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Abstract

This paper discusses and classifies the transition states in real operation of aero engines .The common char-
acteristics of aerodynamics and thermodynamics during the transition of an aero-engine are summarized.The
variation characteristics of typical parameters are presented for the process of aerodynamic and thermal
changes in the transition operating state of an aero-engine.A typical turbofan engine model was selected
and the typical transition state characteristic change process analysis was carried out. The change character-
istics of aerothermal force during turbine transition are summarized, and a transition characteristic description
method that can be applied to engineering is presented.
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1. Introduction

An aero-engine is a complex mechanical product with multiple components working together, and it
has to go through various working states throughout its working envelope, including stable working
state and unstable working state. Usually, the unstable operating state is also called transition state,
and the typical transition states are starting, acceleration, deceleration and other processes. Usually,
the performance and parameter matching of the main components of an aero engine/gas turbine are
based on the steady state of each component, while in its transition state, the actual performance
of each component deviates from the steady state due to the rapid change of engine operating
parameters over time, and the difference between the changes of several components may exceed
their design expectations. The ITAT safety report also shows that most of the accidents of aircraft
and engines occur in the transition state. In the transition state of an aircraft engine, the power of the
turbine and the compressor are not balanced, and the acceleration and deceleration characteristics of
the engine depend on the residual power of the turbine and the rotor inertia characteristics. Because
the rotating parts have relatively larger inertia, the non-stationary characteristics have more obvious
hysteresis effects.

Transition states in aero engines are discussed and classified, their common characteristics are sum-
marized, hysteresis effects are discussed and analyzed in this paper.

2. Transition state classification

When some or all of the engine performance-related variables change over time, it enters transition
state operation. Generally speaking, the transition state will respond to larger and obvious perfor-
mance changes in a shorter time period relative to the stable cruise state.

Figure 1 shows the variation of its compression system performance in a typical transition state
of an aero-engine.For example, when the aircraft needs to take off in short distance, the engine
needs to increase quickly from the idle state to the maximum speed to ensure the takeoff thrust, and
when the aircraft needs to quickly reduce the speed from the cruise state to the idle state during the
landing process. Generally speaking, the transition state mainly contains ground start, windmill start,
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Figure 1 — Aero-engine transition state diagram

cold start acceleration, rapid acceleration, rapid deceleration, slow acceleration, slow deceleration,
encounter acceleration and other processes. Because the starting process is generally studied and
discussed by special, this paper will not discuss the processes of ground start, windmill start, cold
start acceleration, etc.

This paper will focus on the aerodynamic and thermal phenomena during rapid acceleration, rapid
deceleration, and hot reslam process.

2.1 Rapid acceleration

Rapid acceleration is a very common phenomenon in the operation of aircraft engines. Especially jet
fighters are often required to perform complex combat maneuvers when performing combat missions.
As shown in the figure 2,during rapid acceleration of an aircraft engine, the operator performs a
step-abrupt operation through the Power lever angle (PLA ). Each PLA position corresponds to a
given speed expectation value. Due to the step increase of PLA, the expected value of the given
PLA corresponding to the speed is higher than the actual engine speed. In response to this action,
the control system increases the fuel flow at a predetermined limiting rate until the desired speed is
reached. Due to the additional fuel, the power produced by the turbine will be more than the power
required by the compressor. The speed of an aircraft engine’s high-pressure or low-pressure shaft will
then increase rapidly. Until the rotational speed reaches the corresponding position of PLA, the rapid
acceleration operation finished. During the rapid acceleration, the physical speed of the aero-engine
increases sharply, the matching of aerodynamic and thermal parameters faces serious imbalance,
and the distance between rotating and stationary components also has complex changes, which may
induce serious aerodynamic problems such as surge.

