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Abstract; The numerical analysis for the matching of the core driven compression system in a double by-
pass variable cycle engine was presented in this paper. The system consists of a one-stage-core driven fan stage
(CDFS), an inner bypass duct and a five-stage high pressure compressor (HPC) . providing two-basic operat-
ing modes: the single bypass mode and the double bypass mode. Variable vanes are-necessary to realize the
mode switch of the system. The correct matching in the double bypass mode requires a proper combination of
the mass flow, total pressure ratio and blade speed. The work capacity of the system decdreases”in thé double
bypass mode and the pressure ratio tends to decrease more for the CDFS and the front stages of th¢ HPC. The
overall system efficiency is higher in the double bypass mode. The radial distributions\of aerodynamic parame-
ters are similar in different modes. The notable redistribution of mass flow downstream'\the CDFS in the single
bypass mode leads to strong radial flows_and additional mixing losses:—The ahsolute flow\angles into the inner
bypass increase for the inner span and-decrease for_the outer'span when the-System is switched from the single
bypass mode to the double bypass mode.
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Nomenclature

Ah, Stagnation _enthalpy rise m Mass flow rate

Unnia Midspan blade speed p Static pressure

Unid. cor Corrected midspan blade speed R Gas constant

Viave Average axial velocity T Static temperature

¢ Loading coefficient(¢p=Ah, /Ukid.cor) Ma Mach number

¢ Flow coefficient($=V . .y /Upnia) K Ratio of specific heat capacities

a Absolute flow angle Po Standard stagnation pressure

B Relative flow angle To Standard stagnation temperature

A Cross-section area s Polytropic efficiency

o Density s Total pressure ratio
Subscript

t stagnation properties db double bypass mode

sb single bypass mode
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Introduction

The benefits of a variable cycle engine
(VCE) have been identified in early researches,
including tuning the cycle features, e. g. the by-
pass ratio and pressure ratio, to the unique mis-
sion requirements to provide more efficient oper-
ation in different operating conditions than fixed-
cycled engines, reducing the engine noise and

exhaust emissionst' ™,

Many VCE concepts have
been investigated since 1960s, in which the con-
cept of the double bypass VCE with the core
driven fan stage (CDFS) proposed by General E-
lectric has been identified as a leading candidate
for advanced supersonic cruise aircrafts™*.

The double bypass VCE has two basic oper-
ating modes: the single bypass mode for super-
sonic cruise and acceleration; the double bypass
mode for subsonic cruise and take off"”), The fan
in a double bypass VCE is split into two
“blocks”: front and rear. The rear block s driv-
en by the high pressure turbines-as opposed to
the conventional low pressute turbine drive ar-
rangement for all” existing turbofan engines,
therefore it is ‘called \the core driven \fan stage,
which is a key component of\ the‘\double bypass
VCE. The concept of the CDFS is a\logical bene-
fit for variable cycle propulsion system; in fact,
it has broad applicability-to any low pressure ra-
tio, mixed mission requirement including single
bypass (only) engine arrangements. The unique
technical payoffs of the core driven concepts are
summarized in Ref. [10].

The structure of the remainder of the paper
is as follows. The aerodynamic description of
the core driven compression system is summa-
rized briefly first, followed by the analysis for
the overall stage aerodynamic parameters. Then
the radial distributions of aerodynamic parame-
ters are discussed for all the blade rows. Flow
characteristics among the CDFS, the high pres-
sure compressor ( HPC) and the inner bypass
duct are also analyzed. lLastly, main conclusions
of the matching characteristics of the core driven

compression system are enumerated.

1 Aerodynamic description of the

core driven compression system

The core driven compress system consists of
a one-stage CDFS, an inner bypass duct and a
five-stage HPC, as shown in Fig. 1. The CDFS
has a variable inlet guide vane (IGV) and a vari-
able stator. The HPC, of which the first two
stages have variable geometry vanes, has no
IGV. There is a variable outlet guide vane
(OGV) in the inner bypass duct. In fact, there
are different configurations for the core driven
compression system, and the benefits of the pres-

ent configuration are summarized in Ref. [117].

