coefficient

I. INTRODUCTION

The design of axial flow compressors (AFCs) in modern aero-
engines has targeted higher stage loading to reduce their number of
stages, size and weight, but high-loading designs are always accompa-
nied by some negative effects.1,2 One of the most serious downsides is
the narrowing of the stable operating range, which not only poses a
serious threat to flight safety but also leads to difficulties in stage
matching and, thus, affects the operating efficiency of aero-engines.
Therefore, there has been a fairly constant effort over the past few dec-
ades to develop robust stability-enhancement techniques for highly
loaded AFCs.

Various passive and active techniques have been presented and
researched for enhancing AFC operating stability, such as 3D blade
designs,3–5 casing treatments,6–8 pitching inlet guide vanes,9,10 and tip
injections.11,12 For tip-critical rotors, discrete tip injection (DTI) has
been investigated extensively because it has shown significant benefits
in terms of enhanced stability and lower accompanying compressor
efficiency losses. The DTI air supply can be either an external air
source13 or bled from the high-pressure region of the AFC rear part,14

but both forms of air supply require additional work for the injected
flow and inevitably subject the entire system to cycle penalty.
Therefore, a major focus of previous research has been on designing
the DTI to maximize the stable operating range at the smallest possible
injection mass flow rate and analyzing the underlying flow mecha-
nisms of stall margin improvement (SMI).

Most previous studies of DTI design have been based on para-
metric research methods to investigate how injection parameters affect
SMI, with the expectation of summarizing some valuable design guide-
lines. For example, Suder et al.11 performed experimental and numeri-
cal studies of DTI design in a transonic AFC rotor; they subjected
injection parameters including injector number, circumferential distri-
bution of injectors, and injection flow velocity to parametric investiga-
tion, concluding that SMI is related to the total circumferential

coverage of the injectors and has nothing to do with their circumferen-
tial distribution. Cassina et al.15 conducted numerical simulations of
DTI in an AFC stage to investigate parametrically the effects of differ-
ent injection parameters, including injector aspect ratio, injection flow
angle, injection mass flow rate, and axial distance between injector and
blade leading edge (LE); they concluded that there is an optimal injec-
tor aspect ratio for maximum SMI with constant injection area and
mass flow rate. Wang et al.13,16 studied the effects of injector throat
height and circumferential coverage on SMI for a transonic and a sub-
sonic AFC rotor; they found that the effects of these two parameters
were basically the same for the two compressors when the ratio of
injection velocity to mainstream velocity reached two.

Based on considerable efforts in parametric studies of DTI
design, design guidelines for some of the injection parameters have
become consensus. For example, for a given DTI design, a larger SMI
can be achieved as the injection mass flow rate increases.11,15

However, systematic and universally applicable guidelines for DTI
design are still difficult to establish. The reasons behind this are that,
on the one hand, there are many injection parameters affecting the
SMI effect of DTI design,17 and parametric studies tend to investigate
the effects of several of them one by one and do not consider the
cross-influence between parameters.16 On the other hand, some design
guidelines exhibit obvious compressor dependence, that is, the influence
pattern of some injection parameters is not consistent across AFCs. For
example, based on the respective AFCs studied, Hiller et al.18 found that
SMI could be achieved only when the injection flow exceeded 2% of the
compressor flow, while the study results conducted by Wang et al.16

showed that significant SMI could be achieved even at an injection flow
of less than 1% of the compressor flow; The results of Suder et al.11

showed that the non-uniform distribution of injectors in the circumfer-
ential direction had no effect on SMI; however, the opposite results were
obtained by Nie et al.19 Some studies suggested that air should be
injected along the axial direction,11,20,21 while some others found that air
is better injected along the blade camber line at the LE.14,15

In addition, there are some other obvious disadvantages of para-
metric studies. Some design guidelines can only indicate the general
direction of the DTI design, while the optimal values of the parameters
still need to be further studied based on the compressor under study.17

Existing parametric studies have mainly focused on considering the
SMI effect of DTI design, and it is difficult to achieve the collaborative
design optimization with other objectives, such as improving compres-
sor aerodynamic performance while achieving SMI maximization. In
pursuit of greater improvements in stall margin and aerodynamic per-
formance of AFCs, a variety of new types of injection designs are
emerging,22,23 which pose significant challenges to the applicability of
these established design guidelines. Therefore, there is an urgent need
to develop an efficient and robust DTI design methodology.

Combining computational fluid dynamics (CFD) and advanced
optimization techniques for the design optimization of turbomachin-
ery is now a well-established and promising method, which can well
overcome the shortcomings of parametric research methods men-
tioned above. To date, there are many studies on the design optimiza-
tion of blades24–26 and casing treatments,27–29 but few studies have
focused on the optimization of DTI designs. The reasons behind this
are (i) during the process of CFD-based design optimization, a large
number of new designs need to be numerically simulated; (ii) because
of the DTI influence, there are significant unsteady flow phenomena
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in the compressor (especially in the blade tip region), for which the
numerical solutions rely on computationally expensive unsteady simu-
lation methods; and (iii) accurate SMI calculation for an AFC with dif-
ferent DTI designs relies on time-consuming simulation of the
complete compressor performance map. These factors make it
extremely tricky and time-consuming to adopt existing optimization
methods directly for DTI design optimization.

In order to better apply CFD-based design optimization methods
to DTI designs, this paper develops an efficient DTI design framework.
This design framework enables rapid completion of complex DTI
designs, and it is easy to consider the collaborative optimization of mul-
tiple objectives. The main contributions of this paper are as follows:

(1) To overcome the time-consuming problem of traditional time-
accurate unsteady methods, a nonlinear harmonic (NLH)
method is introduced to calculate rapidly the unsteady influ-
ence of DTI on the AFC performance and internal flow fields;

(2) To avoid the time-consuming simulation of the complete com-
pressor performance map for each new DTI design, a physics-
based index for the stall margin optimization of DTI design is
developed based on the analysis of the flow mechanisms in
transonic AFCs;

(3) To reduce the number of CFD calls during the DTI design optimi-
zation, an adaptive kriging-based optimization technique is used to
search efficiently for the optimal solution, and a DTI design frame-
work is established by integrating the optimization technique, NLH
method, and physics-based SMI optimization index.

