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ABSTRACT

One stage of Variable Area Nozzle Turbine (VANT) was
designed for a Variable Cycle Engine (VCE) as the low pressure
stage. The design method is presented in this article, where one
of the objective conditions of the turbine is chosen as design
condition while other objective conditions are simulated by
CFD tools to verify its performance. The turbine profiles were
designed with a three-dimensional (3D) profile design method
based on S; stream surfaces according to the chosen condition.

Steady numerical simulations were used to acquire a series of
turbine characteristic maps under many operating conditions
with different vane stagger angles, and as anticipated, the
turbine has reached high efficiency and met both the flow rate
and expansion ratio demands under at least two objective
conditions, which verifies that the design method is feasible and
successful, however performance differences were found
between the two objective conditions.

In order to analyze deeply the differences, steady and
unsteady flows of the turbine in both objective conditions were
also simulated. Based on the blades pressure distribution, total
pressure loss distribution, wvelocity distribution and wake
transport, the results revealed the causes of low efficiency under
off-design condition and different unsteady fluctuations
between two objective conditions, which provides more
reference for the design method of VCE turbine in the future.

INTRODUCTION

Variable cycle engine can obtain excellent thermodynamic
cycle performances under different operating conditions by
adjusting its components to broaden the flight envelops of
aircraft and enable the aircraft to cruise under supersonic and
subsonic conditions with low Specific Fuel Consumption (SFC),
which represents the future trend of aeroengine [1-3]. The
variable components include variable geometry fan, variable
geometry high pressure compressor, variable geometry turbine,
variable area nozzle and so on. Variable geometry turbine is
able to adjust flow rate and expansion ratio by changing the
vane throat area, which is achieved through the alteration of the

vane stagger angle in this article.
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Figure 1. Work mode of VCE discussed in this article

The work mode of VCE discussed in this article is presented
in Fig.1 [4]:

Single Bypass Mode: The selector valve is closed and all air
goes through the Core Drive Fan Stage (CDFS). The fan bypass
flow bypasses the core engine through the inner bypass duct
and remixes with the core flow downstream of the low pressure
turbine. The nozzle is full open to shift the loading to the HP
shaft to cope with the added work of the CDFS. At the same
time, the expansion ratio and the flow rate rise to increase the
specific thrust with low bypass ratio under supersonic and
acceleration condition.

Double Bypass Mode: The selector valve is full open and
the nozzle is now closed to unload the HP turbine and load the
LP turbine. The bypass ratio increases for best specific fuel
consumption for subsonic cruise and best exhaust velocity
conditions for improved noise suppression on takeoff.

No matter in the single bypass mode or the double bypass
mode, the turbine must adapt itself to the changes of
compressor’s conditions and guarantee good performance of the
engine. Therefore, when the engine switches its work modes,
the compressor also changes its conditions, and the turbine must
adapt to the alterations which means that the turbine must keep
high efficiency even if it works in greatly different conditions,
which we call as the objective conditions in order to match the
COmpressor.
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Turbine, as a core component, its parameters, such as inlet
pressure and temperature, flow rate and expansion ratio, will be
changed greatly so that their off-design conditions are out of the
ranges of traditional turbine characteristic maps when the
VCE's thermodynamic cycle parameters vary, meanwhile the
turbine needs to maintain high efficiency. Therefore, compared
with the conventional turbine where only one operating
condition needs to be considered, the VVCE turbine has to satisfy
the demands of several operating conditions, which must be
considered when it is designed.

In this article, firstly the design condition was chosen from a
series of objective conditions which match with different
compressor conditions when VCE switches its work modes.
Then the turbine was designed by a 3D profile design method
based on S, stream surface [5,6] according to the chosen design
condition. In order to verify its flow rate, expansion ratio,
especially its stagnation efficiency and capacity, other objective
conditions of the turbine were also simulated by CFD tools after
the vane was rotated to predicted stagger angles.

