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Abstract: In order to study component matching which exists in off-design situation at the initial design stage of
turbine engine, by establishing performance analysis model of low bypass ratio mixed flow turbofan engine and
components characteristic data, and by applying Newton-Raphson method to solve the nonlinear equations of off-
design points in flying envelop, the factors which affect matching between engine components are studied. The re-
sults show that low pressure turbine (LPT) must not operate in a critical condition, and the partial derivative
(slope) of pressure ratio to similitude mass flow ratio of working point in LPT characteristic map affects the stabil-
ity of engine. The smaller the slope is, the more stable the engine is. In addition, the engine is more stable when
the fan characteristic map is steep.
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0 Introduction

Aero-engine is one of the most complex ones
in aircraft systems, and its working condition di-
rectly affects the safety and reliability of air-

tt, With the development of modern elec-

craf
tronic technology and the improvement of combat
weapons, the combat mode has undergone major
changes. The missions of fighter become more
and more stringent, such as supersonic penetra-
tion, over-speed maneuver combat and so on.
Higher requirements are also put forward to the
aircraft propulsion system™. Therefore, in the
engine design, we can not only consider the de-
sign of the engine alone, but also the interaction
between various components, as well as compo-
nents matching. At the same time, military
fighters continue to develop, causing the compo-
nents matching more and more prominent. Com-

ponents matching throughout the mission enve-

lope face greater difficulties in the initial stage of
the engine®. In the field of aero-engine design,
matching problem between various components is
important. Therefore, the study of aircraft en-
gine components matching not only need to devel-
op and improve the theoretical basis, but also
need to develop computing and analysis platform
related to components matching

In order to ensure the stability of the engine,
components matching technology attracts more
and more attention of domestic and foreign schol-
ars. However, there is little research on compo-
nents matching of turbofan engines throughout
the whole mission envelope. Based on the litera-
tures of engine components matching, we estab-
lish an engine model of the low bypass ratio
mixed exhaust turbofan, study the components
matching of the engine throughout the whole mis-

sion envelope, and analyze the factors affect com-

ponents matching.
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1 Components Matching for Full
Flight Envelope

Engine design should be based on the mission
requirements of the fighter!™”, and the engine
must be able to complete all possible missions
within the envelope. During the initial design
stage of the engine, the selection of the design
point and off-design points have a variety of op-
tions, and for the design point, the important
fighter flight mission should be selected as the de-
sign point. The selected design point and compo-
nent characteristics should ensure that the engine
can match well within the entire envelope, and
ensure a certain surge margin. According to the
fighter suitability requirements, we need to select
typical missions as an analysis of the situation™.
Here we select 13 typical missions of the low by-
pass mixed exhaust turbofan engine. Fig. 1 shows
engine mission envelope and the position of typi-
cal mission in the envelope. Table 1 shows the

parameters of the selected missions.
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Fig.1 Engine envelope curve and typical mission points

Table 1 Parameters of fighter typical mission
Number Mission nll\J/[rii)l?sr h;;fth/tm
1 Sea level takeoff 0 609. 6
2 Highland takeoff 0 4 250
3 Subsonic cruisel 0.79 11 000
4 Max height/Min speed flight 0.9 15 000
5 Max speed flight 1.8 15 000
6 Min height/Max height flight 1.8 10 000
7 Max speed in land 1.0 609. 6
8 Climb acceleration 0.4 3048
9 Horizontal acceleration 0.8 6 704
10 Subsonic cruise2 0.9 11 000
11 Escape 1.5 10 000
12 Supersonic penetration 1.6 9 144
13 Design point 1. 45 9 144

2 Calculation Model and Method

During the initial design stage of the overall
performance of the turbine engine, there is no
real components and performance data. In this
period, it is necessary to use the hypothesis per-
formance data according to the design team’s a-
bility. It should be noticed that fully simulation
will promote post-research and development . The
off-design points calculation will not converge be-
cause of the unreasonable data, and non-conver-
gence means that the component data does not
match.

In order to reduce the complexity of the com-
putational program and to find out the factors of
the mismatch problem more easily, an object-ori-
ented programming method (OOP) is used to
compile the engine overall performance calcula-

tion program.
2.1 Calculation Model

In this paper, the object is a low bypass
mixed exhaust turbofan engine, Fig. 2 shows the
typical cross-section and calculate the flow pat-
tern. The model is a zero-dimensional model,
which can be used for engine component matching
analysis, overall performance calculation and con-
trol law research. Each rectangle in Fig. 2 is a
computer memory corresponding to an OOP in

the computer.
2.2 Calculation Method

At present, there are many types of engines
derived from turbo engine. In general, the more
components, the more difficult to match. For the

structure of
[6-7]

future high-performance fighter,
variable cycle engine and TBCC engine are
more complex, components matching problem is
more obvious. According to the existing experi-
ence, during the design of the low bypass mixed
exhaust turbofan engine, due to the existence of
the mixer, the component matching is more diffi-
cult.

