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In order to consider the inlet and engine integrated model of supersonic airliner, the dynamic identification and control of inlet
normal shock are studied. The research is based on the bleed air flow rate under supersonic conditions. With the two-
dimensional CFD model of supersonic inlet, the dynamic and static effects of the bleeding flow rate on the normal shock
position were investigated. The transfer function was identified, and simultaneously the paper carried out a comprehensive
study of inlet and engine integrated model, which is established based on the inlet shock position model and engine component
level model. The relationship between normal shock position and total pressure recovery coefficient has been taken into
consideration in this model. Based on the inlet and engine integrated model, the closed-loop control simulation of normal shock
position is carried out. The results show that the model could resist the disturbance of the inlet flow and keep the inlet and
engine matching operation point stable near the optimal value.

1. Introduction

The aircraft may encounter various disturbances in flight,
such as the atmospheric turbulence, the shock waves of
passing through another aircraft, and the pulsation of
engine airflow, which would affect the inlet operation. If
these methods of increasing the stability and safety margin
are taken into account in the process of inlet design, the
inlet performance would deteriorate under normal condi-
tions [1, 2]. The purpose of inlet control is to avoid the
inlet or engine surge when entering the strong subcritical
or supercritical state after disturbance. Meanwhile, the con-
trol makes the engine return to approximate optimal work-
ing state quickly. However, it is impossible to maintain the
propulsion system in the best performance state by manip-
ulating the bleed valve, which keeps the normal shock posi-
tion unchanged. For example, in order to adapt the
disturbance, the inlet may increase the bleed flow leading
to the bleed drag, which is shown in Figure 1. (Cbp is the
coefficient of bleed drag, Ableed is the bleed area, and Ac

is the inlet capture area.) Therefore, even if the shock wave
remains at a position of high-pressure recovery coefficient,
it may still cause a net loss of the propulsion system [3, 4].
Because the pressure of fan inlet has influence on the nor-
mal shock wave position, it may be better to adopt the
integrated adjustment of the bleed valve and engine to con-
trol the position.

The engine control mechanism must meet the require-
ments of a minimum noise level and optimal economy in
thrust control. Meanwhile, the engine rotor speed and tur-
bine inlet temperature could not exceed limit in order to
ensure the stability of fan, compressor, and combustion
chamber. The engine used in supersonic passenger aircraft
can be divided into the following: main operating conditions,
engine start-up, take-off, acceleration and climbing, the sub-
sonic flight whose airline is set in residential areas, supersonic
cruise, and landing [5–7]. Corresponding to the different
working conditions, the control tasks are different. During
the flight supersonic cruise, it is necessary to ensure economy
and give the best ride quality to the passengers, which
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requires the stable engine thrust and reduces the unnecessary
flight attitude changes.

The research on supersonic inlet control has been
developed continuously. The early aircrafts F-14 and F-
18 used simple fixed baffle inlet; they then were developed
into the advanced inlet whose swash plate or center cone
could be adjusted [8]. For example, the Mirage 2000 has
the semicircular center cone adjustable inlet; the F4 air-
craft, Russian MiG-23s, and F-8 II have the rectangular
inlet whose front swash plate is adjustable; and F-15 has
the adjustable binary wedge-shape inlet. With the develop-
ment of modern measurement and control technology, it
is possible to capture normal shock or measure its posi-
tion. The research of shock wave position detection and
control has become a hot topic. Le et al. proposed three
methods to monitor shock wave in isolation section of
dual-mode scramjet, and the accuracy of three methods
was compared by testing [9]. Hutzel et al. summarized
the developing history of monitoring shock wave position
and compared several monitoring schemes [10]. Donbar
proposed a scramjet control method based on shock wave
position [11]. When the aircraft is in high Mach number
cruise, the upstream and downstream flow fields of the
inlet are prone to fluctuate due to the drop of shock wave,
the change of atmospheric environment, or the launch of
weapon. It causes the change of inlet normal shock wave
position and then affects the stability of inlet or even
causes the engine surge [12–14].