Two objective conditions were provided presently in high
bypass ratio mode and low bypass ratio mode respectively.
Correspondingly, two characteristic maps were acquired by
solving the steady Reynolds average Navier-Stokes equations to
evaluate the performance of the turbine with two different
stagger angles. And specific steady flows in the turbine were
analyzed to find the reasons that cause low efficiency in
off-design condition.

Considering the effects of the potential flow, the transmission
of wake and the development of vortex, the real flows are
unsteady [7,8]. The excitation force caused by the unsteady
flows will lead to low efficiency and high-cycle fatigue. So the
unsteady features are also discussed in this article. The unsteady
flows in the turbine were simulated using Domain Scaling
Method [9] to reveal the causes of different unsteady
fluctuations between two objective conditions.

DESIGN METHOD

Different from the conventional turbine which is designed
under one certain operation condition, the VANT has to satisfy
aerodynamic aims under a series of working conditions, and it’s
different from other components of VCE such as the high
pressure turbine [10] because its geometry also varies.

Assuming that the VCE works in m conditions, the turbine
must correspond with m series of parameters as follows:
Conditionl By, Ty, Gi W m T =7

Condition2 P, Ty, Gy Kz mp T, 27
Condition i Plrl i Tltl i Gi Hi n; T["E‘,i = Tﬁ‘,i
Condition m i;,m i;,m Gm Hm Ny, T['T‘,m = Tﬁ‘,m

These objective conditions of turbine come from different
modes of VCE, which makes the turbine match with the
characteristic maps of the compressor. Obviously it is very
difficult to design the turbine to meet so many series of cycle
parameters.

For turbomachinery, the total-total efficiency is commonly
depended on ten parameters, namely,
Nt = (B, T, 5, G,R K, 1,0, D, L) 1)
The geometry and gas parameters can be omitted for the
same turbine and the same working fluid. The following
equations can be gotten from the similarity principle in
turbomachinery.

Tﬁ‘ = ('IT1,1T2,‘I'[3,T[4,T[5) (2)
Where, expansion ratio m; = mp = By /Py 3)
Reduced mass flow rate m, =G = G/T,/Px 4)
Reynolds No. m; = P /T (5)

Reduced power m, =L=L/P T (6)

Reduced speed ms =0 =n/{T (7)

Both m; and m, are the qualitative parameters and can be
represented into:

™= ﬂi = f1 (1, 703, Ti5) (8)
T, = L = f,(1y, T3, T05) 9)

Thus, the efficiency is also represented into:
Nt = f3(1my, m3, T5) (10)

The effect of m; can be ignored if Re is bigger than the
second critical Reynolds number in turbomachinery. Equation
10 is reduced as:

Nt = f3(my,15) = £5(Gy/T;, /P, n/y/Ty) = £5(G,0)  (11)

Therefore, if we make following equations both 12 and 13 to
be established for turbine of VVCE, the multi-conditions turbine
for VCE can be treated as the conventional turbine to be
designed.

G= Gn/ Ti;,1/Pi;,1 = Gi\/ Ti;,i/Pi;,i (i=12,--,m) (12)

n=n/yT, =n/yT; (=12--,m) (13)

But, it’s very difficult to make equations both 12 and 13 to be
established and make all reduced mass flow values equivalent
in all kinds of conditions. So the designer has to face the
conditions as follows:

G1\/T,1/Pi;,1 * GZ\/TJ/P;],Z FooF Gi\/m/f’i;,i
(i=3,--,m) (14)

0/ Tn1 # 02/ Ty, # - # /Ty, (=3,,m) (15)

The designer can change the stagger angle of vane to adjust
the mass flow because the reduced mass flow is depended on
the throat of nozzle. Therefore we choose one condition as the
design condition such as condition i and the other objective
conditions are regarded as the conditions to be examined. If the
designed turbine is able to reach the demands of flow rate,
power and so on by adjusting the stagger angle of its nozzle,
meanwhile the efficiencies are not lower than the aim values,
then we think it is successful for the turbine to be designed.