Varis_l_lglg vanes
IGV_ Rotor Stator—

Inner bypass
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Fig. 1 ~Sketch of the core driven compression system

1.1 Aerodynamic description of the CDFS

The aerodynamic parameters of the CDFS
are-presented in Table 1. All the normalized pa-
rameters in Table 1 and Table 2 are normalized
by the corresponding CDFS design values in the
single bypass mode. In contrast to a convention-
al fan, the CDFS has two basic operating
modes: the design pressure ratio was 1. 51 ¢ 1
with an isentropic efficiency goal of 87. 4% in
the single bypass mode; the desire goal was a
pressure ratio of 1. 25 ¢ 1 with an isentropic effi-
ciency of 86.9% in the double bypass mode.
The inlet corrected mass flow was reduced by
20% in the double bypass mode. The loading co-
efficient is defined by Ah./UZ.cor 5 the flow coef-
ficient is defined by V .../ Unmia.

The CDFS tip speeds are excessive high for
the design pressure ratios, leading to consequent
low loading coefficients in both modes (Table
1). This is because the HPC tip speeds are pro-
portional to the CDFS tip speeds, hence high
CDFS tip speeds are required to ensure adequate

HPC tip speeds, avoiding burdensome loading
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Table 1 CDEFS aerodynamic parameters

Aerodynamic parameters

Operating mode

Single bypass mode Double bypass mode

Total pressure ratio
Isentropic efficiency/ %
Stall margin/ %

Corrected tip speed/(m/s)
Dimensionless corrected mass flow/ %
Loading coefficient
Flow coefficient
IGV variation
Inlet radius ratio

Outlet radius ratio

1.50 1. 25

87.4 86.9

18 20

430 397

100 80

0. 36 0.22

0. 46 0. 40

Open 23 degrees closed
0. 56
0.67

HPC. Nevertheless,
speeds mean high Mach numbers into the CDFS

levels for the high tip
rotor, resulting in high losses associated with
shocks and viscous shear. A pre-swirl-producing
IGV was then introduced to reduce the inlet
Mach number in the single bypass mode, and it
was closed 23 degrees to provide the"mass flow
reduction in the double bypass mode.

The flow coefficient, varies from 0. 46 to
0. 41 when thelCDES is switched from the single
bypass mode to the double bypass mode. causing

the stator inlet flow angles to rise from 43 de-

(121 ) Thig lead$ to either a

grees to 46 degrees"
reduction in stall margin in" the double bypass
mode or a decrease‘\inefficiency in the single by-

pass mode. An outlet-adjustable-variable curva-

Table 2

ture CDFS stator was employed to. settle the
problem. The CDES-stator-was used to modulate
the HPC __mass
modes, of which the feasibility ‘had been valida-

flow in_ different/ operating
te¢d in/Ref. [ 9 ]: it produced 'a 15 degrees pres-
wirl for the HPC in the single bypass mode, and
the-overall flow)turning was 28 degrees; when
the system was switched to the double bypass
mode, its outlet was closed 10 degrees to provide
the desire mass flow for the HPC (Table 2) and
the overall flow turning was therefore less than
that in the single bypass mode despite the inci-
dence increase. Although the CDFS stator was
set away from the design condition in the double
flow turning de-

bypass mode, the overall

creased, still providing favorable performance.

HPC aerodynamic parameters

Design objectives

Operating mode

Single bypass mode Double bypass mode

Total pressure ratio
Isentropic efficiency/ %

Stall margin/ %
Dimensionless corrected mass flow/ %
Inner bypass ratio
Corrected tip speed/(m/s)
CDFS stator variation
Inlet radius ratio

Outlet radius ratio

5.92 4.6
87.5 87.5
17 20

61.3 50. 3

0.16 0. 30

370 354

Open 10 degrees closed
0.72
0.92
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1.2 Aerodynamic description of the high

pressure compressor

The HPC aerodynamic parameters and the
inner bypass ratio, which is defined by the ratio
of the inner bypass mass flow to the HPC mass
flow, are shown in Table 2. The HPC also has
two operating modes: the design goal was a
pressure ratio of 5. 92 ¢ 1 with an isentropic effi-
ciency of 87.5% in the single bypass mode and a
pressure ratio of 4. 6 # 1 with an isentropic effi-
ciency of 87. 5% in the double bypass mode.
The inner bypass ratios were 0. 16 and 0. 30 in
the single bypass mode and double bypass mode

respectively.
2 Analysis for the matching of the
core driven compression system

All the compressors are designed with a

particular condition in mind, usually referred to
The de-

sign point is normally chosen wheré~the com=

as the design point or matching point.