(4) A Coand�a injector design for the NASA Rotor 37 is imple-
mented to validate the performance of the established design
framework, in which the maximum SMI and the minimum
injection mass flow rate are pursued simultaneously. Detailed
performance analysis and unsteady flow interaction analysis
between the rotor and optimal discrete injectors are performed
using the NLH method for better physical understanding of the
mechanism of DTI improving the stable operating range of the
compressor.

The main contents of the paper are arranged as follows: Sec. II
introduces the NLH method and its validation; Sec. III gives the DTI
design framework and highlights the development of physics-based
SMI optimization strategy; Sec. IV is the results discussion, including
the design optimization results and the mechanism analysis of com-
pressor operating stability enhancement; Sec. V summarizes the
research of this paper.

II. NUMERICAL METHOD AND VALIDATION
A. Nonlinear harmonic method

For periodic unsteady flows such as those considered herein, the
NLH method proposed by He and Ning30 and Chen et al.31 can be
used for rapid modeling of the dominant unsteady flow physics. A
brief introduction of the NLHmethod is as follows.

The integral form of the unsteady Reynolds-averaged
Navier–Stokes (RANS) equations in Cartesian coordinates (x, y, z) is

@

@t

ð
X
UdXþ

ð
S

~FI � d~S þ
ð
S

~FV � d~S ¼
ð
X
STdX; (1)

where S is the surface; X is the volume of the flow domain under con-
sideration; U ¼ ðq; q~v; qEÞ is the conservative variable; ~FI and ~FV

are the inviscid and viscous flux vectors, respectively; and ST is the
source term.

The main idea behind the NLH method is to decompose the
unsteady conservative flow variable within a computational domain at
location~r and time t into the sum of a time-averaged variable �U and
periodic perturbations U 0, that is,

Uð~r ; tÞ ¼ �U ð~rÞ þ
X

U 0ð~r ; tÞ: (2)

Furthermore, each periodic perturbation U 0 can be represented as
a Fourier decomposition of a finite number of time harmonics, that is,

U 0ð~r ; tÞ ¼
XNH

k¼1

ðeUkð~rÞeixkt þ eU�kð~rÞe�ixktÞ; (3)

where NH is the number of time harmonics, eUk and eU�k are the
complex-conjugate amplitudes of the kth time harmonic, and xk is its
angular frequency.

Then, analogously to Reynolds averaging (the difference here
being that the perturbation is periodic), the time-averaged flow equa-
tions are obtained and can be written as

Xi
d �U
dt

� �
i
¼ �

X
cellfaces�FC~S þ

X
cellfaces

�FV~S þ Xi~STi; (4)

where i refers to cell i, Xi is its volume, and~FC and~FV are the discre-
tized convective and viscous fluxes, respectively.

At the same time, deterministic stress terms are introduced into
the time-averaged equations because of the nonlinearity, just like the
Reynolds stress terms that appear in the Reynolds-averaged equations.
Therefore, the convective and viscous flux terms in the flow control
equations should contain the contributions of the deterministic stress
terms, that is,

�FC~S ¼

ðq~v �~SÞ
ðq~v �~SÞ�vx þ �pSx

ðq~v �~SÞ�vy þ �pSy

ðq~v �~SÞ�vz þ �pSz

ðB �~SÞ�E

26666666664

37777777775
þ Detc;

�FV~S ¼

0
�Dx �~S
�Dy �~S
�Dz �~S

ðB �~SÞ þ �q

266666664

377777775þ

0

0

0

0

Detv

26666664

37777775; (5)

B ¼
�Dx �~v
�Dy �~v
�Dz �~v

264
375; (6)

Detc ¼

0

v0xððq~vÞ0 �~S
v0yððq~vÞ0 �~S
v0zððq~vÞ0 �~S
H0ððq~vÞ0 �~S

0BBBBBBBB@

1CCCCCCCCA
; Detv ¼

D0
x �~v 0

D0
y �~v 0

D0
z �~v 0

0BBB@
1CCCA �~S; (7)
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where Dx ¼ ðsxx; sxy; sxzÞ; Dy ¼ ðsyx; syy; syzÞ; Dz ¼ ðszx; szy; szzÞ
denote the strain terms, and Detc and Detv are the contributions of the
deterministic stress terms.

To compute the deterministic stress terms and close the flow con-
trol equations, the transport equation for each complex amplitude of
unsteady perturbation is obtained by retaining the first-order terms in
the basic unsteady flow equation. By casting the first-order linearized
equation into the frequency domain, this harmonic perturbation equa-
tion—like the time-averaged flow equation—is only spatially relevant.
Consequently, only one blade passage is required for each blade row in
the unsteady simulation. The flow control equations can be written as

Xi
deU
dti

¼ �
X

cellfaces
eFC~S þ

X
cellfaces

eFV~S þ XieSTi; (8)

eFC~S ¼

fq~v �~Sevx ðq~v �~SÞ þ vx ðfq~v �~SÞ þ epSxevy ðq~v �~SÞ þ vy ðfq~v �~SÞ þ epSyevz ðq~v �~SÞ þ vz ðfq~v �~SÞ þ epSzeHðq~v �~SÞ þ �Hðfq~v �~SÞ