2.2 Rapid Deceleration

Corresponding to the rapid acceleration, the rapid deceleration process is also often seen in the daily
operation of the aircraft. As shown in the figure 3,when there is an abrupt step-down in power lever
angle (PLA), resulting in a given PLA corresponding to a lower speed expectation than the actual
engine speed, deceleration begins as the PLA decreases. In response to this action, the control
system reduces the fuel at a predetermined limiting rate until the desired speed is reached. Due
to the additional fuel flow reduction, the power produced by the turbine will be less than the power
required by the compressor. The speed of the aero-engine high or low pressure shaft system is then
rapidly reduced. Until the speed reaches the PLA position, the rapid deceleration operation finished.

2.3 The hot reslam or Bodie

The hot reslam is a kind of rapid power lever operation of an aircraft operation process.lt is also
referred to as a Bodie, being named after a US air force pilot who first used the manoeuvre during
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Figure 2 — Engine performance parameters versus time during rapid acceleration

engine flight trials. As shown in the figure 4,The engine is first operated at high power for at least
5 minutes and the engine is fully warmed up. Then deceleration is performed (power lever is pulled
down with no more than 1s time) to near idle, followed by rapid acceleration to high power state.
During the hot reslam, the engine decelerates first, the engine speed decreases, the air or gas tem-
perature in each cross section drops, the air/gas temperature will be lower than the temperature of
the engine components, and the components will heat the air/gas. When the engine accelerates
instantaneously, the heating of air/gas by the components is equivalent to increasing the additional
fuel , resulting in an upward shift of the engine operating line compared to the conventional acceler-
ation process; at the same time, this heating process (so called heat soak) affects the flow capacity
between the multi-stage components of the high-pressure compressor, resulting in a change of com-
ponent characteristics and a reduction of the surge boundary.

From the above three typical transition states, it can be seen that acceleration and deceleration are
the two most important processes of an aero-engine. The transition state will mainly cause the
following problems.

(1) The shaft system composed of turbine-compressor presents structural and aerodynamic strong
coupling, and the power mismatch caused by the performance of the transition state causes a series
of aerodynamic, structural and control problems.

(2) In the transition state, the aero-engine’s own capacitive cavity characteristics will cause its transi-
tion process to show hysteresis effects .

(3) The rotating shaft has a large energy storage capacity, and the blade and magazine metal heating
effect in the gas turbine has a slow and large change process, further increasing the multivariable
characteristics of the transition state characteristics.

4) In the transition state, the main flow paths and air systems show aerodynamic imbalance, further
inducing a series of problems such as axial force reversal, gas backflow and gas intrusion.
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Figure 3 — Engine performance parameters versus time during rapid deceleration

3. Dynamic properties of the transition state

From the above analysis, it is clear that the aero-engine transition state can be roughly distinguished
into two typical processes, acceleration and deceleration. Describing the transition state of an aero-
engine is very complicated. The mathematical model to describe it should not only contain the start
and end states, but also the variation process during the acceleration or deceleration. The transition
state model of an engine mainly contains 3 basic dynamic equations.

3.1 Rotor dynamics - inertia effect

Rotor dynamics represents the simplest but most important dynamic behavior in an aero-engine.As
shown in the figure 5, in the rotor dynamics model, two disks are used to represent the compressor
and turbine, respectively, which are connected by a rigid shaft. The acceleration of the rigid body
system (including the disks and rigid shafts) can be obtained from the dynamics equation

. Qt - Qc

=" (1)
In the formula, the symbol @ represents the angular acceleration of the rigid system,Q,represents the
turbine torque,Q.represents the compressor torque,lrepresents the mass moment of inertia of the
rigid body system.

