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ABSTRACT The research on modeling and installation performance control of three ducts separate
exhaust variable cycle engine has been studied. In this paper, we established the fan, the low pressure
and high pressure compressor model based on the stage-stacking method. On this basis, a component-level
mathematical model is constructed and the compressor model of adjustable mode selector valve area, the
third bypass and its exhaust nozzle mode are established. Besides, the research took the inlet inside and
outside characteristic model into consideration. The simulation showed that the engine could be able to
modulate the third bypass airflow adaptively by control of fan vane, mode selector valve area, third bypass,
and main exhaust nozzle area. It is possible to continuously match the engine’s airflow demand to the inlet’s
airflow supply. The results show that compared with the mixed exhaust three ducts variable cycle engine,
the inlet spillage drag of the separate exhaust variable cycle engine is reduced by about 18%. Under the
condition of supersonic flight, the constant flow control can significantly improve the economy of the engine.
Compared with the mixed flow variable cycle engine, the inlet spillage drag of the three ducts separate
exhaust variable cycle engine is reduced by about 20%.

INDEX TERMS Variable cycle engine, separate exhaust, component-level modeling, spillage drag,
the installation performance.

I. INTRODUCTION
With the rapid development of modern aircraft technology,
the requirements of propulsion system performance become
more severe. The system performance is expected to have
higher thrust weight ratio, larger specific thrust, lower spe-
cific fuel consumption, higher stability and reliability. In the
large envelope range, the conventional aero engine is difficult
to take the promotion of power performance and economy
into account. And the conventional aero engine can’t meet the
performance requirements of the modern aircraft. Thus the
concept of variable cycle engine(VCE) is proposed [1], [2].
On the one hand, it satisfies the strong military demand, and
on the other hand, it meets the needs of supersonic civilian
transport aircraft. A large number of effective researches
have been carried out on the variable cycle engine. These
researches showed that the aerodynamic and thermodynamic
cycle of the engine is controlled actively by adjusting the
geometry, position and size of the adjustable components
under different flight conditions. These adjustments make
the engine work close to the optimal cycle parameters.

The function of the variable cycle can not only improve the
performance of the engine, but also the stable working range
of it [3]–[5].

Thus, in the 70s of last century, the United States put
forward the supersonic cruise aircraft research program and
determined the basic structure of double bypass variable cycle
engine GE21 through the General Electric Company(GE).
At the beginning of this century, the sixth generation aero-
engine design was launched in USA to develop and vali-
date the adaptive engine technology. Significant progress has
been made so far and would soon be applied in engineering.
The NASA research showed that the variable cycle engine
could not only change the engine operating mode timely
to meet the needs of different missions, but also signifi-
cantly improve the coupling between the engine and inlet that
would reduce the inlet spillage drag and improve the engine
installation thrust. The variable cycle engine has become
the focus of military and civil engine research because
of its remarkable flow regulation ability, which makes the
bypass regulation wider and installation loss smaller. The loss
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includes inlet spillage drag and body drag. In 2013, the Air
Force Research Laboratory(AFRL) signed contracts with GE
and Pratt&Whitney to develop Adaptive Engine Technology
Development (AETD). Most of the research is focused on the
mixed flow variable cycle engine, the study on unmixed flow
variable cycle engine is few and the study of its installation
performance is still in blank [7]–[9].

This research is focused on the installation performance
control of three ducts separate exhaust variable cycle engine.
This engine is different from the structure of F120 and other
mixed flow engines, which adds a second independently
modulated bypass stream [10]. By modulating airflow to
the second and third stream, the engine not only has the multi
cycle mode of the conventional variable cycle engine, but
also has the ability to keep the flow of the engine constant
when the engine is in throttle condition. Thus, the engine
significantly reduces the inlet spillage drag and improves the
efficiency of the propulsion [11].

During the research, a method of obtaining the charac-
teristics of variable cycle compression components is pro-
posed, which is based on stage-stacking method. Then the
component level model of three ducts separate exhaust vari-
able cycle engine is established. And the calculation method
of the installation performance is given. In the two typical
flight missions of subsonic cruise and supersonic cruise, the
changes of spillage drag, net thrust and installation thrust
under given control law are studied. Finally, the results of
calculation are compared with a mixed type variable cycle
engine [12]–[15]. The results shows that the inlet spillage
drag of the engine is reduced and the inlet spillage drag
decreases more obviously under the constant flow control.