0BBBBBBBB@

1CCCCCCCCA
; eFV~S ¼

0fDx �~SfDy �~SfDz �~SeB �~S þ eq

0BBBBBBB@

1CCCCCCCA;

(9)

eB ¼
fDx �~v þ Dx � e~vfDy �~v þ Dy � e~vfDz �~v þ Dz � e~v

0BB@
1CCA (10)

and the harmonic source term is calculated as

eSTk ¼ �Ixk eU : (11)

The laminar viscosity is calculated from the mean flow variables.
The turbulence can be calculated from the eddy viscosity model, where
the eddy viscosity is assumed to be unaffected by unsteady disturban-
ces, so the total viscosity term can be written in a linear form as

sij ¼ ðlþ ltÞ
@vi
@xj

þ @vj
@xi

� 2
3
ðr �~v Þdij

 !
;

esij ¼ ðlþ ltÞ
@evi
@xj

þ @evj
@xi

� 2
3
ðr � e~v Þdij !

;

�q ¼ �ðjþ jtÞr�T �~S;
eq ¼ �ðjþ jtÞreT �~S:

ð12Þ

The deterministic stress terms are determined directly by the har-
monic values, thus closing the flow control equation. The stress result-
ing from two fluctuations f 0 and g 0 is calculated as

f 0g 0 ¼ 2 efR egR þ efI egI� �
: (13)

As described above, the NLH method decomposes the periodic
unsteady flow into the sum of the time-averaged flow and its periodic
disturbance, the latter being solved for directly in the frequency
domain, that is, without resolving the transient. Also, only one blade
passage for each blade row needs to be modeled in the NLH method.
Consequently, the computational cost of the periodic unsteady flow

using the NLH method can be reduced significantly. The simulation
efficiency and accuracy of the NLHmethod have been studied and val-
idated extensively for various turbomachinery applications.32–37

B. Studied rotor and DTI design

The investigated geometrical configuration is shown schemati-
cally in Fig. 1. The well-known transonic NASA Rotor 37—which has
been studied experimentally at the NASA Lewis Research Center38—
serves as the base compressor for the present study, and its primary
design parameters are described in Table I. Because of its large inlet tip
relative Mach number, Rotor 37 features strong tip leakage flow
(TLF)–passage-shock interaction under near-stall conditions,39 so it is
a typical tip-critical rotor and is especially suitable for the present tip-
injection study.

As shown in Fig. 1, tip injection works by using a shroud-
mounted injector to shoot high-energy fluid into the tip flow passage
of the compressor, so as to improve endwall flow conditions and, thus,
enhance the operating stability of the compressor. Studies have shown
that Coand�a injectors are more effective than other type injectors (e.g.,
angled slot injectors) because Coand�a injectors can generate a high-
speed jet along the shroud endwall at the rotor tip region due to the
wall attachment effect (Coand�a effect),20 so it was also adopted in the
present study. The structural design of the present Coand�a injector
[Fig. 1(c)] references the prototype design from the NASA Glenn
Research Center6 [Fig. 1(b)]. The critical downstream flow path of
each Coand�a injector consists of two eccentric circular arcs O1 and O2.
The circular arc O1 is tangent to the shroud, and the position of the
tangent point is determined by the distance a between injector and
blade LE. The contraction or expansion of the flow path cross section
is controlled by the circular arc O2, where the center of circular arc O2

is adjusted by the eccentric distance de1 and de2, and the radius r2 is
determined based on the injector outlet height h and the center posi-
tion of circular arc O2. Twelve discrete injectors are arranged uni-
formly in the circumferential direction of the shroud [Fig. 1(a)], and
the circumferential width of each injector is given by the parameter h.

C. Numerical validation

1. Grid generation strategy

In order to apply the NLH method to the numerical simulation
of DTI device, the whole computational model is divided into three
parts, namely, the stationary inlet domain, the rotor domain, and the
flow channel of the tip injector, as shown in Fig. 2. The stationary inlet
domain extends from the upstream inlet boundary to ca. 5% of the
axial chord length (Cax) upstream of the blade LE, and a rotor–stator
interface is set between the stationary inlet domain and the rotor
domain. Much effort went into generating a high-quality multi-block
structured grid using the NUMECA TurboGrid and IGG software
packages in cooperation. The grids of the inlet domain and tip injector
are generated in IGG with multi-H blocks to satisfy the simulation
requirement of high grid orthogonality, as shown in Figs. 2(b) and
2(c). One blade passage is constructed for the inlet domain with a peri-
odicity of 12 such that a periodic full non-matching boundary can be
used to connect it directly with the grid of the tip injector, as shown in
Fig. 2(a). The grid of a single rotor blade passage is generated in
TurboGrid using an O4H type topology, where the blade is sur-
rounded by an O block and the rest is filled with H blocks, as shown
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in Fig. 2(b). To capture accurately the flow in the boundary layer, all
grids near solid walls are refined strictly to ensure a yþ of less than 2.
Also, since the NLH method is based on the spatial Fourier decompo-
sition of parameters in the circumferential direction, there are some
recommendations on the resolution of the circumferential grid nodes
in blade rows. Vilmin et al.40 suggested that the number of grid nodes
in the circumferential direction should be determined according to the
number of harmonics (NH) as well as the number of blades in the
upstream blade row (Nu) and the downstream blade row (Nd), as
follows:

Ptsupstream ¼ 30 � NH � Nd

Nu
;

Ptsdownstream ¼ 30 � NH � Nu

Nd
:

(14)

2. Numerical settings

The NLH method-based numerical simulation is implemented in
the NUMECA FINE/Turbo code, with the one-equation eddy-viscos-
ity Spalart–Allmaras model used for turbulence modeling. The spatial
and temporal terms are discretized using the second-order central

scheme and the four-stage explicit Runge–Kutta scheme, respectively.
As shown in Fig. 2, the boundary conditions are set as follows:

(1) The radial distributions of total pressure Pt1 and total tempera-
ture Tt1 are implemented at the compressor inlet boundary;

(2) The injectors are supplied with air at a constant total pressure
Pt2 of 170 000 Pa and a constant total temperature Tt2 of
288.15 K;

(3) The operating condition of the compressor is adjusted by vary-
ing the average static pressure Ps2 at the compressor outlet

FIG. 1. Rotor 37 and discrete tip injection
(DTI) design in present study and Ref. 6.