As an example, two objective conditions were provided
presently in high bypass ratio mode and low bypass ratio mode
respectively, and the latter one with bigger stagger angle was
chosen as the design condition, while the performance under
another conditions needs to be examined to verify the feasibility
of the method. The profiles of the blades at mid-span in two
modes are shown below (Fig.2).
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Figure 2. Profiles of stator and rotor at mid-span in two modes

The conventional cylindrical modeling method transforms
the throughflow results with 3D features onto two-dimensional
(2D) plane, which will cause inevitably design error especially
with large expansile meridional channel and sophisticated
streamlines. So a blade design method based on S; stream
surface which corresponds to the streamline calculated in
throughflow results is performed for the design condition

(Fig.3).

Section of 2D profiles
Section of 3D profiles

Figure 3. 3D profiles defined in general surface of revolution

A mapping relationship between the 3D S; surface and a new
2D surface is established through this method firstly, based on
the premise of the same length of streamline and same flow
angle between the two spaces, so as to apply the classical 2D
design method on profile modeling. Then the finished 2D
profile is mapped back to the 3D S, stream surface. A series of
profiles can be acquired in this way and the 3D blade will be
formed as they are stacked together.
CHARACTERISTIC MAPS IN TWO DIFFERENT
BYPASS RATIO MODES

Computation Method
FINE/Autogrid was employed to generate multi-block

structured grids for the turbines in low bypass ratio mode (Fig.4)

and high bypass ratio mode. Each row was divided into five
blocks, one of which was O-type around the blade and others
were H-type. To assure the calculating precision, near-wall grid
was refined and y+ calculated around the blades was verified

less than 10 to satisfy the demand of the solver.

et
i

Figure 4. CFD mesh in high bypass ratio mode

The flows of turbine under different operating conditions
were simulated by solving the steady Reynolds averaged N-S
equation using S-A one equation model. Fine/Turbo is
employed to simulate the flows in the turbines. Central
difference scheme is applied in space, and local time step and
multi-grid technique are used to accelerate convergence. Total
pressure and total temperature at inlet and static pressure at
outlet are given as boundary conditions.

Characteristic maps of the turbine under four reduced speeds
of 0.9, 0.95, 1.0 and 1.05 are calculated in two modes with
different bypass ratios.

Analysis of Characteristic Maps in Two Modes
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Figure 5. Efficiency characteristic maps

The dots in Fig.5 represent the performances of the turbine
under two objective conditions. On the whole, the efficiency of
turbine in low bypass mode is greater than that in high bypass
ratio mode. The efficiency in low bypass mode varies less with
relative speed, while it is sensitive to the change of expansion
ratio. But in high bypass ratio mode, the efficiency variation is
higher with different reduced speed at the same expansion ratio,
which makes significant difference between two modes when
the reduced speed decreases. And the efficiency curves are
more gentle in high bypass ratio mode.
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Figure 6. Mass flow characteristics.
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Figure 7. Power characteristics

The variation of flow characteristics and power
characteristics with reduced speed is not significant, so two
kinds of characteristic lines of mass flow and power in two
objective conditions at the reduced speed of 1 are shown in Fig.
6 and Fig. 7 respectively.

The mass flow curves were normalized to the choked
reduced flow of the turbine in low bypass ratio mode. The
reduced flow rates in two objective conditions increase to the
choking flow limited by the throat area with the increase of
expansion ratio, while the growth slows down. The reduced
flow rate drops 18.8% as the stagger angle decreases 10 degrees,
which shows that it’s effective to adjust the flow rate by
changing the stagger angle.

The power curves were normalized to the maximum value in
low bypass ratio mode. The values in two objective conditions
increase almost linearly with the increase of expansion ratio,
while the gradient in low bypass ratio mode is greater with
stronger flow capacity. The reduced power decreases 8.25% as
the stagger angle decreases 10 degrees.