Theoretical research shows that the engine has large thrust
loss after the engine is installed on the aircraft. The size of the
loss is of great significance to the design of the aircraft and
the engine. Because the thrust loss not only affects the design
of aircraft shape, but also relates to the choice of engine
cycle parameters, inlet and nozzle. Fig.1 shows the change of
turbofan thrust, net thrust and the spillage drag under different
Mach numbers.

FIGURE 1. Tendency diagram of Fspill , Fn, Fr .

Where Fspill is the spillage drag, Fn is the thrust, Fr is the
net thrust.

It can be seen that when the Mach number is less than
1.2, the inlet spillage drag is small and the influence on the
net thrust of the engine is not obvious. When Ma is larger
than 1.5, the spillage drag accounts for 30% of the engine
thrust. The higher Mach number is, the larger proportion of
the drag is. Therefore, the flow control of inlet and engine in
supersonic condition should be considered. In other words,
the installation performance control of the whole propulsion
system ought to be taken into consideration [16].

II. STRUCTURE AND PRINCIPLE OF ANALYSIS
The variable cycle engine could change the bypass ratio by
adjusting the flow of bypass stream and primary stream,
which makes the engine have good performance in large
envelope range. The VCE have drawn wide attention due to
its characteristic and the research on double bypass variable
cycle engine is particularly popular. Compared with double
bypass variable cycle engine, the three ducts variable cycle
engine has lower installed drag and higher economy. So it is
necessary to study three ducts variable cycle engine. During
the research of variable cycle engine, the flow matching
problem of engine and inlet is a key part. The flow matching
between VCE and inlet is realized by changing the geometry
of variable cycle engine, which reduces the spillage drag and
improves the thrust performance of engine. Therefore, it is
necessary to study the constant flow control of variable cycle
engine.

FIGURE 2. Schematic of Variable geometry turbofan engine.

In Figure 2 (a), the schematic diagram of the engine in the
three steams mode is given. Compared with the conventional
turbofan engine, the engine adds a second independently
modulated bypass stream. In Figure 2 (b), the engine closes
the mode selection valve and the engine works in the single
bypass mode (similar to conventional turbofan engine). The
separate exhaust makes the third stream have many functions,
which can provide cooling source to cool the heat load of the
engine, reduce the heat load of the fuel system and elimi-
nate the problem of fuel coking. Furthermore, it is possible
to continuously match the engine’s airflow demand to the
inlet’s airflow supply bymodulating airflow to the second and
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third streams. The modulation reduces the spillage drag and
improve the cycle performance of the engine.

In Fig.2, the section numbers are expressed as, where 1 is
the entrance of inlet, 2 is the exit of inlet, 22 is the exit of fan,
25 is the exit of low-pressure compressor(LPC), 3 is the exit
of high-pressure compressor(HPC), 4 is the exit of combustor,
45 is the exit of high pressure turbine, 5 is the exit of low
pressure turbine, 6 is the mixing chamber, 8 is the exit of
nozzle, 123 is the entrance of third steam, 13 is the mode
selection valve(MSV), 125 is the entrance of second steam,
18 is the exit of third stream nozzle. All the definitions of
bypass ratio are as follows:

BPR1 = Wg123/Wa22

BPR2 = Wg15/Wa25

OBPR = (Wg123 +Wa15)/Wa25 (1)

where Wa25 is the core engine airflow, Wg15 is the second
stream,Wg123 is the third stream andWa2 is the fan’s airflow,
BPR1 represents bypass ratio 1, mass flow of third stream/
mass flow of LPC, BPR2 represents bypass ratio 2, mass flow
of second stream/ mass flow of HPC,OBPR represents overall
bypass ratio, (mass flow in 2nd + 3rd streams)/ mass flow
of HPC.

The model established in this paper is based on the double
bypass variable cycle engine and three ducts adaptive cycle
model of General Electric Company. The key components
include mode selection valve(MSV), guide vane angle, third
stream nozzle area and so on. Through the adjustment of
these components, the engine can work steadily and meet the
calculation of different operationmodes. Then the inlet model
is established and the calculation method of inlet/engine
installation loss is studied.