To simplify the complexity of performance
calculation problems., one feature of OOP is ab-

straction. No matter what type of turbine engine,
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its components are nothing more than two: Rota-
Each
The
black box on both sides are defined as the inlet

ting components and pipe components.

component is equivalent to a black box.

cross-section and the outlet cross-section, and the
performance of internal components is determined
by performance data or a certain physical relation-
ship between the components calculated by the in-
let and outlet cross-section of a series gas parame-
ters, such as flow, total pressure, total tempera-
ture, oil/gas ratio, Mach number. Other param-
eters can be calculated from the above parame-
ters. The overall performance calculation of the
engine mainly refers to the total pressure and to-
tal temperature through the transmission of com-
ponent characteristics. So it can be summarized
as follows, so as to avoid a lot of cumbersome
formula.

The total pressure and total temperature of
the fan, and high pressure compressor are calcu-
lated by the following formula

Do =TC Piin

77 . h!.ou!,i 7 h!,in
c —
hl.out - hl.in

QY
(2

The total pressure and total temperature of

the turbine is calculated as follows

pl.oul - p\.in/n—T (3)
hl.in _ ht-out
"= €]

The total pressure of the pipe is transmitted
through the total pressure recovery coefficient o,
and the total pressure of the mixer is determined
by the momentum conservation. The total tem-
perature is mainly transmitted by energy conser-
vation, in which the total temperature of the
combustion chamber is calculated by the follow-
ing formula

_ (Win + W( )hl.ou! _ Win hr.,in
W.LHV

) 5

where the subscript in and out denote the inlet
and outlet sections; i, t, { represent the isentrop-
ic ideal state, the total parameter., and fuel, re-
spectively; T, b represent the turbine, combus-
tion chamber, respectively; p, h represent pres-
sure and enthalpy, respectively; x,y and W re-
present the pressure ratio, efficiency, and mass
flow, respectively; LHV is the fuel low calorific
value. In addition, h, is a single-valued function
of total temperature.

Both the design point and off-design points
are calculated through the cross-section parame-
ters of the above mentioned components. From
the above equation we can see that the basis of the
physical equation is simple, regardless of the type
of engine, if the data is accurate, the calculation
can be a good simulation of the real engine.

The off-design points calculation is different
from the design point calculation, and it is neces-
sary to consider the equilibrium equations of
multi-group components working together. This
is a mathematical problem of solving a group of
nonlinear equations. These equilibrium equations
are calculated based on the characteristic data be-
tween the components of the engine, under the
condition of continuous flow, energy conserva-
tion, shaft power balance and control law. Point-
calculation design and parameters transmission
process is generally simple, and there will not be
a large cycle iteration, but off-design points cal-
culation requires a certain group of initial guess
values, and a check to the residual errors of bal-
ance conditions until converge. In the off-design
points calculation of this paper, the selected equi-
librium equation is as follows:

(1) Balance between high-pressure compres-

sor inlet flow and the flow on high-pressure com-
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pressor performance map
Wipe — W;m* =& (6)

(2) Balance between low-pressure turbine in-
let flow and the flow on low-pressure turbine per-
formance map

Wier — WLPT ) 7

(3) Balance between high-pressure turbine
inlet flow and the flow on high-pressure turbine
performance map

Wapr — W;IPT —E&3 (8)

(4) Balance between mixer internal and ex-

ternal static pressure
bis — Ps =& D)

The parameter ¢ represents the residual error
of the equation, as long as one of them does not
meet the accuracy requirements. It must re-guess
the initial value of the calculation.

At the same time, the combustion chamber
outlet temperature T, inspection, high-pressure
turbine power Pypr balance and low-pressure tur-
bine power P pr balance using local iteration to
complete, so there are only four large cycle itera-
tion guess, reducing the difficulty of guessing and
iterating. In order to compute the nonlinear equa-
tions, the same number of matching guess values
are indispensable. All the initial guess values con-
stitute the initial vector corresponding to the non-
linear equations. In this paper, all of the balance

equation and the initial guess values are as shown

in Table 2.