In this paper, the research is focused on the integrated
control of inlet and engine for supersonic airliner based on
the control technology of normal shock wave position. This
technology improves the anti-interference performance of
the inlet and makes the inlet and engine operate at a better
matching point. In the first section of this paper, the inte-
grated model is established by the relationship between nor-
mal shock wave position and total pressure recovery
coefficient. Subsequently, the integrated model is simulated
to verify the antidisturbance ability of the closed-loop con-
trol. Finally, the inlet and engine integrated control model

are established to reduce the influence of atmospheric distur-
bance to the propulsion system performance.

2. Inlet and Engine Integrated Model

In order to study the inlet and engine integrated control, the
paper establishes an integrated model, which is a twin-bladed
rotor, is mixed flow afterburner turbofan engine, and is
shown in Figure 2. In the picture, the section numbers are
as follows: section 2 is the exit of inlet, section 22 is the exit
of fan, section 25 is the entrance of a high-pressure compres-
sor, section 3 is the exit of a high-pressure compressor
(HPC), section 4 is the exit of a combustor, section 45 is
the exit of a high-pressure turbine, section 5 is the exit of a
low-pressure turbine, section 6 is the mixing chamber, sec-
tion 8 is the nozzle throat, section 9 is the exit of nozzle, sec-
tion 13 is the entrance of the bypass, and section 16 is the exit
of the bypass.

In this paper, the supersonic mixed pressure inlet is stud-
ied and the model is shown in Figure 3, where the section
number 0 represents environment situation and 1 represents
the entrance of the inlet. The design point of model is 2.2Ma
and 11 km (the static pressure is 22700Pa, and static temper-
ature is 216.7K). The first, second, and third compression
angle δ1, δ2, and δ3 and the expansion section angle β are,
respectively, 6 degrees.

The computational inlet model is shown in Figure 4. In
order to simulate the operating process of the inlet accurately,
a two-dimensional CFD calculation based on FLUENT soft-
ware is carried out to simulate the dynamic changes of flow
field under different flight conditions, up- and downstream
disturbance, and bleeding regulation. The turbulence model
based on FLUENT software adopts unsteady calculation.
The time step is 0.01ms, and the number of internal itera-
tion steps is set to 30. The process of opening and closing
the bleed valve is mainly realized by UDF (user-defined
function) with dynamic grid technology, which is used to
change the angle of the valve to adjust the bleed.

In order to facilitate the calculation, the following
assumptions are set:

(1) The inlet air is the ideal gas that ignores the ioniza-
tion effect of air

(2) The gravity and thermal radiation are not considered
in the research

(3) The wall of the inlet is adiabatic

(4) The airflow inside and outside the two-dimensional
supersonic inlet is two-dimensional compressible flow

When the shock wave position is disturbed, the position
could remain unchanged by increasing or decreasing the
bleed flow. In order to achieve high-quality bleed control
regulation, the dynamic relationship between bleed and
shock position should be obtained [15]. The transfer func-
tion between them ought to be further obtained by a two-
dimensional CFD model. (Figure 5 shows the input curve
of bleed flow and output curve of shock wave position.)
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Figure 1: Relationship between inlet bleed drag coefficient and
airflow.
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At the initial time, the bleed valve is closed and the inlet
flow is 17.01 kg/s. After 0.01 second, the bleed valve opens
and the bleed flow reaches 0.95 kg/s, while the inlet exit
flow is 16.06 kg/s. Figures 6 and 7 clearly show the change
of shock wave position, and the shock wave moves to 0.6.

Furthermore, in order to facilitate the design of an inlet
control system, it is necessary to establish the dynamic trans-
fer function model of the bleeding process. Based on the
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Figure 2: Turbofan engine structure diagram.
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nonlinear least square method, the input and output curves
are identified and the transfer function is obtained.

