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New Research and Concepts in
Turbo-Jet Engine Design”

Abstract  Presents a brief overview of some new concepts and research results
concerning aerodynamic computation and design of jet-propulsion engines with emphasis
on turbomachinery (TM) developed in China, without any attempt to be exhaustive,

Improved Method for Aerodynamic Design of Wave Rotors in
Turbofan Engines

The experimental results gained in the USA and Europe show that
turbofan engines using wave rotors (WR) as the high pressure stage have
merits such as: high specific power output, low specific fuel consumption,
quick response to fuel regulation together with a smooth transient process,
capability of stable operating near the stall boundary of the compressor, etc.
For these reasons this new kind of jet engine is considered to be one of the
potential, perspective engine types for cruise missiles and/or aircraft,

It is well recognized that in the WR part the most salient factors for
realizing the practical utility of the turbofan jet engine using WR are.
improvement of aerodynamic design method of WR and suggesting a new
sealing device to diminish the leakage loss through the rotor-end clearance. So
far, however, the aerodynamic design of WR has been confined to 1-D
unsteady flow calculation at the mean radius of the rotor without accounting for
the radial variation of the flow field, which for rotors with small hub-tip radius
ratio becomes so significant that its effect on flow losses owing to very large

angles of attack at the rotor inlet and outlet in the tip and hub regions, can

* In collabration with Ji-Huan He. Reprinted from Aircraft Engineering and Aerospace
Technology, 1997, 69(6). 527 - 533.
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never be ignored. To bridge this gap, Liu'" addressed the radial equilibrium R-
E problem of flow in WR and suggested a method for its solution. This method
enables the radial distribution of all flow parameters such as velocities and flow
angles to be computed so as to shape the blade and port walls optimally for
reducing losses at the rotor inlet and outlet.

For axial-flow WR the basic flow equations for the R-E problem are:

Radial-momentum equation:

)
% Z—f = 70 ‘ (1
Energy equation:
ﬁ(%)PH—F%(vﬁ%—vZ) — H(D), @
State-characteristics equation.
w —iia =K,, (3

where v and w are the absolute and relative velocities respectively; a is sound
speed; ¥ is stream function; K_ is Riemann’s invariants along the right and
left-running characteristic lines 92/9¢ = w+a respectively.

It should be noted that the present R-E problem differs from that of
turbomachinery in that.

(1) Both the stagnation enthalpy H and the rothalpy R are not constant
along the path line across the rotor, so that the compatibility equation (3)
must be used to relate flow parameters at the rotor inlet and outlet; and

(2) For all inlet/outlet ports and pockets, R-E calculations must be carried out
for every wall separately in order to determine the shape of all port/pocket walls.

From a numerical example of WR design of pressure-exchanger type given
in Liu™ Fig. 1 is taken, where the wave patterns at the tip, hub and mean radii
are shown. Of special importance is that at the tip of the air inlet port the flow
angle of attack A« will be as large as 23° if this port wall is made, as usual,
without accounting for the R-E effect. Obviously, such a large Aa gives rise to
significant losses. Thus, we come to the conclusion that a complete gas
dynamic design procedure of WR should consist of two parts;

(1) 1D unsteady relative flow analysis in rotor cells at the mean radius; and
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(2) R-E solution at the rotor inlet and outlet.

Key
----- - At r, I

At r, 110

Fig. 1 Wave patterns from R-E solution at the tip, mean and hub radii in WR

An Inverse Problem in Aeroacoustics of TM and Propeller

In practice we often encounter serious difficulties in conducting direct
measurements of some parameters, for instance, measuring the pressure distribution
along the rotating blade surface. This is due to the fact that the blade is in high speed
rotation and is too thin (especially in the tip region) to install transducers in it.
So, it is very desirable and valuable to gain some information from contactless
measurements and then, based on this information, to compute the blade
surface pressure distribution by the inversion method.

