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Abstract: Difficulties in obtaining component characteristics in the sub-idle state of rotor constrain the simulation

capabilities of ground and windmill start-up processes for turbofan engines. This paper proposes a backbone feature

method based on conventional characteristics parameters to derive the full-state characteristics of fan. The application

of the fan’s full-state characteristics in component-level model of turbofan engine enables zero-speed iterative

simulation for ground start-up process and windmill simulation for windmill start-up process, thereby improving the

simulation capability of sub-idle state during turbofan engine start-up.
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0 Introduction

Modeling plays a crucial role in the design and
development stages of aviation engine''’. The low-
speed state during ground start-up and the windmill
state during windmill start-up of aviation engines
both fall under the sub-idle state category, which is
challenging to simulate using traditional component-
level engine model”’. Obtaining the rotor character-
istics in sub-idle state is the key to solving this prob-
lem™.

Currently, many scholars are dedicated to ad-
dressing the challenge of simulating sub-idle state of
aviation engine. NASA Glenn Research Center pro-
posed a multiple simulation method to tackle the
problem of poor convergence in sub-idle state mod-
eling. This method involves modeling steady-state
points and transient process transfer functions of
sub-idle process to obtain a stable sub-idle state
model. When the baseline model encounters non-
convergence during sub-idle state, it smoothly

switches to the stable sub-idle state model*!. How-

ever, this method does not fundamentally address
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the issue of obtaining component characteristics in
sub-idle state of rotor, limiting its application to
windmill start-up simulation only. Recognizing the
importance of rotor sub-idle state characteristics,
Ref.[5] employed the RANS CFD method to gen-
erate zero-speed characteristics of rotor. However,
this method depends on precise blade geometry and
poses technical challenges. Nowadays, the most
used approach to obtain rotor sub-idle state charac-
teristics is analyzing higher-speed rotor characteris-
tics and extrapolating them to low-speed characteris-
tics following a certain pattern. The Sexton method
follows this approach and is widely applied due to its
simplicity. It derives power function relationships
for rotor speed, flow rate, pressure ratio, and effi-
ciency based on similarity principle in pump theory,
allowing for low-speed characteristics extrapola-
tion'”’. However, during sub-idle state in aviation
engines, the rotor operating point deviates signifi-
cantly from the design point, leading to unconven-
tional working conditions, such as compressor enter-

ing turbine state even at very low speeds'’’. The is-
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entropic efficiency of rotor in unconventional work-
ing conditions does not fall within the (0, 1) range,
rendering the Sexton method unable to obtain full-
state rotor characteristics. To obtain full-state rotor
characteristics, two main methods are currently em-
ployed. One involves using converted torque to de-
scribe rotor component efficiency characteristics for
extrapolation'®, while the other uses the backbone
feature method with loss coefficient to describe rotor
component efficiency for extrapolation*’. Both
methods can be used to extrapolate full-state rotor
characteristics.

In both low-speed states during ground start-up
and the windmill state during windmill start-up of
aviation engines, the fan of the turbofan engine is
prone to enter unconventional working condi-

tions!™ 1,

Therefore, simulations of the ground
start-up process and windmill start-up process re-
quire the full-state characteristics of the fan. Al-
though there are existing applications of the back-
bone feature method for extrapolating rotor full-
state characteristics, differences between backbone
feature parameters and conventional characteristics
parameters pose obstacles in its application. This pa-
per analyzes the physical meaning of backbone fea-
ture parameters, establishes a mapping relationship
between backbone feature parameters and conven-
tional characteristics parameters, making it easier to
extrapolate the full-state characteristics of fan, and
finally, validates the simulation of ground start-up

process and windmill start-up process.

1 Full-State

Fan

Characteristics of

The function of fan is to perform work on air-
flow, converting shaft power into an increase in en-
thalpy of airflow. Under normal operating condi-
tions, the fan’s outlet total pressure is greater than
the inlet total pressure, and the outlet total tempera-
ture is greater than the inlet total temperature. The
isentropic efficiency » of fan can be calculated using
Eq.(1) , and its efficiency range falls between 0
and 1.

k—1
C,)T;(n - 1) e

C,Ti(To/Ti—1)  To/Ta—1

where C, is the specific heat at constant pressure

(1

and £ the heat capacity ratio; T, T, and 7 refer to
the total inlet temperature, the total outlet tempera-
ture and the pressure ratio, respectively.