pressor will operate for much of the-time or
where its performance is particularly criticals
generally near{the maximum speed and pressure
rise that the machine can deliver.\ However, the
core driven compression system i$ supposed to
operate in two basic modes. Once the system is
designed based on_the single bypass mode, the
general layouts are\fixed. Then it is the correct
matching of the stages which is most critical in
deciding if the system could meet the desire per-
formance in the double bypass mode. When the
core driven compression system is switched from
the single bypass mode to the double bypass
mode; the CDFS IGV is closed 23 degrees to de-
liver the desire mass flow and pressure ratio;
meanwhile, the CDFS stator and the first two
stators of the HPC are closed 10, 9, 3 degrees
respectively to adjust the HPC in the double by-

pass mode.
2.1 Analysis for the stage parameters

A feature of the system operation in the
double bypass mode is that the work per stage is

much different from that in the single bypass

mode. Fig. 2 illustrates the pressure ratio and ef-
ficiency of each stage: when the system operates
in the double bypass mode, the pressure ratio
decreases more for the CDFS and the front sta-
ges of the HPC. The CDFS pressure ratio falls
from 1.50 to 1. 23 and the pressure ratio of the
HPC first stage decreases from 1. 60 to 1. 46,
however, the pressure ratio of the HPC last
stage varies only from 1. 30 to 1. 26, implying
relative highly loaded rear stages for the HPC.
The overall pressure ratio of the system is 8. 94
in the single bypass mode and 5. 74 in the double
bypass mode.
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Fig. 2 Total pressure ratio and isentropic efficiency
of each stage in the single and

double bypass mode

Fig. 3 shows the loading coefficients and the
flow coefficients of each stage at the design con-
dition in both modes. The loading coefficient
distribution in the double bypass mode is analog-
ical to that in the single bypass mode despite the
variation in the pressure ratio distribution. The
flow coefficient decreases for the CDFS and the
front stages of the HPC, and slightly increases
for the HPC rear stages. A dimensionless group
éan/ ¢ is employed to understand the different
distribution of flow coefficients in different
modes. In the relation $=V, ../ Una» the aver-
age axial velocity is V... = m/ pA and the density
is given by p= p/RT. For a given flow rate, the
static and stagnation variables are related by
The ¢a/

functions only of flow Mach number.

$., can be written as
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to express this in terms of the total pressure ra-

tio and total temperature ratio, so

poa/ Tow _ Cpra/po)/(Tow/To)
poa/ Tea Cpean/ po)/ T/ To)

po and T, are the standard stagnation pressure

(2)

and temperature respectively. The total temper-
ature ratio can be expressed by the total pressure
ratio to the power (k—1)/xy,, with 7, being the
polytropic efficiency. The ratio of flow coeffi-
cient in the single bypass mode to that.in double

bypass mode can then be approximate

édb Mgy
= =,

b my,

I—(ek—1)/
Umid.sb TCsh “ p.sb
.

Usia .db T

(&3]

1—(k—1Y ’/m)p.db

It should be noted that\the total pressure ra=
tio in Eq. (3) is the total pressure\ratio‘at the in~
let of certain blade row,\not the overall pressure
ratio of the system. The flow coefficient varia-
tion in different modes is” then related to the
mass flow, blade speed and pressure ratio by
Eq. (3).

crease the flow coefficient in the double bypass

The mass flow reduction tends to de-

mode and the reduced total pressure ratio com-
pensates this effect, resulting in the flow coeffi-
cient distribution in Fig. 3.

Eq. (3) relates variation in flow coefficient
to the ratio of mass flow, blade speed and pres-
sure ratio in different modes. Because it is the
flow angles into each blade row which really de-
termine whether a stage is operating correctly
and the angles depend on the flow coefficient.
Then Eq. (3) actually put a limit on the system
operation in the double bypass mode. For a giv-
en blade speed, there is an optimum combination

of mass flow and overall pressure ratio that pro-

each stage stages in the single and

double bypass mode

vides the best performance in_the-double bypass
mode. Consider the operating condition of the
HPC stator 5 in the double bypass mode: the
correct-operation requires the same flow angles,
i. e/ samie flow coefficient into the stator; given
d value_of-mass flow, the optimal overall pres-
sure ratio can-be inferred fromEq. (3); a higher
pressure ratio will inevitably lead to a reduction
in_the flow coefficient and hence an increase in
the flow angles into HPC stator 5, raising the
aerodynamic loading; this in turn means a reduc-
tion in the stall margin of the system in the
double bypass mode. The reduction in the mass
flow requires the overall pressure ratio to de-
crease for the correct matching of the system in
the double bypass mode.