Such an inversion method has been suggested in Li and Zhou®. As we
know, in the conventional (direct) problem of aeroacoustics, where using the
wall pressure distribution obtained from computational fluid dynamics or direct
measurements as input, the Flowes Williams-Hawking’s equation is solved to
obtain the acoustic field around the moving body (blade). Conversely, in the
present inverse problem we do just the opposite, namely, using the sound
pressure data measured at a number of selected points distributed in space as input,
the pressure distribution along the moving wall is computed from the Ffowcs
Williams-Hawking’s equation by inversion. This is an ill-posed problem and must be
solved by the Tikhonov’s regularization method. For illustration of the effectiveness
of the method, the numerical results of the blade surface pressure distribution of a

propeller taken from Li and Zhou'?! is depicted and compared with the exact solution
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in Fig. 2, where N/S stands for the signal-noise ratio and the accuracy of the
inversion solution increases with decreasing N/S ratio.
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Fig. 2 Pressure distribution along propeller blade surface computed by inversion

Generalized Blade Untwist Problem and other Aerothermoelasticity Problems

TM blades (especially long twisted-curved rotating blades), aircraft wings
and propfan and rotorcraft blades operate under the action of centrifugal and
aerodynamic forces and undergo an untwist that gives rise to changes in flow

condition (angle of attack, flow rate etc. ) in blade rows, The TM actually
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operates at off-design conditions, spoiling harmonious matching between
successive blade rows and leading in turn to a remarkable increase in flow
losses, power change as well as operation instability (stall, surge, etc, ). It
follows that the untwist is a very important problem for blade design and must
be studied in-depth and predicted with high accuracy.

Up to now, the blade untwist problem has been solved in the practical
blade design by employing Ohtsuka’s method™*! that accounts only for the
centrifugal force, disregarding the “blade-fluid” interaction. The reason for
the apparent agreement of Ohtsuka’s calculated and experimental results lies
in the fact that his experiment was conducted in vacuum. A qualitative
analysis given in Ref. [ 4] shows that the effect of the aerodynamic force on
untwist is not always negligible in comparison with that of the centrifugal
force.

Recently, Liu™ generalized, from the view-point of aeroelasticity, the
untwist problem in such a way that not only the centrifugal force but also the
blade-fluid interaction are allowed for rigorously. He also suggests the
following two kinds of untwist problem:

(1) Direct (analysis) problem: given the shape of the blading at rest and
the inlet flow conditions, the resulting untwist along with the flow field in it
during operation needs to be calculated.

(2) Inverse (design) problem: given the desired (as calculated by
aerodynamic method) blading shape during operation and the inlet flow
conditions, the blading shape at rest (i. e., the shape required by the
machining drawing) needs to be calculated.

Obviously, the inverse untwist problem is most important and thus most
useful for practical blade design.

In Ref. [4] a family of variational principles (VP) and generalized VP
(GVP) has been established for the direct untwist problem and from each of
these VP one can derive naturally and simultaneously not only the basic
equations of both gas dynamics and elasticity, but also the “fluid-solid”
interface matching conditions via variable-domain (VD) variations. Based on
these VP, a 3-D finite element method (FEM) has been worked out for an axial
turbine and an axial compressor. The preliminary results obtained so far'™

showed that in some situations the untwist due to aerodynamic force may be
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comparable with or even larger than that due to centrifugal force,

This aeroelastic theory of blade untwist problem is now being extended
further to include also the thermal deformation effect to form an
aerothermoelasticity theory by VP in a joint research programme with the Gas
and Steam Turbine Institute of Aachen Technical University, Germany. In
addition, other coupled “fluid-solid” interaction problems (e. g.. vibration
system of rotor-bladings and wings in 3-D transonic flow) are also formulated

by VPs with variable domain, e. g. ,[6].
Inverse Design of Aerofoils and Cascades in Unsteady Flow

In recent years, ever-increasing interest of scientists and engineers has
been attracted to the inverse design problem of aerodynamics, but all papers in
the literature on the inverse problem up to now are still confined to steady
flow. In Ref. [7] the inverse problem of unsteady flow is investigated for the
first time, suggesting proper ways of problem. posing and mathematical
formulation. A special feature of the unsteady inverse problem that makes it
quite different from the steady one is that the pressure distribution along the
wall can never be specified over the whole oscillation period so as to keep the
airfoil geometry unchanged with time, while allowing the airfoil to move as a
rigid body. Two types of the unsteady inverse problem, I, and I, have been
studied in detail .