However, when fan operates at lower speeds,
its suction and working capabilities decrease signifi-
cantly. Due to the fan operating far from its design
point, severe separation occurs as the airflow passes
through the blade passages, resulting in outlet total
pressure lower than inlet total pressure. Due to the
conversion of kinetic energy loss in the airflow to in-
ternal energy, the outlet total temperature is higher
than the inlet total temperature. At this point, fan is
in a state called stirrer or paddle. When the speed of
fan is further reduced, the incoming airflow starts to
perform work on fan, causing the fan to enter a
state resembling a turbine, with the outlet total pres-
sure lower than the inlet total pressure and the out-
let total temperature lower than the inlet total tem-
perature. The differences in isentropic efficiency and
inlet/outlet parameters of the fan in various states

are summarized in Table 1.

Table 1 Parameter range of fan full-state characteristics

Inlet/Outlet

State Isentropic efficiency .
condition

Tow=> T

Compressor 7€(0,1) r= P /P> 1
Tou= Ty

Stirrer or paddle n€( —0,0) r—Po /P 1
Tou=Ti

Turbine 1€ )b e

When a turbofan engine undergoes ground
start-up process, the fan goes through a transition
from turbine state to stirrer state and then to com-
pressor state. As shown in Fig.1, in the early stage
of the ground start-up process, the starter motor
drives the high-pressure shaft rotor to start, and the
low-pressure shaft cannot overcome the static fric-
tion torque, remaining stationary. The fan operating

point starts from the initial point with a pressure ra-
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Fig.1 Fan full-state characteristics during ground start-up

process

tio (PR) of 1 and zero flow (W,,) along the zero-
speed (N,,) line. At this point, the fan is in turbine
state. As the high-pressure shaft speed increases,
the airflow increases, and the aerodynamic torque
on the low-pressure shaft overcomes the static fric-
tion torque, causing it to rotate. At this stage, the
fan pressure ratio is still less than 1, and the operat-
ing point transitions from turbine state to stirrer
state. With further acceleration of the low-pressure
shaft, the fan’ s working capability enhances, and
the operating point transitions from stirrer state to
compressor state.

After an unexpected high-altitude flameout in a
turbofan engine, the fan speed rapidly decreases and
gradually stabilizes to the windmill speed. Howev-
er, due to the high flight speed at this time, the de-
crease in airflow through the fan cannot match the
decrease in fan speed. The fan’s windmill operating
point often falls into the stirrer state or even turbine
state, as shown in Fig.2. In the windmill state, the
engine can choose between a direct ignition start or

assisted start by a starter motor based on its own
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Fig.2 Fan full-state characteristics during windmill start-up
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process

condition. The fan speed gradually increases, and
the operating point transitions from stirrer state or
turbine state to compressor state.

In conclusion, the comprehensive analysis
above highlights the critical importance of the fan’s
full-state characteristics in simulating ground start-
up process and windmill start-up process. Only by
obtaining the fan’s full-state characteristics can a
more accurate sub-idle start-up model for turbofan

engines be established.

2 Backbone Feature Method Based
on Conventional Characteristics

Parameters

The backbone feature method is an aeroengine
rotor characteristics parameterization technique de-
veloped in collaboration between General Electric
and NASA Lewis Research Center in the 1980s* ™.
The minimum loss point on each iso-speed line is re-
ferred to as the backbone point. The primary con-
cept behind this method is to first extrapolate the
low-speed backbone feature based on the existing
high-speed backbone feature and then use the extrap-
olated low-speed backbone feature as a basis for ex-
trapolating low-speed non-backbone feature.

The backbone feature parameters differ from
conventional characteristics parameters as they de-
fine the flow coefficient ¢, the power coefficient ¢,
the pressure coefficient ¢,,, the loss coefficient C,,
and the virtual Mach number Ma, to describe rotor
characteristics. The differences in parameter defini-
tion make it challenging to directly extrapolate rotor
sub-idle characteristics using the conventional char-
acteristics parameters through the backbone feature
method.