TABLE I. Main design parameters of Rotor 37.

Parameter Value

Number of blades 36
Shaft speed (rpm) 17 188.7
Blade tip clearance (mm) 0.356
Inlet tip relative Mach number 1.48
Tip solidity 1.288
Inlet hub/tip ratio 0.70
Aspect ratio 1.19

FIG. 2. Computational grids of Rotor 37 with DTI.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 066103 (2023); doi: 10.1063/5.0152319 35, 066103-5

Published under an exclusive license by AIP Publishing

 07 August 2023 15:29:00

pubs.aip.org/aip/phf


boundary, and an accuracy of 100 Pa is used under near-stall
conditions;

(4) On the lateral side of the computational domain for each row,
the same periodic boundary treatment as in the steady simula-
tion is utilized for the time-averaged equations, while the inter-
blade phase-angle approach30,41 is applied for the harmonics;

(5) All solid wall surfaces are set to be adiabatic and no-slip condi-
tions, including hub and shroud endwalls, blade surface, and
the wall of injector;

(6) For the rotor–stator interface, the 1D nonreflecting boundary
condition is used for the harmonics, and the flow variables on
each side of the interface are calculated based on the recon-
structed time-averaged values and harmonics. The continuity of
flow variables across the interface and the accuracy of the simu-
lation results both increase with the number of harmonics given
during the simulation. Lange et al.36 proved that five or more
harmonics are usually required to analyze accurately the blade
interaction near the blade LE. Therefore, six harmonics are
adopted for each blade passage in the simulation of Rotor 37
with and without optimal DTI, and three harmonics are
adopted during the optimization process to increase the optimi-
zation efficiency.

3. Validation of numerical results

The numerical validations of Rotor 37 without DTI are shown in
Figs. 3 and 4. For the inlet and rotor domains, the simulation results
using two refined grids are compared in Fig. 3: a grid of 2.5� 106

nodes is used for the optimization study, and a grid of 5.3� 106 nodes
(101 layers in the radial direction, including 25 layers in the tip clear-
ance) is used to guarantee grid independence. The comparison of the
simulation results for the two refined grids shows that there is almost
no difference in the predicted performance maps and near-stall oper-
ating points, which indicates that the grid of 2.5� 106 nodes is suffi-
cient for the present optimization study.

As shown in Fig. 3, the predicted total pressure ratio in the pre-
sent study and Ref. 42 agrees well with the experimental data, while
the adiabatic efficiency in both studies is slightly underestimated. This
is consistent with almost all other RANS-based simulation results for
NASA Rotor 37 in the published literatures.16,43,44 The reasons behind
the underestimation of the adiabatic efficiency are still not particularly
clear,43 but there are several possible reasons. Cui et al.44 suggested
that the main reason is that the flow in transonic Rotor 37 is too com-
plex (especially in the blade tip region), with passage shock, boundary
layer separation, TLF, vortex, and extremely complex interactions
between them. It is, therefore, very challenging for RANS-based meth-
ods to accurately predict these complex flows. In addition, some
neglected model details in the CFD simulation (e.g., hub fillet and hub
leakage flow) and the accuracy of the boundary conditions can also
have an impact on the prediction results.42,45 For example, the adia-
batic wall assumption is the standard boundary condition used to sim-
ulate endwalls and blade of compression systems; however, the
simulation results of Bruna and Turner42 show that the underestima-
tion of the adiabatic efficiency of Rotor 37 can be partially improved
by using isothermal boundary condition on the shroud endwall.

A comparison of the simulation results in this study with Ref.
42 also indicates that the peak efficiency and near-stall operating
points predicted in this study are all closer to the experimental val-
ues. Figure 4 compares the relative Mach number contours at 95%
span and TLF trajectory under near-stall condition. The structure of
the detached passage shock and the TLF trajectory shown in the
experiment are predicted well, as is the low-velocity region caused
by the TLF–passage-shock interaction, which is the primary reason
for shroud endwall blockage (SEB) formation.46 With the above per-
formance and flow field validation, the adopted numerical method is
competent for the present optimization work.

FIG. 3. Validation of numerical results for Rotor 37, including grid independence
and performance comparison with experimental38 and other computational fluid
dynamics results.42

FIG. 4. Comparison of relative Mach number contours at 95% span under near-
stall condition.38
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III. DTI DESIGN OPTIMIZATION FRAMEWORK
A. Overall architecture

The established DTI design optimization framework is shown in
Fig. 5. An adaptive kriging-based optimization technique is adopted to
efficiently search for the optimal solution in the design space, which is
combined with a NLH method-based simulation module and a block-
age attenuation-based SMI optimization strategy to automatically
implement DTI designs. The optimization process can be divided into
two steps, as follows:

The first step is the design of experiment (DOE), in which a
certain number of initial sample points are arranged uniformly in
the design space by the optimal Latin hypercube sampling
method,47 conducting a preliminary exploration of the design space
and a rough kriging approximation of the original optimization
problem.

The second step is the iterative updating of the kriging model
and optimal solution, in which the refinement points considering
both exploration and exploitation are selected iteratively by the dif-
ferential evolution (DE) algorithm48 and kriging-based expected
improvement (EI) criterion,49 achieving an efficient and full search
of the design space. With the assistance of the adaptive kriging
model, the selection of sample points is no longer blind but arranged
according to the characteristics of the optimization problem, which
can greatly reduce the demand for the overall sample points and sig-
nificantly improve the optimization efficiency. The convergence of
the optimization iterations is determined by monitoring the trend of
the objective function.