III. MATHEMATICAL MODEL
The general compressor components are modeled by the
compressor relative rotor speed and pressure ratio. The com-
pressor air flow and efficiency are obtained through the
compressor characteristic maps. Then the compressor power,
the total temperature and other parameters could be calcu-
lated. Therefore, the accurate compressor performance data
is essential to the compressor components modeling. On the
basis of [17], this paper calculates the characteristic data of
fan, low and high pressure compressor through stage-stacking
method.

The axial-flow compressor consists of rotor and stator
blades. A row of rotor blades and a row of stator blades are
generally called the primitive level of the compressor. The
axial flow section is shown in Fig.3.

In Fig.3, the upper part is the compressor rotor blade
gird and the below is the compressor stator grid. Uc is the
circumferential velocity of the compressor blade. C is the
absolute velocity of the air. The airflow relative blade velocity
is the combined speed of Uc and C . The angle between the
absolute velocity and the axial is α. The angle between the
relative velocity and the axial is β.

FIGURE 3. Primitive level of compressor.

In each stage of the fan, the rotor blades make work by
rotating the gas flow and makes the pressure increase. The
stator blade does not work on the air flow, which reduces the
air velocity and increases the static pressure of the airflow.
The method of calculation can be referred to the literature.
Due to the limitation of the article, it would not be repeated
here.

When the working state of the fan is not set in the design
point state, the blade angle of the inlet airflow would have a
deflexion. But the angle of the outflow changes a little. The
fan angle of the kth stage can be expressed as:

α1,k = α3,k−1β1,k = β1,n +1β1,k

α2,k = α2,n +1α2,kβ2,k = β2,n

α3,k = α3,nβ3,k = β3,n +1β3,k (2)

where1α2,k ,1β1,k and1β3,k are the flow deflection angles.
The total outlet pressure at kth stage fan rotor blades can

be expressed as:

P02s,k = P01s,k

[
ηs,k

(
T02s,k
T01s,k

− 1
)
+ 1

] γ
γ−1

(3)

where ηs,k is isentropic efficiency, ηs,k = 1− ε
∣∣1β1,k/β1n∣∣,

P01s,k , T01s,k are the inlet compressor pressure and tempera-
ture of stage k , P02s,k , T02s,k are the exit compressor pressure
and temperature of stage k rotor. The efficiency is related to
the deflection angle of the inlet rotor blade.

1β1,k = tan−1
[
UC
Ca1,k

− tanα1n

]
− β1n (4)

where Ca1,k is the axial velocity of stage k compressor blade.
After determining the fan speed and the air flow, the entire

pressure ratio and efficiency characteristic maps of the fan
could be calculated. As shown in Fig.4. During the calcula-
tion of the isentropic compression coefficient, the deflection
factor of inlet flow angle(ε) ought to be considered. With the
change of the factor values, the calculated fan characteristics
have to be changed too. When the positive deflection of guide
vane is 0.6, the corresponding fan characteristic curve could
be shown in Fig.5.
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FIGURE 4. Variable geometry component characteristics of fan.

FIGURE 5. Comparison of fan component characteristics.

The different values ε correspond to different angle of
guide vane. In order to illustrate the influence of guide vane
angle on the engine performance, a relationship between ε
and α is established.

ε = f (α) (5)

Different from the double bypass variable cycle engine with
the core driving fan level (CDFS), the third stream is not
mixed directly with the main flow. By adjusting the throat
nozzle area of the third stream to match the mode selec-
tion valve, the third stream airflow and pressure could be
controlled.

The open and close of mode selector valve directly deter-
mines the operation mode of the engine. The mode selection

FIGURE 6. Simplified local structure of variable geometry turbofan.

valve, third duct and adjustable nozzle models are established
below. Fig.6 shows the structure of the mode selection valve,
third duct and the low-pressure compressor.

In the second bypass mode, the airflow of the fan tip enters
into the third duct and the airflow of the blade root goes
through the low-pressure compressor. In the single bypass
mode, the blade tip and root airflow are mixed into the low-
pressure compressor. Therefore, it is not suitable to establish
the whole fan model. The fan needs to be split into fan blade
root and tip model.