By analyzing the physical meaning of backbone
feature parameters, and establishing a mapping rela-
tionship between conventional characteristics param -
eters and backbone feature parameters, it becomes
more convenient to apply the backbone feature
method based on conventional characteristics param-
eters. As shown in Table 2, the physical meaning of
backbone feature characteristics parameters primari-

ly involves variables such as axial airflow velocity
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Table 2 Mapping relationship between backbone feature tio  and efficiency 7
parameters and conventional characteristics ko1
parameters AHOCQ (5)
Backbone Physical Conventional characteris- 7
feature parameter  meaning fics parameter mapping According to the definition of the virtual Mach
v, oW, number, it is directly proportional to the ratio of cor-
4 U 4 :T rected flow rate W, to the maximum corrected flow
AL, ) Tr%lf . rate at the same relative corrected speed W .. mux
. U2 b= Ma, ooV )
W cor. max
AH i n%—l Based on the above analysis, a mapping rela-
v U’/2 Y :,]T tionship between backbone feature parameters and
- conventional characteristics parameters can be estab-
C w o x =1 (i B 1) lished as described in Table 2.
Uz N Y In furtherance, according to the definition, the
Ma. o(Ma) Va— WWM point with the minimum loss coefficient mapping pa-

cor, max

V., rotor tip speed U, actual enthalpy increase of
the airflow after passing through the rotor AH, ideal
enthalpy increase AH,, and virtual Mach num-
ber Ma,.

The axial airflow velocity determines the mag-
nitude of the airflow passing through the rotor, and
therefore, the axial airflow velocity can be consid-
ered proportional to the corrected flow rate W,

V,oc W, (2)

The rotor’ s tip speed is determined by the ro-
tor’ s rotational speed. Thus, the rotor’s tip speed
can be considered proportional to the relative cor-
rected speed N,

Uoc N, (3)

The ideal enthalpy increase of the airflow after
passing through the rotor can be calculated using
Eq.(4). Since rotor characteristics describe charac-
teristics under similar conditions, C,T}, can be con-
sidered a constant value. Therefore, the ideal en-
thalpy increase is related to the conventional charac-

teristic pressure ratio 7
) Bl
AszC/)Ti;(Tf k 1)OC7T F—=1 (4)

The actual enthalpy increases of the airflow af-
ter passing through the rotor needs to account for ro-
tor efficiency and can be described by Eq.(5) to re-

late the actual enthalpy increase with the pressure ra-

rameter Cl on each iso-speed line is identified as the
backbone point. A curve is fitted based on the rela-
tionship between backbone point mapping parame-
ters and relative corrected speed, and low-speed
backbone point mapping parameters are extrapolat-
ed from the fitted relationship.

Further extrapolation of non-backbone point
mapping parameters is conducted based on back-
bone point mapping parameters. According to back-
bone feature method, it is evident that the loss coef-
ficient and flow coefficient approximately exhibit a
quadratic relationship, whereas, under ideal condi-
tions, the flow coefficient is linearly related to the
power coefficient. Therefore, it can be approximat-
ed that the loss coefficient and power coefficient
roughly follow a quadratic relationship, which can
be described using mapping parameters as

|9 = dul(5 = Gw) 3> G
’51*’51,33: 0 92:92’55 (7)
CZ‘ SZ - J]““ ‘(52 o $Z““> ‘r/; < ‘/jma
where the subscript BB represents the mapping pa-
rameters for backbone points, while no subscript in-
dicates mapping parameters for non-backbone
points. Therefore, the extension of C; only requires
fitting the parameters ¢, and ¢, based on the existing
non-backbone point mapping parameters.

Since the flow coefficient is linearly related to

the power coefficient under ideal conditions, the vir-

tual Mach number is also approximately linearly re-
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lated to the power coefficient, which can be de-
scribed using mapping parameters as
f]\\/faVZk(s/:*Sth)er 8)

By simply fitting the values of £ and 4, the rela-
tionship between the virtual Mach number mapping
parameters and the power coefficient mapping pa-
rameters can be obtained. Based on the ratio of the
virtual Mach number mapping parameters for non-
backbone points to those for backbone points, it is
easy to determine the ratio of corrected flow for non-
backbone points to that for backbone points.