Whenever a new DTI design is selected, the NLH method-based
simulation module can be invoked automatically for geometry con-
struction, meshing, numerical simulation, post-processing, and so on.
Then, the blockage attenuation-based SMI optimization strategy mod-
ule is activated to perform the calculation of the index and constraint
regarding operating stability based on the flow field simulation
information. Those designs that cannot converge in the numerical
simulation or do not satisfy the constraints are treated by the penalty-
function method in the optimization process.

B. Blockage attenuation-based SMI optimization
strategy

Numerous flow-mechanism studies have shown that the mag-
nitude of SEB is closely related to the stable operating range of tip-
critical rotors. Early experimental studies by McDougall et al.50 and
Suder46 showed clearly that the endwall blockage is the crucial prop-
erty in determining the stall point. Yamada et al.39,51 investigated
numerically the unsteady behavior of the tip leakage vortex (TLV) in
a transonic AFC rotor and discovered that the breakdown of the
TLV caused a large blockage and flow unsteadiness in the rotor tip
passage under near-stall conditions. Recently, Brandstetter et al.52

observed experimentally that the large blockage due to the break-
down of the TLV caused the flow to spill forward to the leading edge
of the adjacent blade under near-stall conditions. This is consistent
with one of the two basic stall mechanisms (blade tip stall and tip
blockage stall, as shown in Fig. 6) of transonic AFCs (tip-critical
rotors) as concluded by Wilke et al.53 As also demonstrated by the
two basic stall mechanisms,53 the blockage caused by the boundary-
layer separation or the TLV is the crucial property for stall
inception.

In addition, many studies of tip-injection flow mechanisms have
also shown that the reduction of SEB is the main reason for the SMI of
tip-critical rotors.16,54–57 For instance, Beheshti et al.54 showed that the
large blockage region caused by TLV–shock interaction can result in
flow instability and performance drop for the compressor, which can
be controlled efficiently by the tip injection by re-energizing the low-
energy flow near the tip region. Wang et al.16 studied in detail the
blockage reduction, mass-averaged axial velocity increase, and unload-
ing effect caused by tip injection in a transonic rotor, and they found
the SMI to be closely related to the blockage reduction within the
injection domain.

All of these studies indicate that the SMI caused by DTI can
be linked to the blockage attenuation in the rotor tip region, which
provides a physics-based index for the SMI optimization of DTI
design.

FIG. 5. DTI design optimization framework.

FIG. 6. Basic stall mechanisms of tran-
sonic axial flow compressor (AFC).53
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1. Blockage quantification method

A relatively accurate method for quantifying blockage in AFCs is
that based on classical boundary-layer theory, as explained by Suder.46

However, because of the very complex 3D flow characteristics in the
rotor tip region caused by the periodic injection flow, it is not conve-
nient to use classical boundary-layer theory to quantify the SEB in the
present study. Therefore, a simplified method proposed by Hoeger
et al.58 is adopted instead, where a local displacement thickness de
from the axially reversed flow is used to quantify the SEB. This local
displacement thickness considers the blockage of the reversed flow
field caused by the TLF and separated boundary layer.

As shown in Fig. 7, the blue dotted line indicates where qWz is
zero, and the area surrounded by the blue dotted line and the endwall
is the axially reversed flow region. At any position Z, the local displace-
ment thickness de indicates that the integral value of qWz from the
endwall to here equals zero, which is calculated asðde

0
qWzdd ¼ 0: (15)

Equation (15) is used to quantify the circumferentially averaged SEB
of one blade passage at different axial locations and different time
steps. A blockage factor B can be defined as the ratio of the blockage
area to the through-flow area and is expressed as

B ¼ pðR2
s � ðRs � deÞ2Þ
pðR2

s � R2
hÞ

; (16)

where Rs and Rh are the radii of the shroud and hub endwalls,
respectively.

Figure 8 shows the distribution of SEB in Rotor 37 from the lead-
ing edge to the trailing edge under four different operating conditions,
i.e., choke condition (choked), peak-efficiency condition (PE), design
condition (DE), and near-stall condition (NS). As the compressor
throttles progressively from the choke condition to the near-stall con-
dition, the axial location of the maximum SEBmoves gradually toward
the blade LE and the maximum SEB increases gradually. This is a
good reflection of the forward shift of the passage shock and the
enhanced intensity of the TLV during the throttling process, as shown
in Fig. 9 and revealed in previous studies of Rotor 37.39,59 Also, the
comparison of the SEB in the rear part of the blade passage clearly
reflects the aggravation of the separation of the suction-surface bound-
ary layer at the near-stall condition compared with that at the design

condition. Therefore, the defined blockage factor is qualified for quan-
tifying the SEB and is competent for the current design optimization
study.

2. DTI effects and unsteady blockage correlation

As shown in Fig. 1, Rotor 37 with an initial Coand�a injector design
is used as an example to research the unsteady development of the SEB
and the underlying flow mechanisms. A parameter DB is defined as the
blockage difference between Rotor 37 with and without tip injection
and is used to visualize intuitively the effect of DTI. Figure 10 shows the
unsteady variation of DB from the leading edge to the trailing edge in
blade passage ‹ (shown in Fig. 11) during its passage through a tip
injector under near-stall condition, where the abscissa represents the
dimensionless time t calculated from the blade rotation time of one
pitch. Figure 11 compares the instantaneous distributions of TLF, axially
reversed flow region at 98.5% span, and injector outlet velocity of Rotor
37 with and without the initial injector.