* I, problem: given the time-averaged pressure over the airfoil contour,
the corresponding airfoil contour is
required,

+ I problem: given the

contour pressure along a specified line

in thez ~ x plane; t = 7(x) (Fig. 3),
the corresponding airfoil shape is

required,

rd =T Two families of VP with variable

Fig. 3  Specification of suction surface domain are established for these I, and

velocity V, (x) along a selected I, problems respectively and thus a

line in #x plane: t=7(x) in Lo gound theoretical basis for

teady inverse problem 1, . A
unsfeady fverse p ? unsteady aerodynamic design and for
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FEM is provided.

A New Artificial Oscillation Concept for Multipoint Inverse Design of
Aerodynamic Shapes

Almost all aerodynamic shapes (wings, bladings, etc. ) have to operate at off-
design conditions and hence they should have favourable performance at more than
one operating condition, e, g. at several angles of attack. This can be achieved only
by the multipoint inverse design method. However, so far in the literature there
exists only one such method, proposed by Eppler and Somers™ and improved by
Selig and Maughmer™®! and this has found some application in hydro-foils and ship
propeller design. Unfortunately, Eppler’s method is based on conformal mapping and
hence inherently suffers from the following restrictions:

(1) 2D flow;

(2) incompressible flow; and

(3) potential flow.

So, its applicability range is severely limited. Recently, Liu suggested a novel
artificial oscillation concept and, based on this as well as on Refl. [ 7],
developed a general variational theory of multipoint inverse design of 2-D

transonic airfoils and cascadest'® .

The essential advantages of this new
approach over Eppler's are the capability of covering 3D, compressible
(transonic flow with shocks) and rotational flows.

According to the artificial oscillation concept”’® the steady airfoil flow at
different angles of attack can be thought of as unsteady flow at corresponding
oscillating airfoil positions. Obviously, as the oscillation period T becomes very
large, the unsteady flow approaches asymptotically to the steady one, so that
the specified unsteady contour velocity distribution (Fig. 4) becomes just the

desired steady one.
Flow Field Diagnosis in Multistage Axial Compressor

As is well known, in general, the designed performance characteristics of
a compressor can only be achieved after a series of measurements, data
analysis, readjusting of blade angles and tip-clearances and so on. Owing to the
very limited measuring space available, complicated construction in

compressors and imperfect measuring apparatus and techniques, the
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Fig. 4 Specification of airfoil surface velocity Vs and Vp at different selected
angles of attack @ (or ¢) in multipoint inverse design

information obtained by direct measurement is insufficient to get a full picture
of the flow field, which is essential for compressor readjustment. This makes
the compressor readjustment extremely difficult and time consuming. True,
the flow field can be calculated from the Navier-Stokes equations by
computational fluid dynamic methods. However, its accuracy and practical
value are limited by the capability of computers and the unreliability of
turbulence models available as well as very complicated flow phenomena in
TM. As aresult, the flow field analysis and readjusting process of compressors
still rely on simplified flow models in conjunction with some empirical
correcting methods. To improve this situation, in [11] the flow field diagnosis
problem is addressed and a mathematical model for the flow diagnosis in
multistage axial compressors is also developed. This model consists of:

(1) radial equilibrium equations of flow;

(2) boundary conditions;

(3) supplementary measured data: static pressure distribution along the
outer casing, stagnation temperature and pressure at compressor outlet;

(4) diagnostic parameters (i e., parameters to be diagnosed). it is
suggested that the blockage factors KB, the deviation angles 6 and the stagnation
pressure loss coefficient w in every blade row are used as the diagnostic factors.