Furthermore, the blade speed also plays an
important role in the matching of the core driven
compression system. For a given mass flow, a
reduction in the blade speed can decrease the
flow angles into the last stator in the double by-
pass mode, permitting the system to produce the
same overall pressure ratio without increasing
the loading of HPC stator 5. On the other hand,
the blade speed also influences the work per
stage and the system efficiency. Consider, for
example, an increase in the blade speed with the
mass flow and total pressure ratio fixed in the
double bypass mode: the mass flow into the
HPC tends to rise due to the increased blade
speed, then the CDFS stator has to be closed
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more to deliver the desire mass flow into the
HPC; as a result, the pressure ratio of the HPC
first stage decreases, could even be lower than
that of the HPC last stage, leading to an immod-
erate loading distribution along the stages and
low efficiency for the system. Numerical results
show that the same blade speed in the double by-
pass mode as that in the single bypass mode
would lead to a pressure ratio of only 1. 28 for
the HPC stage 1 and a reduction of 3% in sys-
tem efficiency (shown as the mismatched case in
Fig. 2 and Fig. 3).

To understand the efficiency variation in
Fig. 2, the rotor efficiency and stator total pres-
sure recovery coefficient of each stage are illus-
trated in Fig. 4. The CDFS efficiency is lower in
the double bypass mode than that in the single
bypass mode, although the rotor efficiency is
higher and the stator loss is smaller. This is be-
cause CDFS pressure ratio is much lower in the
double bypass mode, and small losses in“the-sta-
tor would bring considerable reduction in._the
stage efficiency. The increase in stator loss for
the first stage of-the HPC is \mainly caused by
the negative ineidence in' the\ double bypass
mode. Because the stator is closed 9 degrees and
flow direction into it only increase by -about 3.5
degrees. The decreased rotor/pressure ratio and
the stator total pressure-recovery coefficient re-
sult in the efficiency reduction for HPC stage 1
in the double bypass mode. The HPC rotor 5 al-
so operates at negative incidence in the double
bypass mode, which can be inferred from the
slightly increased flow coefficient in Fig. 3., of-
fering a much lower efficiency than that in the
single bypass mode. However, preferable total
pressure recovery coefficient is found in stator 5
because of the higher flow coefficient, which
means decreased loading in the double bypass
mode. The overall efficiency of the system is
86.8% in the single bypass mode and 87. 2% in
the double bypass mode.

The feature of the stage behavior in the
double bypass mode is summarized as follows.

The work capacity of the system decreases in the

double bypass mode mainly because of the reduc-
tion in the mass flow. The correct matching in
the double bypass mode requires a proper combi-
nation of mass flow, pressure ratio and blade
speed. The pressure ratio decreases more for the
CDFS and the HPC front stages in the double
bypass mode. The overall efficiency is higher in
the double bypass mode because of higher effi-

ciency for most rotors.
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Fig. 4 Rotor isentropic efficiency and stator total
pressure reeovery/coefficient in the single and

double bypass mode

22 Analysis for the radial distribution of the

aerodynamic parameters

The radial distributions of rotor inlet rela-
tive flow angles in both modes are illustrated in
Fig. 5. The relative flow angles show similar
distributions along the span for all the rotors,
implying correct matching in general for the sys-
tem operation in the double bypass mode. The
negative incidence into the CDFS rotor, especial-
ly near 10% span, indicates somewhat low aero-
dynamic loading relative to the optimal operating
condition. Positive incidences are found for HPC
rotor 1 and rotor 2 while negative incidence is
found for the rest, indicating that the pressure
ratio is a little high for the front stages and low
for the rear stages of the HPC in respect of
matching of flow angles. Incorporated with the
pressure ratio distribution shown in Fig. 2, the
correct matching of rotor inlet flow angles re-
quire relative high pressure ratio for the HPC