As shown in Fig. 10, within the region where the DTI is effective,
the SEB at close to 20% of Cax—which is the position of the maximum

FIG. 7. Displacement thickness caused by axially reversed flow.

FIG. 8. Distribution of shroud end wall blockage (SEB) of Rotor 37 under different
operating conditions.

FIG. 9. Relative Mach number contour at 95% span and tip leakage flow (TLF) pat-
tern of Rotor 37 at different operating points.
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SEB under near-stall condition as shown in Fig. 8—is decreased signifi-
cantly. This indicates that the tip injection is effective at reducing the
endwall blockage caused by the TLF–passage-shock interaction. This is
also evident from the flow field in blade passage fi shown in Fig. 11,
where the intensity of the TLV and the area of the corresponding axially
reversed flow region are weakened significantly when the jet flow is
injected into the blade tip passage. However, outside the effective region
of the DTI, there is a slight enhancement in SEB between 10%–45% of
Cax , as reflected by the flow features in blade passage›. In addition, tip
injection aggravates the boundary-layer separation of the suction surface
near the blade trailing edge, especially when the blade is located in the
middle of two adjacent tip injectors, as shown in blade passagefl.

3. Operating stability optimization strategy

The analysis of the unsteady SEB development reveals that the
DTI affects the blade tip flow field in two opposite ways. The positive
aspect is the significant reduction in SEB associated with the TLV,
which is the main reason for the improvement of the compressor
operating stability by the DTI device. The negative aspect is the
increased separation of the suction-surface boundary layer near the
blade trailing edge, which is not conducive to improving the compres-
sor operating stability. Therefore, there is a logical guideline for the
optimal DTI design considering the SMI objective, that is, maximizing

the SEB attenuation gain in the front part of the blade tip passage,
while, at the same time, controlling well the suction-surface boundary-
layer separation near the blade trailing edge within the tip region.

Inspired by this, an objective function DBave and a constraint Bt

are constructed under near-stall condition to guide the SMI optimiza-
tion of the DTI design. The objective DBave is defined as the spatiotem-
poral average of all negative DB between 0% and 50% of Cax in an
injection period (0 � t � 3), which is calculated as

DBave ¼

ð3
0

ð0:5
0

DBdydtð3
0

ð0:5
0

1dydt

; region of DB � 0 (17)

and is used to characterize the endwall blockage attenuation efficiency
caused by the tip injection. The constraint Bt;max is defined as the max-
imum SEB near the blade trailing edge (from 60% to 100% of Cax) dur-
ing an injection period, which can be expressed as

Bt;max ¼ maxðBÞ; within 60% to 100%Cax: (18)

Bt;max is limited during the design optimization process to control the
negative effect of the new DTI design.

C. Optimization problem construction

Defining the optimization problem involves selecting the design
variables and their ranges and constructing the optimization objectives
and constraints. As shown in Fig. 1, six independent geometric control
parameters of the present DTI design are selected as the design variables,
that is, a, h, r1, de1, de2, and h, and their ranges are listed in Table II.

The optimal DTI design should consider improving not only the
stable operating range but also some other important objectives. In the
present study, improving the stable operating range and reducing the
injection mass flow rate are pursued simultaneously, so it is necessary
to minimize simultaneously the negative DBave and the injection mass
flow rate minj under near-stall condition. Therefore, a comprehensive
objective function constituted by the normalized DBave and minj is
used to drive the DTI design optimization. Also, Bt;max is used as an
optimization constraint to control the growth of the suction boundary
layer near the blade trailing edge and its negative impact on the operat-
ing stability of the compressor. Consequently, the optimization prob-
lem can be summarized as

FIG. 10. Unsteady variation of SEB for Rotor 37 with initial DTI.

FIG. 11. Instantaneous distributions of
TLF and reversed flow region of Rotor 37
with and without initial DTI design.
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objðXÞ ¼ minðC1DB0
ave þ C2m0

injÞ
subject to : DVl

i � DVi � DVu
i

Bt;max � 1:5%;

(19)

where X is the vector of the design variables, C1 and C2 are the weight
coefficients (C1 ¼ C2 ¼ 0:5), and DB0

ave and m0
inj are the normalized

objective parameters calculated as following form:

DB0
ave ¼

DBave �minðDBaveÞ
maxðDBaveÞ �minðDBaveÞ ;

m0
inj ¼

minj �minðminjÞ
maxðminjÞ �minðminjÞ : (20)

During the design optimization process, the minimum andmaxi-
mum values of each objective parameter are determined from the
existing samples.

IV. OPTIMIZATION RESULTS AND DISCUSSION
A. Optimal DTI design

The design optimization is accomplished on a workstation with a
48-core processor and 192 GB RAM. A sufficiently large number of
102 initial sample points (17 times the number of the design variables)
is used to implement sufficient initial exploration of the design space.
The parallel calculation of initial sample points makes full use of com-
puting resources and, thus, reduces the number of subsequent refine-
ment points calculated one by one and the total optimization time.
During the optimization loop, 65 refinement points are selected by the
kriging-based EI criterion and added to the database to update the
optimal solution.

Table III presents the values of the design variables and objective
parameters for the optimal DTI design, and its geometrical shape and
installation location are shown in Fig. 12. The effectiveness of the opti-
mal DTI design is shown in Fig. 13 by comparing the performance
maps of Rotor 37 with and without the optimal DTI design. Since the
air supply of the DTI is from an external air source, the calculation of
the compressor aerodynamic performance must account for the
energy balance by removing the energy from the external source to
allow a better comparison with the original compressor.16,60

Therefore, the total pressure ratio and adiabatic efficiency are calcu-
lated as

p� ¼ m2Pt2 �m0ðPt0 � Pt1Þ½ �=m2Pt1; (21)

g ¼ ðp�ðk�1Þ=k � 1Þ
m2Tt2 �m0ðTt0 � Tt1Þ½ �=ðm1Tt1 þm0Tt0Þ � 1

; (22)

where the subscripts 0, 1, and 2 indicate the outlet of the injector, the
inlet of the compressor, and the outlet of the compressor, respectively.