GB sð Þ = −23:3s + 5:05 × 105
s2 + 311:2s + 7:89 × 105: ð1Þ

As shown in Figure 8(a), the output of the transfer func-
tion model is basically consistent with the output of CFD cal-
culation, which means the identification accuracy meets the
requirements. In order to further verify the accuracy of the
model, the mass flow of a two-dimensional CFD inlet model
is increased to 1.09 kg/s, then the positive shock position
curve is obtained. As shown in Figure 8(b), the transfer func-
tion model is still within acceptable accuracy range.

The inlet and engine integrated model in this paper are a
component level model [16, 17]. Each component must meet
the mutual restriction and follow common operating condi-
tion. The paper selects low-pressure rotor speed N l, high-
pressure rotor speed Nh, fan pressure ratio Zf , compressor
pressure ratio ZC, high-pressure turbine equivalent mass flow
m41,cx, low-pressure turbine equivalent mass flow m45,cx, and
inlet flow coefficient φ as the initial guess values. Considering

the continuity of airflow, static pressure balance, and rotor
power balance, the seven equations are selected. The flow con-
tinuity residual of inlet and fan equation is shown as follows:

ε1 =m2,c −m21,c
m2,c,

ð2Þ

where m2,c is airflow of inlet, m21,c is airflow of fan, and ε1 is
residual error of equation.

The flow continuity residual function of a high-pressure
turbine inlet is as follows:

ε2 =
m41,cx −m41,c

m41,c
, ð3Þ

where m41,cx is the high-pressure turbine initial guess flow
and m41,c is the calculated flow.

Flow continuity residual function of a low-pressure
turbine inlet is as follows:

ε3 =
m45,cx −m45,c

m45,c
, ð4Þ

where m45,cx is the low pressure turbine initial guess flow
and m45,c is the calculated flow.

The static pressure balance residual function of the
bypass outlet is as follows:

ε4 =
p16,s − p6,s

p6,s
, ð5Þ

where p16,s is the external static pressure at the outlet of
bypass and p6,s is the internal static pressure at the outlet of
the bypass.

Flow continuity residual function of the nozzle throat is
as follows:

ε5 =
m8,x −m8

m8
, ð6Þ

wherem8,x is the nozzle initial guess flow andm8 is the calcu-
lated flow.

The power balance equation of a low-pressure rotor is as
follows:

ε6 =
Wf ηl −Wlt

Wlt
, ð7Þ

where Wlt is the power of a low-pressure turbine and Wf is
the consumed power of fan.

The power balance equation of a high-pressure rotor is
as follows:

ε7 =
Wcηh −Wht

Wht
, ð8Þ

whereWht is the power of a high-pressure turbine andWc is
the consumed power of a compressor.
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Figure 6: Mach number flow field in 0 s.
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The equations are solved by a Newton iteration method.
While the total pressure loss of the inlet includes wall fric-
tion loss, total pressure loss of shock wave, and total pres-
sure loss of duct after throat. The latter two account for
more than 90% of the supersonic inlet’s total pressure loss.
When the flow condition and the shock wave position are
fixed, the structure of the normal shock wave system in
the supersonic inlet and the length of the expansion area
after normal shock wave remain unchanged. The bleed reg-
ulation only changes a small part of the wall friction loss
[18]. Therefore, the total pressure recovery coefficient,
which is related to the normal shock wave position, can
be approximately regarded as unchanged. The relationship
between them is shown in formula (9), and correspondence
is shown in Table 1.

σ = i ⋅ σmax, ð9Þ

where σmax is the total pressure recovery coefficient in crit-
ical state and i is the total pressure recovery coefficient
ratio. When the position is less than -0.15, the total pres-
sure recovery coefficient maintains the maximum value.

The calculation process of the inlet and engine integrated
model is shown in Figure 9. The atmospheric turbulence
model shows the upstream disturbance (ΔP0, ΔT0, and Δ
M0), and the engine model shows the downstream distur-
bance (ΔP2). After that, the integrated model calculates the
normal shock position and adopts closed-loop control by
an active disturbance rejection control (ADRC) algorithm.