rear stages.
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flow angles in the single and
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The radial distributions of rotor inlet rela-
tive Mach numbers are shown in Fig. 6. When
the system is switched to the double bypass
mode, the relative Mach numbers decrease uni-
formly along the span for all the rotors: the tip
relative Mach number reduces from 1. 26 to 1. 08
for the CDFS rotor; it reduces from 1. 12 to 0. 97
for HPC rotor 1 and reduces from 0. 89 to 0. 88
for HPC rotor 5. The extent in Mach number
reduction decreases from the front to the rear
stages, which is the essential cause for the nonu-
niform variation in the pressure ratio distribution
in different modes shown in Fig. 2. The radial
distribution of the rotor total pressure ratio,
shown in Fig. 7, related to the distribution of

relative flow angles and relative Mach numbers,

Fig. 6 Radial distributions of rotor inlet relative

Mach numbers in the single and

double bypass mode

also shows analogical behavior in both modes.
In contrast to the relative flow direction into
the rotors, the inlet flow angles for all the sta-
tors are much different in the two modes, as
shown in Fig. 8. The inlet flow angles increase
for the first three stators and decrease for the
rest due to the variation in the flow coefficient,
which depend on the pressure ratio distribution
shown in Fig. 2 and can be understood from Eq.
(3). Although the flow angles into the CDFS
stator increase by about 4 degrees in the double
bypass mode, its outlet is closed 10 degrees
(with inlet fixed), providing even less flow de-
flection. The increase in the inlet flow angles for
HPC stator 1 and stator 2 are 3.5 degrees and 1

degrees respectively, meanwhile they are turned
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ratio in the single and double bypass mode

by 9 degrees and 3 degrees respectively. The
first two stators of the HPC are operating at
negative incidence in the double bypass mode.
Fig. 9 illustrates the diffusion factor distri-
butions along the span for the stators. The load-

ing of CDFS stator decreases remarkably due to

the reduced flow deflection. Likewise, the rise

in the inlet flow angles does not lead to the in-
creased loading for HPC stator 1 and stator 2 be-
cause of the changeless overall flow turning.
The loading decreases for the last three stators
of the HPC, which are of fixed geometry, due to
the reduction in the inlet flow angles.

Although the operating mode influences on

the operation of the rotors and stators remark-

flow angles in the single and

double bypass modes

ably, the radial distributions of the aerodynamic
parameters are similar in different modes. The
inlet relative Mach numbers and pressure ratio
descend more for the front stages in the double
bypass mode. The correct matching of rotors re-
quires relative low pressure ratio for the HPC
front stages and high pressure ratio for the HPC
rear stages. The flow angles into the stators in-
crease for the first three stators and decrease for
the rest in the double bypass mode, however,
the increased flow angles do not raise loading for

the stators due to the variable geometry.

2.3 Analysis for flow characteristics between the
CDFS and the HPC (and the inner bypass)

The inner bypass ratio increases from 0. 16
to 0. 30 when the system is switched from the
single bypass mode to the double bypass mode,
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Fig. 9 Radial distributions of stator 'diffusion factor

in the single and\ double\bypass modes

indicating the mass flow distribution down-
stream the CDFS yaries-femarkably in different
modes. Fig. 10 shows the comparison of the di-
mensionless axial velocity at the CDFS outlet
with that at the HPC and inner bypass inlet.
The position of CDFS outlet, HPC and inner by-
pass inlet are illustrated in Fig. 11. The axial ve-
locity at the CDFS outlet is lower in the double
bypass mode due to the reduced total mass flow.
The radial distribution is more uniform in the
double bypass mode, indicating that the CDFS
operation tends to provide a higher inner bypass
ratio in the double bypass mode than that in the
single bypass mode. In the single bypass mode,
the dimensionless axial velocity into the HPC is
higher than that at the CDFS outlet, and the ax-
ial velocity is lower at the inner bypass inlet,

implying a notable redistribution of mass flow

downstream the CDFS. The operation of CDFS
in the single bypass mode provides an inner by-
pass ratio higher than 0. 16, and then a relative
high inner bypass back pressure is needed to
push some mass flow into the HPC. This in turn
means a notable inward radial flow at the leading
edge of the splitter (Fig. 12), which may cause a
local high incidence. The considerable radial in-
ward flow leads to an entropy increase down-
stream of the CDFS (Fig. 13) indicating increased
mixing losses. The increased entropy near the
hub from the CDFS outlet to the HPC inlet in
both modes probably comes from the thickened
boundary layer, which can be inferred from the axial