Table 2 Equilibrium equation and initial guess values

e . Initial guess Solvin
Equilibrium equation g g
value method
HP compressor flow
L LP rotor speed
continuity
LP compressor flow Fan pressure ratio
continuity pres Newton
. Raphson
HP turbine flow LP compressor ~aphs
.. . iteration
continuity pressure ratio
Mixer static pressure HP compressor
balance pressure ratio
Combustor exit
Fuel
temperature balance
HP turbine HP turbine expansion LOC?I
power balance ration lteration
LP turbine LP turbine expansion

power balance ration

The Newton-Raphson method is the most

commonly used method in solution of non-linear
equations. When the relative deviations of all the
equations are less than the required precision
(le—5), the group of guess values are assumed
to be an equation solution. In the calculation of
the iterative process, if the components do not
match, it is necessary to constantly adjust the
characteristic map of the rotating components
such as fan and turbine map and the position of
the design point in the performance map so that
the equations converge in all the missions. The
calculation procedure of the matching of the low

bypass mixed exhaust turbofan engine is shown in

Fig. 3.
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Fig. 3 Flow chart of component matching calculation

3 Analysis of Calculation Results
3.1 Stability analysis of off-design point calcula-
tion method

First, consider the effect of variation of the

low-pressure turbine characteristic map slope on
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component matching in the case of high-pressure
compressor, high-pressure turbine and fan pa-
rameters and characteristics are constant, and the
slope of the fan characteristic chart is large. As
shown in Fig. 4, the fan characteristics map is
steeper, and the design point is selected as a cal-
culation point, then three cases of engine compo-

nents matching under low-pressure turbine per-

5

formance speed line partial derivation is T
IwW

0.18 Im = 1. 8 and Ixr _ 8. 6, as shown in

. b aW . (7W . ’ N S

Fig. 5.
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Fig. 5 Three low pressure turbine characteristic map

The above example is an off-design point al-
gorithm to calculate the design point. If the initial
guess values is given exactly, all the errors to be
checked in the off-design point algorithm will sat-
isfy the convergence requirement, the program
will not enter the iteration, and the engine is in
the stable or critical steady state. However, if
the initial guess values are slightly biased, the
program enter iteration. And if it is convergence,

the system is stable; if not, it is critical stable

state. In the project, the critical stability is un-
stable.

Fig. 6 shows the history of residual errors of
the calculation results. It can be seen from the
Fig. 6 that when the low pressure turbine charac-

drr

IW

0.18. The equilibrium equation is easy to con-

teristic partial derivative is small about

verge and the number of iterations is fewer. With
the low pressure turbine characteristic line partial

.. dm . .
derivative 77“; gets larger, the engine is more dif-
C

ficult to converge, that is, components get more
difficult to match. In particular, when the slope
approaches infinity (turbine critical), the calcula-
tion can not converge when the guess values are
deviated, which means that the turbine cannot
match the engine.

In addition, as shown in Fig. 7, change the

slope of the fan characteristic line smaller, and
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(b) History of residual errors when 3
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(c) History of residual errors when ‘;ﬂ:

0

8.6

Fig. 6 History of residual errors
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the design is also selected at the same position to
study the influence of the fan characteristic line
slope on the engine component matching. The re-

sult is shown in Fig. 8.
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Fig. 8 History of residual errors after modifying char-
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After the slope of the fan characteristic line
becomes smaller, under the condition of the slope

C

Imr _
IW

of the low-pressure turbine characteristic is

4 97

0.18 an oW

= 8. 6, the system is not easy to

converge and the residual cannot meet the re-
quirement of precision. Compared with the above
results, it can be seen that in the case of the slope

of the low-pressure turbine characteristic line is

constant, The smaller the slope of the line, the

less likely it is to converge.
3.2 Components matching examples

In order to match the engine components
throughout the mission envelope, it is necessary
to select the characteristics of the fan and the low
pressure turbine, and the position of the design
point in the characteristic map reasonably. In this
paper, during the typical missions calculation, se-
lect the fan characteristic map (Fig. 4) and low

. J
pressure turbine slope %: 0. 18. The control
O

law of the engine are: The high-pressure rotor
speed is constant, and ensure the engine has a
certain surge margin. With the above characteris-
tics and control rule, the typical missions of the
engine shown in Table 1 are calculated and the
working lines of the engine components are
shown in Figs. 9—12. It can be seen that the se-
lected fan and low pressure turbine characteristics
enable the engine components well matched dur-
ing executing the missions.
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Fig. 10 Working line of low pressure compressor
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Fig. 12 Working line of low pressure turbine

4 Conclusions

The mathematical model and analysis soft-
ware of components matching analysis of the low
bypass ratio mixed exhaust turbofan engine are
developed. The influence of the slope of the fan
and the low pressure turbine on the components
matching is analyzed, and the reasonable parame-
ters are selected for a certain type of fighter.
Components matching calculation is performed
for typical missions in flight envelope. Calcula-
tions proves that:

(1) For low bypass ratio mixed exhaust tur-
bofan engine, LPT must not operate in the criti-
cal condition;

(2) In the case where the fan performance
remains constant, the partial derivative (slope) of
pressure ratio to similitude mass flow ratio of
working point in LPT performance map affects
the stability of engine;

(3) In a certain range, the lower the partial
derivation of the performance map line of the low
pressure turbine is , the better components matc-

hing of the engine is.
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