The block diagram of the closed-loop control loop for
normal shock position is shown in Figure 10. GA is the trans-
fer function of the actuator. It indicates the opening and clos-
ing of the exhaust valve, which is generally controlled by a
high-speed valve. In order to realize the bleed regulation,
the high-speed valve produced by MOOG Company is used
as the actuator and the transfer function is shown as follows:

The generalized controlled object of transfer function G
ðsÞ is as follows:

GA sð Þ = s/63 + 1ð Þ
s/60 + 1ð Þ s2/1:29 × 106 + 0:8s/1136 + 1

� �
s2/2:26 × 107 + 0:6s/4753 + 1
� � : ð10Þ

G sð Þ = s/63 + 1ð Þ
s/60 + 1ð Þ s2/1:29 × 106 + 0:8s/1136 + 1

� �
s2/2:26 × 107 + 0:6s/4753 + 1
� � ∗

−23:3s + 5:05 × 105
s2 + 311:2s + 7:89 × 105 : ð11Þ

Table 1: Relevant design parameters of the compressor blade.

Number 1 2 3 4 5 6 7 8 9

Total pressure recovery coefficient ratio 1 0.994 0.985 0.977 0.971 0.965 0.961 0.944 0.903

Normal shock position -0.15 -0.087 0.045 0.204 0.417 0.438 0.503 0.805 0.943
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Figure 8: Output of a dynamic transfer function model.
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The least square method is used to identify the pressure
disturbance, temperature disturbance, Mach number distur-
bance, and back pressure disturbance. The corresponding
transfer functions are as follows:

Gp sð Þ = 0:1082
s + 187:1 ,

GT sð Þ = 4:0805s − 154:23
s2 + 186:2s + 2:558 × 105 ,

GM sð Þ = 1630
s + 604:5 ,

GE sð Þ = 5:326 × 10−3s − 28:28
s2 + 279:8s + 7:144 × 105 :

ð12Þ

According to the corresponding relationship between the
shock position and the total pressure recovery coefficient, the
total pressure recovery coefficient in the engine model is
modified. Then, the thrust and other performance of the
engine are calculated.

3. Simulation of Integrated Model

The inlet model simply gives the maximum total pressure
recovery coefficient under the current flight conditions.
The change of engine state does not affect the inlet total
pressure recovery coefficient, and this phenomenon is
obviously unconventional. With the change of the inlet
state, the inlet would enter into the supercritical state
and the total pressure recovery coefficient would decrease.
Therefore, the inlet normal shock wave and engine model
are combined together. The different working conditions
of inlet could be simulated, and the coupling relationship
between the engine and inlet is clarified by modifying
the total pressure recovery coefficient through the normal
shock wave position. The pressure, temperature, velocity,
and downstream disturbance of an integrated model are
simulated to test the operation effect in this paper.

The verification point of pressure disturbance is H =
11 km, Ma = 2:2, and PLA = 50 degrees. Figure 11 shows
the simulation results of an integrated model under
pressure disturbance. In the pictures, Figure 11(a) is the
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output disturbance of a turbulence model, Figure 11(b)
is the disturbance of normal shock wave position caused
by a turbulence model, Figure 11(c) is the change of
normal shock position in closed- and open-loop control,