The full-state characteristics of fan obtained
through backbone feature method based on conven-
tional characteristics parameters are shown in Fig.3.
The low-speed characteristics of fan can reflect tur-
bine state, stirrer state, and compressor state,
meeting the characteristic requirements for simulat-

ing sub-idle process during start-up of turbofan en-

gine.
1.75F
L30f Compressor
o 1251 -
[=%] s
1.00 —ﬂm
‘ 0.
0.75F Turbine

0 20

W,

cor

Fig.3 Extrapolation of fan full-state characteristics

3 Simulation of Ground Start-Up

Process

During initial stage of turbofan engine start-up
process, it is influenced by static friction torque,
causing the low-pressure shaft to remain stationary.
Therefore, the rotor dynamics equation needs to be
rewritten as Eq.(9). Only when low-pressure tur-
bine torque is sufficient to overcome fan torque and
static friction torque will the low-pressure shaft be-
gin accelerating from a standstill.

dn; 0

dz TLP’I‘ - Tx-‘;\.\' _fsliding

TLPT < TFAN +ﬁxalic
T[,l”[' > TI—‘AN +f;lalit

(9)

L

where J, and n, refer to low-pressure shaft rotation-
al inertia and low-pressure shaft rotational speed, re-
spectively; and T'pr, Teans fuiing and foue the low-
pressure turbine torque, the fan torque, the sliding
friction torque, and the static friction torque, respec-
tively.

The flow balance equation for initial stage of
turbofan engine start-up process also needs to be
modified. When the fan is at low or even zero speed
during initial stage, the suction capability of core ro-
tor determines the amount of flow entering the fan.
At this point, it can be approximated that the exit
flow from the fan is equal to the inlet flow of the
high-pressure compressor, like the operation of a
turbojet engine. As the fan speed increases, the abil-
ity to perform work on the airflow improves. Part of
the airflow passes through the core rotor, while the
rest goes through the bypass duct, transitioning into
the normal operating state of turbofan engine.

The fan’ s working capability can be reflected
by fan pressure ratio, and thus, these two fan states
can be switched based on fan pressure ratio mray. De-
fine the bypass pressure ratio as myypass, and this pa-
rameter’ fixed value can be calculated by balancing
the outlet static pressure of bypass with the outlet
static pressure of low-pressure turbine. Typically,
its value falls within the range of 1 to 1.1. As shown
in Table 3, when fan pressure ratio is less than the
bypass pressure ratio, the fan’ s working capability
is insufficient, and bypass duct is approximated to
be inactive. When fan pressure ratio is greater than
the bypass pressure ratio, the fan has sufficient com-
pressive action on airflow, and the airflow passing

through fan enters both core rotor and bypass duct.

Table 3 Fan flow balance during ground start-up

process

Judgment o
Schematic diagram

\

Wipan= >

WHP(‘ + WI’;YP.’\SS

o Fan flow balance
criteria

Wiean = Wipe

TFAN < TBYPASS

TpaN = Tyypass
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In Table 3, Wian, Wipe and Wiypass refer to fan
flow, high-pressure compressor flow, and bypass
flow, respectively.

Next, a ground start-up process simulation is
conducted based on the fan’ s full-state characteris-
tics. The variation of speed over time during the
ground start-up process is shown in Fig.4. In Fig.4,
ny and 7, refer to high-pressure shaft speed and low-
pressure shaft speed, respectively. At initial stage,
the fan is at zero speed and starts accelerating after
about 3 s, overcoming static friction torque. During
this time, the fan remains in a turbine state. It is on-
ly after ignition that the fan speed further increases,
its working capability gradually strengthens, and it
transitions from turbine state to stirrer state. Final-
ly, approximately 17 s after starting, the fan enters

the normal compressor state.
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nH
10 000 n

Turbine

Stirrer ompressor

2~ 8000

min

. 6000

n/(r

4000

2000

0 L .
0 5 10 15 20 25 30
Time /s

Fig.4  Speed variation during ground start-up process

Fig.5 depicts the changes over time in fan effi-
ciency 7, pressure ratio =, power P, and ¢ the total
temperature ratio between outlet and inlet. The vari-
ation in fan efficiency provides an intuitive represen-
tation of the different states the fan goes through. In
both turbine and stirrer states, the fan pressure ratio
is less than 1, indicating that the fan has no compres-

sion effect on airflow. In turbine state, the fan power

Turbine Stirrer Compressor3

ul 1.1 000 1.04
2 000
oL 1.05 1.02
1000 5
= 0FR1.00 0 = 1.00
-l -1
2F 095 000 15 08
b -2 000
- 0.90 e S——— - 0.96
0 5 10 15 20 25 30°°00
Time /s