3.2 Pressure Dynamics - Mass Storage Effect

As shown in the figure 6, Aero engines contain numerous volume chambers,which are either large
or small.all of which can store a certain mass of air or gas.These large chambers contain the com-
bustion, compressor, turbine, and bypass flow paths, while the smaller chambers contain various air
cavities. Since air/gas is a continuous medium. The mass storage effect in the volume causes the
pressure and temperature inside the chamber to varies. Consider the simplified air-holding cavity
shown in the figure 7. The rate of change of the mass of air (or) gas in the control body is

1= Hip — Moy (2)
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Figure 5 — Double-disc rotor dynamics mode

The air (or gas) in the volume is characterized by temperature T, pressure p and density p.then there
are

, RT
p=(PR)oT + (7)0”'1 3)
where the subscript 0 means the nominal state point.(pR)o7 is a small quantity relative to (%)om, SO
RT
P (5, Jori 4)
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Figure 6 — Twin-shaft turbofan engine air and gas storage space

3.3 Temperature dynamics - energy storage effect
Aero engines have two types of temperature dynamics, one is the temperature change due to a direct
change in the thermodynamic state of the air or gas in the volume. The other type is the temperature

5
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change caused by heat conduction between the metallic components at the hot end of the engine
and the gas stream. A direct change in thermodynamic state is a change in pressure or temperature
of the air or gas due to work done or consumed by the turbomachinery. The heating of the air/gas
by chemical reactions in the combustion chamber can also lead to a change in the thermodynamic
state. The temperature change directly caused by the thermodynamic effect is an order of magnitude
faster than the time of the metal heating effect.

The expression of the temperature change rate of the control body is as follows.

RT RT?
C pv)O(minhin - mouthout + CI) + (W)Om (5)
v

7=

4. Effects of transition states on components

As mentioned earlier, this paper classifies typical transition states and analyzes the dynamics char-
acteristics during their variation. This section will focus on the analysis of the effect of transition
states on the main components of the aero-engine in terms of aerodynamic and thermodynamic as-
pects.The main components analyzed in this section contain the compressor, combustion chamber,
and turbine.

4.1 Effects on compressors

The effect of the transition state on the compression system is very complex. The compression
system of a conventional turbofan engine can be divided into a fan and a high-pressure compressor.
It is generally believed that the effect of rapid acceleration and deceleration transition states, on the
high-pressure compressor is determined, as shown in the figure, the acceleration process makes the
high-pressure compressor work above the steady-state operating line, while the deceleration process
makes it work below the steady-state operating line ,as shown in the figure 9.

The effect of the transition state on the fan is a bit more complicated, because the high pressure
and low pressure shaft speed changes are mismatched during the speed increase and decrease.
Therefore, as shown in the figure 8, the transition state operating line and the steady state operating
line of the fan appear to intersect. In the transition state, the remaining power from the turbine
connected to the compression system determines the rate of variation of the shaft system speed.

4.2 Effects on combustor

The working condition of the combustor is mainly determined by two factors, one of which is the inlet
air environment provided by the compressor, and the other is the amount of fuel supplied by the fuel
nozzle. In the acceleration process, the fuel supply rapidly increases, the excess air coefficient in
the combustion chamber rapidly decreases, if the fuel supply is too large, it may reach the fuel-rich
flameout boundary and cause flameout. The deceleration process is just the opposite.

A diagram of the variation of the excess air coefficient with speed during acceleration can be seen in
Figure 10.

In general, the first stage of the transition state occurs in the combustion chamber, and the change in
the heat of the combustor to the air directly affects the operating state of the compressor and turbine.
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Figure 9 — Transition work line of compressor during acceleration manoeuvre

Therefore, the supply strategy for fuel flow in the transition state is often finalized after several rounds
of analysis and iterations.

Changes in combustion efficiency due to sudden changes in fuel supply resulting in fluctuations in
the combustion process should also be taken into account.
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Figure 10 — excess air coefficient change curve during acceleration

4.3 Effects on turbine

The effects of the transition state are undoubtedly the most severe for the turbine. The transient flow
with high time-varying characteristics provided by the compressor and combustor in the transition
state will act directly on the turbine.