Figure 11(d) is the bleed flow in closed-loop control, and
Figures 11(e) and 11(f) are the comparison of total pres-
sure recovery coefficient and engine thrust. In 3.8 seconds,
the inlet normal shock model exerts inflow static pressure
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Figure 11: Simulation results of an integrated model under pressure disturbance.
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disturbance (±1000Pa), which is caused by a turbulence
model. The normal shock wave position changes, and the
amplitude of the fluctuation is about 0.54. When the system
does not include ADRC controller, the disturbance of normal

shock wave position is transmitted directly to the engine
model that results in the huge change of total pressure recov-
ery coefficient σ and thrust F. With the change of the position,
σ rises to the maximum value 0.904, then drops to 0.868, and
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trends to be stable finally. The thrust increases as the nor-
mal shock wave position moves toward the throat and
decreases when it moves to the exit of the inlet. When
the normal shock wave model adopts closed-loop control,
the position could set at 0 and is at the best matching
point. The total pressure recovery coefficient is basically sta-
ble compared with the open-loop control, and the fluctua-

tion is small. The engine thrust has little change and
hovers around 1. In general, the closed-loop control of nor-
mal shock position can stabilize the engine working condi-
tion and reduce the influence of pressure disturbance on
the engine. The bleed flow has an initial value of 0.04,
and the flow can be used as the air convection in the cabin
of the aircraft.
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In order to verify the ability of the integrated model to
resist temperature disturbance, the test has been carried
out. The verification point of temperature disturbance is
H = 11 km, Ma = 2:2, and PLA = 50 degrees. Figure 12
shows the simulation results of an integrated model under
temperature disturbance. In 3.2 s, the inlet normal shock
wave model exerts inflow temperature disturbance (±50K),
which is caused by a turbulence model. Figure 12(a) is
the output disturbance of a turbulence model. With the
change of temperature, the Mach number changed.
Figure 12(b) is the disturbance of the Mach number, and
the disturbance is between ±0.25. Figure 12(c) is the
change of normal shock wave position in closed- and
open-loop control, whose amplitude is about 0.6. When
the model is in closed-loop control, the position could
be well stabilized at the best match point. Compared with
the open-loop control, the advantage is more obvious.
Because the position of the normal shock wave is fixed
in the closed-loop control system, the total pressure recov-
ery coefficient and engine thrust are relatively stable, while
the amplitude of fluctuation is smaller.

Similarly, when the Mach number is disturbed, it would
also affect the position of the normal shock wave. Figure 13
shows the simulation results of an integrated model under
Mach number disturbance. When the Mach number
changes as shown in Figure 13(a), the change of position
is between ±0.25. The effect of the closed-loop control of
the normal shock position is still very stable in the
closed-loop control, whose change could be neglected.
Figure 13(d) shows the bleed flow in closed-loop control.
Compared with the open-loop control, the total pressure
recovery coefficient has little change and the thrust could
also be basically stabilized.

In order to verify the ability of the integrated model
to resist downstream disturbance, the next test has been
carried out. The verification point of temperature distur-
bance is H = 11 km, Ma = 2:2, and the throttle lever angle
is changed. The engine is adjusted from the throttling
state to the intermediate state and PLA has changed from
50 degrees to 70 degrees as shown in Figure 14.
Figure 15 shows the simulation results of an integrated

model under downstream disturbance. The increase of
the throttle lever angle leads to the rise of the engine
demand flow and the inlet exit back pressure. The nor-
mal shock wave position would move toward the down-
stream of the throat, which makes the inlet enter into
the supercritical state. Figures 15(a) and 15(b) show the
change of back pressure and normal shock wave position.
The difference between the open-loop control and closed-
loop control is that the closed-loop control stabilizes the
normal shock position and the parameters of the inlet
exit are basically unchanged, which makes the back pres-
sure decrease and the disturbance of normal shock wave
position gets smaller. Figure 15(c) clearly shows the effect
of closed-loop control. With the closed loop of normal
shock position, the position remains basically unchanged
at 0. While the position with open loop moves back
about 0.9. Figure 15(d) is the change of bleeding in
closed-loop control. It can be seen from Figure 15(e) that
the total pressure recovery coefficient could also maintain
at the optimal integrated point. In Figure 15(f), the
engine output thrust increases by 0.05 compared with
the open-loop control when the throttle lever angle is
set to 70 degrees.