Fig.5 Fan parameter variation

process

during ground

start-up

is negative, suggesting that the fan is, in essence,
acting like a turbine, generating power externally.
Once it transitions to stirrer state, the fan starts con-
suming power. In turbine state, the total tempera-
ture ratio between outlet and inlet of fan is less than
1, but after entering stirrer state, the outlet total
temperature surpasses the inlet total temperature.
The fan operating point trajectory in Fig.6 pro-
vides a visual representation of the entire journey
that the fan goes through, transitioning from the ini-
tial zero-speed state to turbine state, then to stirrer

state, and finally to compressor state.

12F / \
Compressor
1.1r s
=1
(=]
1.0+ “8'5 ———
Overcoming ' T
friction point Turbine ~3
0.9 Eu . )
0 10 20
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Fig.6 Fan operating point trajectory during ground start-up

process

4 Simulation of Windmill Start-Up
Process

Simulation of windmill start-up process is con-
ducted at an altitude of 5 km and a Mach number of
1.8. Fig.7 illustrates the change in rotor speed dur-
ing windmill start-up process, from an unexpected
flameout at high altitude to re-ignition and accelera-
tion. At /=0, the engine experiences an unexpected
flameout, causing a rapid decrease in both high-pres-
sure and low-pressure shaft speeds. The low-pres-

sure shaft speed stabilizes relatively quickly, while

16 000
nH
14000 f ——p
Stirrer Compressor
12000
£10000
£ 8000
N 6 000
\ ‘—
4000 w
2 000 : L . : i
0 20 40 60 80 100

Time /s

Fig.7 Speed variation during windmill start-up process
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the high-pressure shaft speed gradually stabilizes af-
ter a more extended period of decrease. After 60 s of
the unexpected flameout, the starter engages the
high-pressure shaft, igniting the engine when the 1g-
nition speed 1s reached, and the restart acceleration
process commences, eventually returning to the
original state.

Fig.8 displays the changes over time in fan effi-
ciency 7, pressure ratio 7, power P, and ¢ the total
temperature ratio between outlet and inlet during
windmill start-up process. The variation in fan effi-
ciency reveals that after an unexpected flameout at
high altitude, the fan quickly enters stirrer state.
The windmill point stabilizes in stirrer state once the
fan speed stabilizes. It is only after re-ignition that
the fan transitions from stirrer state back to compres-
sor state. The pressure ratio during windmill state
remains below 1, and it gradually recovers to the
value greater than 1 after windmill start-up. In this
scenario, where the fan does not enter turbine state
during windmill state, the fan power remains great-
er than O, and the fan outlet total temperature is con-
sistently higher than inlet total temperature.

The fan operating point trajectory shown in
Fig.9 vividly illustrates the entire journey of the fan

Stirrer Compressor

- 5 1.10
0r 12
| 4
-100 1.05
1.1 -
-2 - 3
= 20T g = {100 =
-300 23
Canl 09
400 1 0.95
-500F 0.8 ¥
i 0 25 50 75 1000 050
Time /s

Fig.8 Fan parameter variation during windmill start-up

process

L50F = Compressor

0 20 40 60

Fig.9 Fan operating point trajectory during windmill

start-up process

during the engine’ s unexpected high-altitude flame-
out, re-ignition, and restart. It demonstrates how
the fan rapidly transitions from compressor state to
stirrer state and then back to compressor state dur-

ing this entire process.
S Conclusions

To address the simulation challenges of sub-
idle processes during ground start-up and windmill
start-up for turbofan engines, this paper employs a
backbone feature method based on conventional
characteristics parameters to obtain the fan’s full-
state characteristics. Through simulations of ground
start-up and windmill start-up processes, the role of
fan’s full-state characteristics is validated. These
characteristics enhance the simulation capabilities of
sub-idle process for component-level models of tur-

bofan engines.
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