As shown in Fig. 13, the stable operating range of Rotor 37 is
extended significantly by using the optimal DTI design, with a signifi-
cant reduction in the minimum mass flow rate and a slight increase in
the maximum mass flow rate. Also, the aerodynamic performance of
the compressor—especially the total pressure ratio—is improved
slightly over the entire operating range. The exact quantifications of
the improvement in aerodynamic performance under the three oper-
ating conditions (PE, DE, and NS) and the extension of stable

TABLE II. Ranges of design variables.

Design variable Lower bound Upper bound

a �30% of Cax �5% of Cax

r1 (cm) 0.5 2
de1 (cm) 0.0 0.5
de2 (cm) �0.25 0.25
h (deg) 3.0 20
h s 4s

TABLE III. Design variables and objective parameters of optimal DTI design.

Parameter a r1 de1 de2 h h DBave minj/mNS

Value �11.94% 0.98 0.12 0.07 17.24 1.12 �1.74% 0.72%

FIG. 12. Geometrical shape and installation location of optimal DTI design.

FIG. 13. Comparison of performance maps of Rotor 37 with and without optimal
DTI design.
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operating stability at low mass flow rate conditions are shown in
Table IV. The operating stability improvement is calculated as the rela-
tive change of the stalling flow coefficient, that is,

Dustall ¼ ððustallÞSW � ustallÞ=ðustallÞSW; (23)

where ðustallÞSW denotes the stalling flow coefficient of Rotor 37 with
no tip injection. The optimal DTI design significantly reduces the stall-
ing flow coefficient of Rotor 37 by 4.46% and increases the total pres-
sure ratio by about 0.8% without causing any reduction in the
adiabatic efficiency of the compressor, indicating its advantage over
the DTI designs in the literature.14,21

Comparing the extension of the stable operating range caused by
the present optimal DTI design with that of similar DTI designs avail-
able in the literature offers a more intuitive visualization of the effec-
tiveness of the present DTI design optimization method. Strazisar
et al.20 measured experimentally the operating stability improvement
of NASA Stage 35 at different injection mass flow rates, where the
type, number, and installation of the injectors were generally consis-
tent with those in the present study, that is, 12 Coand�a injectors
installed uniformly in the circumferential direction. Since the aerody-
namic stability of Stage 35 is dominated by Rotor 35, and since Rotors
37 and 35 can be expected to exhibit similar results55,61 because they
have similar aerodynamic designs (e.g., the same flow path and equal
blade tip speed, blade chord, and aspect ratio), the results of Stage 35
are considered appropriate to show the advantages of the present opti-
mal DTI design. Figure 14 compares the operating stability improve-
ment in the present study and Ref. 20. As shown, under the premise of
achieving the same improvement in operating stability, the required
injection mass flow rate with the present optimal DTI design is signifi-
cantly smaller than that with other DTI designs in Ref. 20, that is, ca.

55% of the mass flow rate required with the half-height injector and
30% of the mass flow rate required with the full-height injector.

B. Mechanisms of operating stability enhancement

A detailed unsteady analysis of the internal flow field of Rotor 37
with the optimal DTI design was carried out using the NLH method
to help understand the periodic unsteadiness of the compressor caused
by DTI and the mechanism by which the DTI design enhances the
compressor stability.

Figure 15 shows the unsteady variation of DB from the leading
edge to the trailing edge in blade passage ‹ (as shown in Fig. 16)
under near-stall condition. The optimal DTI design significantly
reduces the SEB between 10% and 45% of Cax over a wide range of
injection period, and the SEB near the blade trailing edge is effectively
limited with a maximum blockage increase of less than 0.5%.
Figure 16 compares the instantaneous distributions of the TLF and
axially reversed flow region at 98.5% span for Rotor 37 with and with-
out the optimal DTI design. It is clear that when the blade is located in
the effective region of the injector (e.g., blade passage fi), the TLF tra-
jectory is blown significantly closer to the suction side of the blade,
which brings the direction of the TLF closer to that of the main flow.
Also, because of the re-energizing of the injection flow on the TLV,
the intensity of the TLV is significantly weakened when after passing
through the passage shock. Consequently, the reverse flow region asso-
ciated with the TLV is controlled effectively, which is one of the main
reasons for the reduced SEB in the front part of the blade passage in
Fig. 15.

Looking at the flows in blade passagesfi,fl,�, and– in Fig. 16,
there is a cycle showing that the TLV expands and migrates forward
but is then suppressed and forced downstream by the injection flow.
Also, it is interesting to note that the recovery of the TLF trajectory is
basically complete when the blade rotates to the position of blade pas-
sage fl, while the recovery of the TLV magnitude lags behind that of
the TLF trajectory until the position of blade passage �. This is why
DTI is effective in extending the operating stability of the compressor
without the need for continuous circumferential injection. Wang
et al.16 investigated the effect of a DTI device on the tip flow field in an
transonic AFC rotor using a time-accurate unsteady simulation
method, and they also observed this hysteresis effect.

TABLE IV. Performance and stability improvement of Rotor 37 with optimal DTI
design.