Wa22t = Wa2r/(1+ Xht )

Wa22h = Wa2rXht/(1+ Xht ) (6)

whereWa22h andWa22t is the conversion flow of fan blade tip
and root.Wa2r is the conversion flow of the whole fan. Xht is
the fan airflow root/tip ratio.

The third stream airflow Wg13 can be expressed as:

Wg13 = Waft (AMSV /A13) (7)

where Waft is the fan blade tip airflow, A13 is the maximum
opening area of the third stream, AMSV is the actual opening
area of the mode selection valve.

When the engine is in the second bypass mode, the valve
is completely opened (AMSV = A13) and the fan blade tip air-
flow goes through the third duct.When the engine is in double
bypass mode, the valve is completely closed (AMSV = 0) and
no airflow flows into the third duct. The influence of valve
on the airflow of the third duct could be calculated by the
equation (7).

While adjusting the third stream airflow, the local pressure
decreases as a result of the local drag, which is caused by the
vortex and turbulence in the duct. In this paper, the process is
considered as adiabatic. The local total pressure loss and the
loss coefficient could be obtained from the [18].

1p = ζ
ρV 2

2

ζ = 0.5(1−
Aa
Ab

)

σ = 1p/pb × 100% (8)

where 1p is the change of local total pressure loss, ζ is
the local loss coefficient, ρ is the air density, V is the
section velocity, the subscript b and a are the section of
the third stream nozzle area change, ‘a’ represents after,
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‘b’ represents before. σ is the local total pressure loss coeffi-
cient, pb is the section total pressure before the change.

The pressure loss of third duct can be calculated according
to the formula (8). Through setting up the model of the
total pressure loss, the tendency of its Mach number and
total pressure loss coefficient are presented under different
installed thrust, as shown in Fig.7.

FIGURE 7. Fan duct Mach number & pressure drop.

As seen from Fig.7, the larger the installation thrust is,
the less the total pressure loss would be. This also reduces
the third stream duct Mach number. When the thrust of the
third stream is small, the propulsion efficiency of the engine
would decrease. All the airflow passes through the main duct
and second stream duct, and only a small amount of airflow
goes through the third stream duct. The calculation results of
the above model are similar with the NASA [19], [20].

The inlet spillage drag is an increment of the outflow
drag, which is relative to the design state. It is caused by the
mismatching between the inlet’s airflow supply and engine’s
airflow demand when the engine working state is changed.
According to the general mixed pressure supersonic inlet flow
spillage drag experience curve of AFRL (Air Force Research
Laboratory) shown in Fig.8 and Fig.9, the inlet spillage drag
could be calculated in the off-design condition.

The formula for calculating the inlet spillage drag could be
expressed as,

Fspill = Cd spill(1/2ρV 2
0 )AC (9)

FIGURE 8. Fan duct Mach number & pressure drop.

FIGURE 9. Supersonic spillage drag vs. airflow ratio.

where AC is the inlet capture area, Cd spill represents the
spillage drag coefficient. During the supersonic flight,Cd spill
is the sum of Cd spill ref and Cd spill area.
According to the above formula, the spillage drag could be

obtained under all flight conditions if AC is known. The inlet
capture area can be calculated from the following formula.

Wain

A0
=

Pstd

T 1/2
std

M0(1+ 0.5(γ − 1)M2
0 )
−(γ+1)
2(γ−1) (

γ g
R

)1/2 (10)

where A0 is the free flow area corresponding to the inlet
airflow. Pstd is the standard pressure at sea level. Tstd is the
standard temperature at sea level. Wain is the inlet airflow.
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FIGURE 10. Throttling property diagram of inlet.

On the basis of inlet area A0 and flow coefficient, the inlet
capture area can be obtained. The inlet with certain geo-
metrical characteristics has certain throttling characteristics.
Fig.10 shows that the relationship between the total pressure
recovery coefficient and the flow coefficient is given under
the certain Mach number.

f (Ma,A0/AC , σin) = const (11)

where const represents constant value.
When calculating the installation characteristics of the

engine, not only the effect of internal airflow ought to be
considered, namely the effect of the total pressure recovery
coefficient on the dynamic and static engine performance, but
also the effect of the inlet spillage drag on the installed thrust.