To simplify the model and make it less illposed, the Roberts’” (ASME paper
85 -GT-189, 1985) correlations for w and & are adopted and assumed to be the



same for all middle stages. We
can realize that this is just the
problem of system identification,
It transforms into an
optimization problem that is
solved by a regularization
method. The rationality of the
flow diagnosis problem and the
effectiveness of the solution
method are validated in [11] by

1.04 Key
gy Rotor Rotor
1 2
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100.0 300.0

numerical results shown

Fig. 5.

] Fig. 5 Stagnation pressure distribution at
m outlet of two rotor-blade rows

Mechanism of Loss Reduction in Stators with Curved-Twisted Blades

It was suggested in the early 1960s in [12] that the turbine stator blades

should be curvedtwisted in order to control and reduce the secondary losses.

The mechanism was explained in [13] and the positively curved blades (Fig. 6)

are recommended for use in turbine stators owing to their remarkable

lossreducing effect. Recent experimental investigations

U4 however, showed

that for blade cascades with considerable diffusion (pressure rise) and cascades

with essentially constant average flow velocity but with high flow-turning angle

(such as guide vanes) , the positively curved blade cascade causes higher energy

Fig. 6 Negatively curved
blades

losses than cascades with a straight or negatively
curved blade (Fig. 7). The reason for that is that
in such cascades the boundary layer on the suction
surface in the midspan region is very thick or even
separated and under the radial pressure gradient
(positive near the tip and negative near the hub)
caused by the positively curved blades the low
energy fluid moves from both ends to the midspan,
leading to a very high loss region there. Thus, it
can be concluded that for expansion (nozzle type)
cascades positively curved blades should be used,

while for diffusor cascades and guide wvanes
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negatively curved blades (Fig. 6) may be used to advantage.

_ Key
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0.50 blade
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Fig. 7 Loss coefficient along blade span

Generalized Euler’s Turbomachine Equation and Generalized Kuta’'s
Condition in 3D Rotor-Flow

With the rapid development of the computational fluid dynamics of TM
towards fully 3D flow with ever-increasing speed and loading and with separation
and/or cavitation, some new basic problems arise and need to be explored in a
more rigorous theoretical way, others need to be reconsidered and handled in a
more general setting. For instance, as is well known, the TM power equation
derived in 1755 by Euler plays a fundamental role in TM theory and is very widely
employed in design and analysis. Up to now, it has been commonly accepted that
this equation is of general validity for TM with both shrouded and unshrouded
impellers. Actually, however, as is shown in Ref. [15], this equation is valid
only for shrouded impellers. A generalized Euler’'s TM equation valid for

shrouded and unshrouded rotors has been derived in the following form-*,

L B CU{ (7V3)2 — (rVg)z} —KOL{y

L :ﬂMtG,
4 o/ (4)

K. — |05 {for shrouded rotor,
0

1, for unshrouded rotor,
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The casing friction moment M., can be determined either by experiments or by
theoretical methods based on the theory of annulus wall boundary layers.

In addition, in dealing numerically or analytically with fully 3D flow in rotors/
stators the proper understanding and formulation of the flow conditions at the free
trailing vortex sheets (especially when a separated or cavitated region exists) and of
the Kuta condition are of great importance for correctly imposing downstream

boundary conditions. These problems have been solved rigorously in Ref, [15].
Flow Loss Reduction in Cascades Based on a Bionics Concept

Recent research reveals that the turbulent drag is directly related to a tiny
coherent structure inside the boundary layer and the drag (loss) of a specially
designed non-smooth surface can be less than that of a smooth surface, A
similar situation has been observed on the body surface of some sea animals (e,
g. » seals). Based on this bionics concept, six compressor cascades with
different wrinkle patterns carved on the blade surface have been tested in the
near-sonic wind tunnel"®), Compared with the reference smooth cascade, the
best one of six tested cascades raised the critical Mach number by 7. 3 per cent,
The air flow deflection angle at the design conditions increased by 0. 9°
Correspondingly, the deviation angle decreased by 0. 9° and the maximum static
compression ratio rose by 0. 017 7.
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