From the results above, it’s verified that the efficiency, flow
capacity and power capacity in two modes with different
stagger angles have reached the goal without choking. Specific
reasons for the different efficiencies will be discussed in the
followings chapters.

ANALYSIS OF STEADY FLOWS

Simulations of steady flows on two conditions are presented
here.
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Figure 8. Pressure distributions in low bypass ratio mode
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Figure 9. Pressure distributions in high bypass ratio mode

Distributions of static pressure at different spanwise positions
of stator and rotor in two modes are shown in Fig. 8 and Fig. 9
respectively. The pressure coefficient (Cp) is defined as
follows:

Cp = (P = PL)/(p,, U5 /2) (16)

The pressure distributions of stator on the pressure side vary
slightly. On the suction side, the flows start expansion
dramatically at the position of 5% axial chord and then
accelerate slowly to the lowest pressure point in two modes.
The axial position of the end of expansion varies between the
two modes. The stagger angle turns smaller in the high bypass
ratio mode, which makes the change of curvature at leading
edge more gentle to extend the expansion region. And as the
reaction decreases, the pressure in the stator drops more with
little deceleration occurring on the suction side which is
desirable. As shown in the pressure distribution, the radial
pressure differential is greater in diffusion of the high bypass
ratio mode, and it causes obvious radial secondary flows which
can be seen later in the distribution of total pressure loss at
stator outlet. The low energy flows within the boundary layer
move to the hub under the action of radial secondary flows to
cause more loss.

From the pressure distributions on the suction sides of rotor,
it can be seen that in the high bypass ratio mode the pressure
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decreases to minimum around the leading edge, which is even
lower than the end the expansion. The adverse pressure gradient
is so great that separation is likely to occur. And the stagnation
point moves closer to the leading edge with the growth of
radius because of different income flow angle along the radial
direction. The shapes of the rotor’s pressure differ a lot in the
two modes, and specific reasons will be discussed later.

Total pressure loss at stator outlet in two modes is presented
here to analyze the wake and secondary flow losses. The total
pressure loss coefficient (&) is defined as follows:

E= (P -P/P an

(b) High bypass ratio mode
Figure 10. Total pressure loss contours and isoline of Mach
number at stator outlet

The total pressure loss at stator outlet in high bypass ratio
mode is higher as shown in Fig.10, and the absolute value
increases 1.25% compared to low bypass ratio mode. On one
hand, the pressure differential between suction side and
pressure side shown in Fig.9 is higher to cause more wake loss.
On the other hand, the radial secondary flows are stronger in the
boundary layer of suction side which causes the low energy
flows to pile up around the hub. At the same time, the shape of
wake along the radius in high bypass ratio mode is not as
straight as it is in low bypass ratio mode. The wake shifts
towards the suction side at the tip under the action of increasing
pressure differential between pressure side and suction side
along the radial direction, and causes uneven distribution of exit
angle along radius at the stator outlet shown in Fig.11. The
distribution of Mach number at the outlet in low bypass ratio
mode is more uniform with lower gradient in the wake region
which is consistent with the distribution of radial secondary

flows.

As shown in Fig.11, the stagger angle plays an important role
in the exit angle to influence the attack angle of rotor
downstream.
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Figure 11. Distribution of exit angle at stator outlet in two modes

The flow fields on S; stream surface of the rotor in two
modes are shown in Fig. 12, and the black points represent the
stagnation points. It’s clear that different attack angles and
boundary conditions cause different cascade losses in two
modes.
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Figure 12. Distribution of relative Mach number and streamline at
50% span in the rotor of two modes
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In high bypass ratio mode, the stagnation point almost
divorces from the leading edge and the flow beats on the
pressure side directly. The flow above the stagnation point has
to bypass the leading edge to the suction side which causes
strong secondary flows, while it is compressed violently to
generate shock wave in local area. In the shock region, the
suddenly increased pressure makes the boundary layer thicker.
This shock-boundary interaction leads to separation after the
shock region inevitably, and the separation lasts for about 13%
axial chord. The length of adverse pressure in the diffuser is
much longer than the low bypass ratio mode shown in Fig.8 and
Fig. 9. But in low bypass ratio model, separation doesn’t appear
and the maximum Mach number is 1.2 which is much lower.