Fr = Fn − Fspill
Fn = Fn(U , σ )

TSFC = 3600qmf /Fr (12)

where Fn is the net thrust of the engine, Fr is the installed
thrust, TSFC is the installed specific fuel consumption, qmf is
the engine fuel flow, H is the altitude, Ma is Mach number,
U is the engine control parameter.

U = [Wfc, αf ,A8,A18,H ,Ma]T (13)

whereWfc is the corrected fuel flow, αf is the fan guide vane
angle, A8 is the throat area of the primary nozzle, A18 is the
throat area of the third stream nozzle.

The modeling of combustion chamber, high and low pres-
sure turbine, mixing chamber and exhaust nozzle will not go
into details. The detailed modeling process can be referenced.

During the whole engine modeling, eight coupling equa-
tions are selected according to the flow continuity, static
pressure balance and power balance.

Ei(U ) = fi(N ) = 0 (14)

where N is the initial guess value vector of the model, it can
be expressed as,

N = [n1, n2, n3, n4, n5, n6, n7, n8]T

= [nl, nh,Xht ,Wg41C ,Wg45C , πF , πLPC , πHPC ]T (15)

where nl and nh are the relative rotational speeds of the low
and high pressure rotor, Wg41c and Wg45c are the conver-
sion flows of high and low pressure turbine inlet, πF is the
pressure ratio of fan, πLPC is the pressure ratio of low pres-
sure compressor, πHPC is the pressure ratio of high pressure
compressor.

In this paper, the model takes the ground condition as the
design point. The eight coupling equations contained by the
steady model are shown as below.

1. Power balance residual function of high pressure rotor:

ε1 =
Hpt

Hpc + Hpext
− 1 (16)

where Hpt is the power of high pressure turbine, Hpc is the
consumed power of low and high pressure compressor and
Hpext is extracted power of high pressure shaft.
2. Power balance residual function of low pressure rotor:

ε2 =
Hpl
Hpf
− 1 (17)

where Hpl is the power of low pressure turbine, Hpf is the
consumed power of fan.

3. Flow continuity residual function of high pressure tur-
bine inlet:

ε3 =
Wg41C,x −Wg41C

Wg41C
(18)

where Wg41C,x is the high pressure turbine initial guess flow
and Wg41C is the calculated flow.

4. Flow continuity residual function of low pressure turbine
inlet:

ε4 =
Wg45C,x −Wg45C

Wg45C
(19)

where Wg45C,x is the high pressure turbine initial guess flow
and Wg45C is the calculated flow.

5. Static pressure balance residual function of bypass
outlet:

ε5 =
PS6
PS163

− 1 (20)

where PS6 is the internal static pressure at the outlet of bypass
andPS163 is the external static pressure at the outlet of bypass.

6. Pressure balance residual function of nozzle throat:

ε6 =
P8c
P8
− 1 (21)

where P8C is total pressure calculated by flow and P8 is the
total pressure calculated by inflow pressure.

7. Flow continuity residual of fan:

ε7 =
Wa22h

Wa24
− 1 (22)

whereWa22h is airflow of Fan blade root,Wa24 is the airflow
of low pressure compressor.

8. Pressure balance residual of fan:

ε8 =
PS22h
PS22t

− 1 (23)
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where PS22h is the static pressure of Fan blade root, PS22t is
the static pressure of Fan blade tip.

These equations can be solved by the Newton-Raphson
method. Then the characteristic and performance parameters
could be obtained.

The three ducts separate exhaust variable cycle engine has
the characteristic of independent exhaust nozzle. By adjusting
the fan guide vane angle, the area of third stream nozzle and
primary nozzle, the engine actively control the bypass ratio
and fan pressure ratio, which makes the engine have the con-
stant flow characteristic. That is to say, the engine improves
its installed performance, by keeping the flow constant to
reduce the spillage drag in the throttling state. Therefore,
the engine could match the airflow demand to the inlet’s
supply, aside from the regulation rules of the core engine
speed that conventional engine needs to follow.