velocity defect near the hub (Fig..10).
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Fig. 10 Comparison of the dimensionless axial
velocity at CDFS outlet with that at

the HPC and inner bypass inlet
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inlet
CDFS stator
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Fig. 11  Sketch of CDFS outlet and HPC/inner

bypass inlet

When the system operates in the double by-

pass mode, the CDFS operation provides an in-
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ner bypass ratio close to the desire value, which
can be inferred from-the axial velocity radial dis-
tribution in the double bypass mode (Fig. 10).
Only a small proportion of mass flow is pushed
into the inner bypass, resulting in much weaker
radial outward flow at the HPC inlet. Noted
that the strong radial outward flow in at the in-
ner bypass inlet that can be also observed in the
single bypass mode (Fig. 12), comes partly {rom
the outward flowpath of the inner bypass (Fig.
11) and leads to negligible additional losses
downstream the CDFS (Fig. 13).

The redistribution of axial velocity down-
stream the CDFS causes a redistribution of abso-
lute flow angles, i. e. the absolute flow angles
into the HPC and inner bypass are not exactly
that produced by the CDFS stator, as illustrated

in Fig. 14. The increased flow angles near the

hub are because of the axial velocity defect
downstream the CDFS in both modes. The in-
creased flow angles near the HPC tip in the sin-
gle bypass mode is due to the locally increased
axial velocity. The redistributed flow angles at
the HPC inlet will not cause considerable matc-
hing problems, which can be inferred from the
relative flow angles into HPC rotor 1 shown in
Fig. 5. However, the radial distribution of the
flow angles into the inner bypass shows notable
variation in different modes, as illustrated in
Fig. 14: when the system is switched from the
single bypass mode to the double bypass mode,
the inlet flow angles increase for the inner span
and decrease for the outer span...Then problem
rises in the design of the inner bypass OGV: it
would never operate at its optimum due to the
variationin radial distribution of inlet flow an-
gles. The flow angles into the OGV in the doub-
le bypass.mode increases by about 4 degrees at
10% span and-decreases by about 4 degrees at
90% span compared/with that in the single by-

pass mode.
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Fig. 14 Comparison of the absolute flow angles at
the CDFS outlet with that at the inlet

of the HPC and inner bypass

To be summarized, the CDFS operation in
the single bypass mode does not provide the de-
sire mass flow distribution and hence cause a
strong radial inward flow near the splitter, re-
sulting in additional mixing losses downstream

the CDFS.

CDFS provides a more desired mass flow distri-

In the double bypass mode, the

bution for the HPC and the inner bypass; then
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the radial flow is much weaker and the related
entropy rise is less than that in the single bypass
mode. The absolute flow angles into the inner
bypass increase for the inner span and decrease
for the outer span, which is related to the differ-
ent axial velocity radial distributions into the in-

ner bypass.

3 Conclusions

The matching of the core driven compres-
sion system in a double bypass engine is analyzed
and the main conclusions are summarized as fol-
lows:

Variable geometry vanes are necessary to
realize the mode switch for the system and the
correct matching of the system in the double by-
pass mode requires a proper combination of mass
flow, overall pressure ratio and blade speed.
The pressure rise capacity of the system decrea-
ses abruptly in the double bypass mode due to
the considerable reduction in the HPC massflow
in this condition. The overall efficiency is higher
in the double bypass mode because of the.im-
proved efficiencyfor most\rotors.

The radial\ distributions of ‘the aerodynamic
parameters show similar behavior in “different
modes. The correct matching lof rotors requires
relative low pressure ratio for the CDFS and
HPC front stages, and high pressure ratio for
the HPC rear stages. The inlet relative Mach
numbers and pressure ratio descend more for the
front stages in the double bypass mode.

Strong radial flows are found at the HPC
inlet in the single bypass mode due to the redis-
tribution of mass flow, leading to additional

mixing losses downstream the CDFS and they

are much weaker in the double bypass mode.
The absolute flow angles into the inner bypass
increase for the inner span and decrease for the
outer span when the system is switched from the

single bypass mode to the double bypass mode.
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