Considering the stronger 3D effect of the stator in high
bypass ratio mode and the fact that the hub is more critical from
the standpoint point of rotor reaction, the flows near the hub
and shroud are also presented. The results show that separation
at the hub is more severe with stronger shock and the separation
lasts about 20% axial chord. It also can be found that a long
adverse pressure section exits in the main stream after
expansion. Meanwhile the flows at the shroud with appropriate
attack angle perform better without any separation. So it can be
referred that the decreased reaction and large attack angle play
an important role in the low efficiency of the turbine in high
bypass ratio mode.

Relative Mach Number
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stagnation point

seperation

(a) 10% Span

Relative Mach Number

stagnation point

(b) 90% Span
Figure 13. Distribution of relative Mach number and streamline in
the rotor of high bypass ratio mode

ANALYSIS OF 3D UNSTEADY FLOWS

Computation Method

Presently, Domain Scaling Method is used to deal with the
unsteady rotor/stator interface based on the constraint that the
pitch distance must be identical on both sides of the interface.
But the turbine’s stator and rotor have different numbers, 55
and 56 respectively, which means that the geometry has to be
scaled firstly. In order to reduce the influence of scaling on the
computation accuracy, the stator was scaled and the number
was changed to 56 on condition that the pitch chord ratio should
keep unchanged [11]. The trailing edge point was chosen as the
reference point to reduce the effect of the rotor/stator spacing
on flows.

The grids generation adopts the same topology used in the
steady simulation. Dual time step approach [12] is implemented
for time marching in computation. The time used for a rotor
crossing one stator passage is called one period which is
divided into 40 physical time steps. 100 iterations are calculated
in pseudo time domain for each physical time step. The relative
errors between the average flow rate of unsteady simulation
results and steady simulation results in both modes are less than
0.2% verifying that the scaling method is reasonable.

Analysis of Unsteady Simulation Results

The pressure disturbance of suction side of rotor and exit
angle disturbance at stator outlet in two modes are presented in
Fig.14 and Fig.15 to compare the unsteady phenomenon, and
the coefficients are defined as follows:

40
40 !
i=1

Pp=(B;—PB)/B (19)

The pressure disturbance of the rotor is more intense in high

bypass ratio mode as shown in Fig.14 accompanied with shock

wave and separation, especially in the leading edge. In contrary,

the exit angle disturbance at stator outlet is lower in high bypass

ratio indicating that the potential flow is not the determinant
factor of pressure fluctuation.
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Figure 14. Pressure disturbance of suction side of rotor in two
modes
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Figure 15. Exit angle disturbance at stator outlet

The unsteady wake has an important affect on the rotors
downstream, so the wake transmission is also presented in Fig.
16 to compare the different loss mechanisms in two modes
which can be thought of as a supplement of the causes of
different efficiencies as well.

The wake suffers from being bent, cut and stretched in
succession due to the axial and tangential pressure differential,
velocity gradient and mixing of mainstream and wake. The
results exhibit remarkable differences in the level of high
entropy intensity and depth of the wake impact in two modes.