N2 = fWfc (Wfc)

Wain = Wa2 = fw(A8,A18, αf ) = const (24)

The geometrical control quantities are monotonically
related to the engine power state. The simulations are made
to verify the effectiveness of open loop regulation. The
formula (24) is further transformed as,

N2 = fWfc (Wfc)

A8 = A80 + k1fA8 (Wfc)

A18 = A180 − k2fA18 (Wfc)

αf = αf 0 − k3fαf (Wfc) (25)

where the subscript 0 represents the corresponding value
of crawling state, k1>0, k2>0, k3>0, fA8 (•), fA18 (•), fαf (•)
respectively represent the positive correlation coefficient and
the function. The corresponding values in the envelope could
be made into the form of interpolation table.

IV. NUMERICAL SIMULATION OF
INSTALLATION PERFORMANCE
According to the open loop control law given by formula (25),
the results of constant flow control have been verified.

The parameter changes and adjustment law of the engine
are simulated in 10km and 0.8Ma, which are shown in
Fig.11-13. The Figure 11 shows the control law of fan
guide vane angle and the change of fan pressure ratio. With
the increase of installed thrust, the fan guide blade angle
decreases, which makes the speed of the fan decrease too.
Keeping the inlet flow of the fan constant, the fan pressure
ratio is on the rise.

The throat areas of third stream nozzle and primary nozzle
are shown in Fig.12 and 13. With the increase of fuel flow,
the primary nozzle area A8 increases and then the area of third
stream nozzle decreases, which makes the power of the low
and high pressure turbine and inlet airflow increase. In order
to keep the inlet airflow constant, it is necessary to reduce the
area of third stream nozzle simultaneously. It makes the third
stream airflow and fan’s airflow decrease.

FIGURE 11. LPC pressure ratio changes (10km, 0.8 Ma).

FIGURE 12. Fan nozzle throat area variations (10km, 0.8 Ma).

FIGURE 13. Primary nozzle throat area variations (10km, 0.8 Ma).

Fig.14 shows the relationship between the installed thrust
and the flow change under the above constant flow control.
With the increase of thrust, the pressure ratio of low pressure
turbine and its power increase. ThenWa25 andWg15 increase
correspondingly. In order to keep the engine operation sta-
ble, the third stream nozzle area should be reduced, so that
Wg123 is decreasing. However, the engine whole airflowWa2
remains unchanged.

Fig.15(a) shows that the overall bypass ratio and BPR1
decrease. The second stream flow changes little with the
installation thrust, which makes BPR2 basically unchanged.
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FIGURE 14. Internal airflow variations (10km, 0.8 Ma).

FIGURE 15. Bypass ratio changes (10km, 0.8 Ma).

The simulation results of reference are given in Fig.15 (b).
It is proved by comparison that the variation trend of the flow
is consistent under the same installation performance control
law. And it further indicates that the model in this paper is
certain credibility.

In the above control process, the engine needs to be guar-
anteed that its performance parameters (rotor speed, tur-
bine inlet temperature) couldn’t exceed limit and the engine
wouldn’t surge. As shown in table 1, the key parameters of the

TABLE 1. Limits of engine parameter (H=10km, Ma=0.8).

engine do not exceed the limit range when it is under constant
flow control.

During the typical supersonic cruise missions, the param-
eter changes and adjustment law of the engine are also sim-
ulated in 10km and 1.6Ma, which are shown in Fig.16 and
Fig.17. Fig.16 shows the relationship between the installed
thrust and the flow change. It can be seen that the change of
each parameter is basically consistent with the subsonic state.
And the changes of the bypass ratio in Fig.17 are also similar
with the subsonic state.

FIGURE 16. Internal airflow variations (10km, 1.6 Ma).

FIGURE 17. Bypass ratio changes (10km, 1.6 Ma).

The change of the key parameters of the engine is also
given under this condition. As shown in Table 2, it can be
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TABLE 2. Limits of engine parameter (H=10km, Ma=1.6).

seen that the performance parameters such as surge margin
and rotational speed do not exceed the limit range.

Under the constant flow control, the trends of spillage drag
and installed specific fuel consumption are further analyzed.
In the subsonic typical operating point (H=10km, Ma=0.8),
the change of the inlet spillage drag is shown in Fig.18.

FIGURE 18. Subsonic cruise spillage drag.