The turbine inlet is connected to the combustor outlet upstream, the inlet temperature distribution is

7
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not uniform, the highest temperature to lowest temperature ratio may reach the level of 2.0, and the
incoming turbulence is highly variable, generally up to 3-10%, and may even reach 20%.

The pressure distribution is not uniform, while the non-constant and non-uniform nature of the flow is
exacerbated by the injection of cooling gas from the turbine blades and end wall surfaces. Meanwhile,
during the transition process, the blade tip clearance, the supply of cooling gas, and the transient of
turbine inlet flow all directly affect the working condition of the turbine. Therefore the transition state
characteristics of the turbine are difficult to provide by mechanistic analysis.

As Figure 11 gives the process of the turbine operating state on its performance graph for a typical
acceleration condition. In the actual transition process of the turbine, the real condition is much
more complicated than the description in the figure. Due to the complicated change process, the
actual efficiency of the turbine differs significantly from the efficiency obtained from the steady-state
performance experiment.

I Corrected mass flow

|
Acceleration process

r

Figure 11 — Effect of transition state on turbine operating conditions

5. Transition state test construction analysis

By analyzing the transition states of the above types of aero engines, most of the aerodynamic
thermal parameters change rate and rotational speed change rate in the transition state are first-
order linear correlation, such as airflow pressure and airflow temperature. Some of the aerodynamic
thermal parameters change rate and rotational speed change is second-order linear correlation, such
as the temperature change of the magazine and blades. Based on the above study, the aerodynamic
frequency domain range in the aero-engine is roughly divided, as shown in Figure 12.

unsteady aerodynamic phenomenon
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Steady state

| »

101 100 10! 102 103

Aerodynamic frequency (Hz)

Figure 12 — Schematic diagram of the corresponding frequency range of each type of aerodynamic
state

The range of aerodynamic frequencies in the transition state is roughly in the order of 10'and 102 hz.
When conducting tests in the transition state, it is often necessary to make a rough estimate of the
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analysis frequency or sampling frequency, and this paper provides the recommended values of the
sampling frequency as the following equation.

Nmax
sample = 2.
fm pl 56( 60 ) (6)

nmaxn the equation (6) is the maximum speed during the test, the unit is rpm.
Acceleration and deceleration performance tests were conducted for the transition state of a five-
stage low-pressure turbine, and the schematic diagram of the five-stage low-pressure turbine can be
seen in the figure 13. Steady-state and dynamic temperature and pressure test sections were set up
at the inlet and outlet of the low-pressure turbine.Dynamic pressure is measured with kulite sensors
and dynamic temperature is measured with 0.3mm thick thermocouple wire.
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Figure 13 — 5 stage low pressure turbine schematic

In order to conduct the turbine transition state test, the inlet valve, heating system, dynamometer,

and test system of the test facility were upgraded, as shown in Figure 14, which shows the pressure
ratio change process of this five-stage turbine under the acceleration state.

1.2 T T T T T T v T

—_
o
T

=
1)
T

normalized pressure ratio
=} o
=N o
T T

0.2

0.0 2.5 5.0 7.5 10.0 12.5
time (s)

Figure 14 — Test results of pressure ratio variation in 5-stage turbine transition state
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6. Conclusion

This paper discusses in detail the definition, characteristics and other aspects of transition states in
aero engines, and the main conclusions are as follows.

1. although there are many types of aero-engine transition states, they can be broadly classified as
acceleration and deceleration processes.

2. acute acceleration, acute deceleration and bodie processes are the three most important types of
transition processes.

3. The processes of aero-engine transition states are described in detail.

4. the dynamics of the transition process is elaborated.

5. the effects of transition processes on the performance of the compressor, combustion chamber,
and turbine are described in detail.

6. The relationship between the variation of pneumatic thermal parameters with rotational speed
during the transition is discussed, and the recommended sampling frequency for the component
transition state test is provided.

7. Typical test results for a five-stage turbine transition state are provided.
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