Improvement PE DE NS

Dp 0.88% 0.61% 0.92%
Dg 0.18% 0.06% 0.12%
Dustall 4.46%

FIG. 14. Comparison of stalling flow coefficient reduction for present optimal DTI
design and DTI designs in Ref. 20. FIG. 15. Unsteady variation of SEB for Rotor 37 with optimal DTI design.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 066103 (2023); doi: 10.1063/5.0152319 35, 066103-11

Published under an exclusive license by AIP Publishing

 07 August 2023 15:29:00

pubs.aip.org/aip/phf


Figure 17 shows the axial velocity distribution in the injector and
rotor passage at different xz planes. One can observe the gradual accel-
eration of the fluid in the injector, which is then injected into the rotor
tip region. The injection flow leaving the injector outlet is completely
attached to the shroud endwall, and the height of the injection flow is
approximately the same as that of the TLV core, which not only
reduces the impact on the upstream incoming flow but also improves
the control of the downstream TLF, thus illustrating the effect of the
optimal DTI design. The end of each injection flow (denoting the
interaction surface between injection flow and TLF) and the color of
the TLV core clearly demonstrate the progressive control of the injec-
tion flow on the TLF trajectory and the TLV magnitude as the blade
moves from partial to full entry into the effective region of the injector.
The injection flow obviously pushes the TLV downstream of the blade
passage and significantly reduces the intensity of the TLV.

Figure 18 shows instantaneous distributions of blade profile pres-
sure at 98.5% span and TLF mass flow rate for Rotor 37 with the opti-
mal DTI design. The TLF mass flow rate is calculated as the mass flow
across the plane formed by the camber line of the blade tip profile and
the radial direction in tip clearance. It can be found that the TLF mass

flow rate is correlated positively with static pressure difference between
blade pressure and suction surfaces. When the blade LE is located in
the effective region of the optimal injector (e.g., t¼ 0.25 and 0.5 T), the
suction-surface pressure near the blade LE (0%–5% of Cax) increases
and the pressure difference between the pressure and suction surfaces
decreases, thus reducing the TLF mass flow rate in the first 5% of Cax.
Figure 16 shows that the core part of the TLV is related mainly to the
TLF near the blade LE, which was also shown by Hou et al.62 and He
et al.63 Therefore, the reduced mass flow rate of the TLF near the blade
LE is also very important for the decreased intensity of the TLV.

How the injection flow improves the flow field in the blade tip
region—including controlling the TLF trajectory and TLV intensity—
can be seen more intuitively from the variations in the flow angle at
blade inlet and the axial momentum at blade outlet, as shown in
Figs. 19 and 20. The relative positions of the blade and DTI at each
time step are shown with reference to Fig. 18. It is clear that the injec-
tion flow significantly reduces the inlet flow angle at the blade tip and
increases the axial momentum of the tip flow field, which helps
improve the compressor operating stability. The inlet flow angle at the
blade tip decreases gradually from the beginning of the blade into the
effective region of the injector, reaches its minimum in the middle
region of the injector, and then recovers gradually until the next injec-
tor. However, the maximum increase of axial momentum at blade out-
let occurs when the blade is located in the middle of two adjacent
injectors. This is consistent with the pattern in Fig. 16 where the recov-
ery of the TLV magnitude lags behind that of the TLF trajectory.

In summary, the main reason for the improved operating stabil-
ity of the compressor is deemed to be the significant attenuation and
delayed recovery of SEB, which, in turn, is attributed mainly to the effi-
cient DTI flow, including its control of the TLF trajectory and its re-
energizing of the low-velocity flow in the blade tip region, as well as its
reduction of the TLF mass flow rate near the blade LE.

V. CONCLUSIONS

An efficient DTI design framework for transonic AFCs is estab-
lished by integrating a NLH method, a blockage attenuation-based
SMI design optimization strategy, and an adaptive kriging-based opti-
mization technique. It enables rapid completion of complex DTI
designs and facilitates the consideration of collaborative optimization
of multiple objectives. The following main conclusions are drawn.

FIG. 16. Instantaneous distributions of TLF and reversed flow region of Rotor 37 with and without optimal DTI design.

FIG. 17. Axial velocity distribution showing injection-flow–TLF interaction.
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FIG. 18. Instantaneous distributions of
profile pressure at 98.5% span and TLF
mass flow for Rotor 37 with optimal DTI
design.

FIG. 19. Instantaneous distributions of flow angle at upstream blade for Rotor 37
with and without optimal DTI design.

FIG. 20. Instantaneous distributions of axial momentum at downstream blade for
Rotor 37 with and without optimal DTI design.
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(1) The variation of critical flow characteristics in the compressor
tip region under the action of DTI can be well reflected by the
variation of SEB quantified by a local displacement thickness
corresponding to the reverse flow field. The optimal DTI
design considering the SMI objective should significantly
increase the average SEB attenuation in the front part of the
blade passage and also well control the deterioration of the
maximum SEB near the blade trailing edge. This design strat-
egy avoids the time-consuming simulation of the compressor
performance map for each new design during the optimiza-
tion process, which can be combined with other design objec-
tives to facilitate achieving the collaborative optimization of
multiple objectives.

(2) The established design optimization framework is applied to
the Coand�a injector design for the transonic NASA Rotor 37, in
which the maximum SMI and the minimum injection mass
flow rate are pursued simultaneously. The optimal DTI design
significantly reduces the stalling flow coefficient of the com-
pressor by 4.46% at a small injection mass flow rate (0.72% of
the compressor stalling mass flow), with a slight increase in the
aerodynamic performance of the compressor.

(3) The detailed unsteady flow field analysis based on the NLH
method demonstrates that the main reason for the improved
operating stability of the compressor is the significant attenu-
ation and delayed recovery of the SEB in the front part of the
blade passage, which, in turn, is attributed mainly to the effi-
cient DTI flow, including its control of the TLF trajectory and
its re-energizing of the low-velocity flow in the blade tip
region, as well as its reduction of the TLF mass flow rate near
the blade LE. Furthermore, this critical flow information fur-
ther demonstrates the accuracy and applicability of the NLH
method for rapid design and flow-mechanism analysis of DTI
devices.
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