As shown in the picture, the higher the installed thrust is,
the less the spillage drag would be. The reason is that the
engine’s airflow demand increases, which makes the spillage
airflow decrease. And there is no inlet shock wave drag at
subsonic state, so the spillage drag coefficient would be small.
When in the condition of deep throttling that the engine’s
airflow demand would greatly decrease, and then the inlet
spillage drag would increase significantly. It can be seen in
the picture that through the constant flow control, the inlet
spillage drag can be reduced by about 2% in the throttling
state.

Fig.19 shows the change law of thrust specific fuel con-
sumption with installed thrust under subsonic cruise condi-
tions. Because the bypass ratio increases, the thrust specific
fuel consumption is reduced by about 2%∼4% compared
with the conventional turbofan engine.

In the supersonic cruise condition (H=10km, Ma=1.6),
the change of inlet spillage drag is shown in Fig.20.

Under the constant flow control, the inlet spillage drag
is reduced by about 9%. Owing to the increase of the
spillage drag coefficient, the inlet spillage drag signifi-
cantly increases. As shown in Fig.21, the thrust specific fuel

FIGURE 19. Thrust specific fuel consumption (10km, 0.8 Ma).

FIGURE 20. Supersonic cruise spillage drag.

FIGURE 21. Thrust specific fuel consumption (10km,1.6 Ma).

consumption is 20% lower to the conventional turbofan
engine. It indicates that the constant flow control can obvi-
ously improve the economy during the supersonic flight.

Fig.22 gives the engine speed characteristic simulation at
the height of 10 kilometers, and also compares the constant
airflow control scheme with the no constant airflow con-
trol. It shows that the constant flow control can significantly
increase the installed thrust during the supersonic flight. So it
is necessary to adopt the control to improve the installation
performance of the engine.

Fig.23 shows the simulation comparison with the mixed
flow three streams variable cycle engine . The whole
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FIGURE 22. Comparison of Fspill , Fr .

FIGURE 23. Simulation results of Fspill .

simulation is carried out at the height of 10 km and the
engine is in the middle state. When theMach number is larger
than 1.5, by modulating the second and third streams, it is
possible to match the engine’s airflow demand to the inlet’s
airflow supply thereby reducing the spillage and increasing
propulsive efficiency.

Comparedwith themixed flow three streams variable cycle
engine, the inlet spillage drag of the separate exhaust variable
cycle engine is reduced by about 20%. The inlet spillage drag
decreases more significantly under the constant flow control.

V. CONCLUSION
The three ducts separate exhaust variable cycle engine math-
ematical model has been established. Subsonic and super-
sonic cruise flight states (10km, 0.8Ma and 10km, 1.6Ma)
were selected respectively to study the installation perfor-
mance of the turbofan and variable cycle engine through
simulation. Also the speed characteristics of engine (from
0.4Ma to 1.8Ma) at 10km were simulated. The following
conclusions can be drawn.

(1) The model can accurately describe the influence of
the engine states and performance parameters through the
compression component guide vane, third stream nozzle and
primary nozzle. Under the same installation performance
control law, the change trend of the engine parameters is
consistent with results of the NASA related research.

(2) It is possible to match the engine’s airflow demand
to the inlet’s airflow supply through the certain variable
geometric combination regulation. Compared with the mixed
variable cycle engine, this engine effectively reduces the
spillage drag and improves the installation performance of
propulsion system. The inlet spillage drag is reduced by about
20%. Under supersonic flight condition, the constant flow
control can obviously improve the economy of the engine.

In summary, the three ducts separate exhaust variable cycle
engine mathematical model has been established and the
control of inlet airflow which reduces the spillage drag is
realized.

APPENDIX
NOMENCLATURE
Symbol Explanation
MSV Mode Selector Valve.
Xht Fan airflow root/tip ratio.
BPR1 Bypass ratio 1.
BPR2 Bypass ratio 2.
OBPR Overall bypass ratio.
LPC Low pressure compressor.
HPC High pressure compressor.
Fspill spillage drag (N).
Fr installed thrust(N).
Cspill spillage drag coefficient.
SFan Surge margin of Fan.
SLPC Surge margin of LPC.
SHPC Surge margin of HPC.
TSFC thrust specific fuel consumption.
ρ Atmosphere density.
α Vane guide angle.
R Gas constant for air.
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