(a) Low bypass ratio mode

(b) High bypass ratio mode

Figure.16 Entropy-contours at mid-span

The brighter contours correspond to high entropy values, and
the dark contours represent low values. A series of time
numbers are printed on the pictures to make it easier to observe
the transmission process. The wake suggested as number 1 in
high bypass ratio mode has extended to the rotor passage above
with the pressure side part of the wake produced by the
neighbor stator, while it’s lower and more independent in the
low bypass ratio mode. The wake with high entropy is more
obvious in the high bypass ratio mode which is presented next
to explain the transport mechanism. When it enters the rotor
passage as number 2, the near-wall region slows down due to
viscosity while the mid-pitch region flows fast which makes the
wake curved. Because of the pressure differential between the
suction side and pressure side, the wake moves to the pressure
side with low energy flows as the wake was transported
downstream. Then it is cut by the leading edge into two regions
shown as number 5 to 6. At the same time, the wake is stretched
with increasing velocity and mixes with the mainstream slowly.
On the suction surface, the low energy flows caused by
separation is transported downstream to strengthen the rotor
wake. Finally, two wake regions are shown at the rotor outlet.
But in the low bypass ratio mode, the stator wake lasts only for
about half axial chord before it mixes with the mainstream
almost completely and the rotor wake is much lower.
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Figure.17 Unsteady efficiency

The phenomenon above reveals that the loss in high bypass
ratio mode is more complicated and stronger, which aggravates
stronger pressure fluctuation and lower efficiency. But the
stagnant efficiency plotted as function of time in two modes
shown in Fig.17 indicates that the turbine performs more gentle
in high bypass ratio mode, and it reveals that the potential flow
is the main factor for the whole flow field efficiency fluctuation
while the local phenomena such as separation, shock wave and
wake produce a relatively smaller interaction on it. The
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stator/rotor spacing may be the key reason for the unsteady
potential flow [13].

CONCLUSIONS

A design method of VANT for VCE is presented in this
article. Steady simulation is applied to acquire a series of
turbine characteristic maps under many working conditions
with two different vane stagger angles to verify its feasibility.
It’s shown in the efficiency map that the change of efficiency is
selectivity that expansion ratio is the main factor at big stagger
angle while relative speed plays a more important role at small
stagger angle. The flow rate characteristics verify that it’s
effective to control the flow rate of the stage by changing the
stator’s stagger angle. The results of characteristics show that
the turbine designed by the present method has satisfied the
demands of efficiency, flow capacity and power capacity in two
objective conditions, and it performs better with the stagger
angle in low bypass ratio mode.

The steady flows under two objective conditions in two
modes are analyzed to study the different efficiencies. As the
reaction decreases, the stator performs better in the diffuser
with less deceleration occurring in low bypass ratio mode,

while a longer expansion region exits in high bypass ratio mode.

Because of the radial pressure differential and wake, the flows
in high bypass ratio mode at the stator outlet are uneven and the
total pressure loss is 1.25% higher. The distribution of exit
angle of stator depends on the stagger angle so as to influence
the attack angle of the rotor downstream. Separation and shock
are found at the mid-span of the rotor in high bypass ratio mode
and they are more obvious at the hub. The decreased reaction
and large attack angle are the main cause for different losses in
the rotors of two modes.

The unsteady wake transmission reveals the different loss
transport mechanism and supplements the reasons for different
efficiencies in two modes. From the unsteady results, it can be
concluded that the unsteady wake and secondary flows of stator
are the main causes for higher rotor pressure fluctuation, while
the potential flow plays an important role in efficiency
fluctuation of the whole flow fields.
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Nomenclature

Cp pressure coefficient

D characteristic length

GG massflow and reduced massflow

Gonax choked reduced flow of the turbine in low
bypass ratio mode

H height of the blade

i time

L, L power and reduced power

[l

max reduced power corresponding to choked flow of
the turbine in low bypass ratio mode
wheel speed and reduced wheel speed
local static pressure

time average static pressure

pressure disturbance

stagnant pressure at the inlet

stagnant temperature at the inlet

in axial velocity at the inlet

density at the inlet

exit angle

time average exit angle

exit angle disturbance

stagnant or overall efficiency

total pressure loss coefficient
expansion ratio

viscosity coefficient
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