The integrated model could accurately describe the
performance of the engine when the normal shock wave
position changes. Meanwhile, the model verifies that the
closed-loop control is more effective. In particular, when
the upstream and downstream are disturbed, the posi-
tion could always be stable at the optimal matching
point and the engine thrust performance is optimal at
this moment.

Additional calculations show that the inlet closed-loop
control of inlet normal shock wave position obtains good
robustness and could be controlled stably at different
working points (M = 2:2 and M = 2:3). The disturbance
is shown in Figures 16(a) and 16(b), which is the distur-
bance of normal shock position. Figure 16(c) is the
comparison of normal shock position in closed- and open-
loop control. Figure 16(d) is the bleed flow in closed-loop
control. Figures 16(e) and 16(f) are the comparison of
total pressure recovery coefficient and engine thrust.
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Figure 14: Change of the throttle lever angle.
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During the closed-loop control process, the inlet and
engine could be kept at the optimal matching point.

4. Conclusions

In this paper, the effects of bleed flow on the dynamic
and static characteristic of normal shock wave position

were investigated based on the supersonic inlet two-
dimensional CFD model. The transfer function is identi-
fied, and the inlet and engine integrated model are estab-
lished based on the closed-loop control of inlet normal
shock wave position. The integrated model is verified by
disturbance rejection simulation. The results show that
the closed-loop control of inlet normal shock wave position
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Figure 15: Simulation results of an integrated model under downstream disturbance.
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is effective under the action of upstream and downstream
disturbances. Compared with the open-loop control, the
amplitude of engine thrust is smaller in closed-loop control.

Nomenclature

Cbp: The coefficient of bleed drag
Abp: The bleed area
HPC: High-pressure compressor
Fin: Installed engine thrust
N l: Low-pressure corrected rotational speed

Nh: High-pressure corrected rotational speed
W fb: Fuel mass flow rate
m2,c: Airflow of inlet
m21,c: Airflow of fan
m41,cx: The high-pressure turbine initial guess flow
m41,c: The calculated flow
m45,cx: The low-pressure turbine initial guess flow
m45,c: The calculated flow
m16,s: The external static pressure at the outlet of bypass
m6,s: The internal static pressure at the outlet of bypass
m8,x: The total pressure calculated by flow

26 28 30 32 34 36

–1000

–500

0

500

1000

Time (s)

𝛥
P 2

 (P
a)

(a) Inlet entrance pressure change

26 28 30 32 34 36
–0.6

–0.4

–0.2

0.0

0.2

0.4

0.6

Time (s)

N
or

m
al

 sh
oc

k 
po

sit
io

n 
(–

)

(b) Normal shock position change

26 28 30 32 34 36
–0.6

–0.4

–0.2

0.0

0.2

0.4

0.6

Time (s)

Open-loop control
Closed-loop control

N
or

m
al

 sh
oc

k 
po

sit
io

n 
(–

)

(c) Normal shock position control

26 28 30 32 34 36
–0.2

–0.1

0.0

0.1

0.2

0.3

Time (s)

Bl
ee

di
ng

 (–
)

(d) Bleeding adjustment

26 28 30 32 34 36 38 40
0.85

0.86

0.87

0.88

0.89

0.90

𝜎
 (–

)

Time (s)

Open-loop control
Closed-loop control

(e) Total pressure recovery coefficient

26 28 30 32 34 36 38 40
0.98

0.99

1.00

1.01

1.02

F 
(–

)

Time (s)

Open-loop control
Closed-loop control

(f) Engine thrust

Figure 16: Simulation results of different operating points.
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m8: The total pressure calculated by inflow pressure
W f : The consumed power of fan
W lt: The power of low-pressure turbine
Wc: The consumed power of compressor
Wht: The power of high-pressure turbine
H: Flight height
Ma: Mach number
ε: Residual error of equation
σ: Total pressure recovery coefficient
ηl: Fan coefficient
ηh: Compressor coefficient
PLA: Power level angle.
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