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Abstract: A new technique for controlling the tip leakage flow of micro turbine is presented. It uses backward
vortex generators (BVGs) to control and reduce the tip leakage flow. The gas is driven by the pressure difference
between pressure surface and blade tip, so it flows into BVGs from the pressure side of blade and flows out from
the blade tip with high speed in the inverse-direction of leakage flow. Numerical simulations of typical turbine
cascade in millimeter scale with and without BVGs are performed. The influence of BVGs on the flow fields and
the performance of cascade is analyzed. The results show that the mass of leakage flow decreases by 2.8% and

the circumferential load increases by 7.7% under typical entrance condition. Moreover, compared with the case
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without BVGs, the turbine efficiency grows about 1.2 % in case with BVGs.
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INTRODUCTION

Micro turbine engines (MTEs) have advan-
tages of light weight, large power and density of
energy. So it can be widely used in many fields of
military and civil. Micro turbine whose character-
istic scale is centimeter or millimeter is one main
part of MTE and plays an important role in its
performance. The efficiency of micro turbine is
obviously lower than that of traditional one ac-
cording to the current design level™ (presently,
the efficiency of micro turbine is about 80% , and
traditional turbine is 88%—91%). The efficiency
of turbine declines when its scale decreases. The
loss of tip clearance leakage is a key factor which
holds back improvement of turbine performance.
The researches™ on traditional engine show that
the loss caused by leakage flow of tip clearance is
roughly equal to one-third of total turbine stage
loss. As the tip clearance increases by 1%, the
efficiency of turbine decreases by 1.5% and the
specific fuel consumption (SFC) rises by 3%. But

Article ID:1005-1120(2011)01-0103-09

there are many difficulties for production and as-
sembly of micro turbine engine. For this reason,
the ratio of tip clearance and blade span of micro
turbine almost reaches 10% , far larger than that
of traditional turbine (only 1%—2% for tradi-
tional turbine). So the influence of tip leakage
flow on micro turbine is more visible than that of
traditional one. It is a crucial problem to study
the influence of leakage flow on micro turbine and
propose an effective method for reducing leakage
flow to improve the performance of micro turbine
engine.

A kind of active clearance control technology
is used in advanced traditional engine at pre-
sent™, It uses the air from compressor to heat or
cool turbine blade or case working in different
conditions, and directly controls the size of tip
clearance. There are some difficulties to apply
this method to micro engine, such as complex
control law, design of air-bleed piping, weight in-
crease, thermal inertia, and low rate of heat ex-

change. Ref. [4] inducted air through by-pass
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and ejected it from blade tip towards pressure sur-
face to reduce leakage flow. Ref.[5] buried plas-
ma actuators in blade tip and made the air ion-
ized. lonized air flows backwards leakage flow in
the force of electrical field to reduce leakage.
These two methods also have shortcomings when
they are applied to the micro engine. Method for
bypass entraining makes the design and the struc-
ture complex. In addition, it depresses the relia-
bility of engine. Plasma actuators method needs
fresh supplier. It is only a kind of method on re-
search, and far away from actual application.

A new technique for controlling tip leakage
flow of micro turbine by using backward vortex
generators (BVGs) is proposed in this paper. It is
applied for Chinese patent of invention (Applica-
tion number is 200910232890.8). The flow of
BVGs jets backwards at high velocity from the
blade tip surface to the block leakage flow. There
is no need for extra air-bleed piping. Most of all,

it has obvious effect for reducing leakage flow.

1 SKETCH OF BVG DESIGN AND
KEY FACTORS

The flow of pressure side is forced to suction
surface by pressure difference between pressure
and suction sides. It interacts with traverse flow
in mainstream, thus forming leakage vortex in
turbine passage. The leakage vortex becomes big
and strong as it flows towards downstream. It
blocks mainstream and causes loss of energy.
Then the work ability and efficiency of turbine are
reduced. So if some methods are used to block the
leakage flow leaking into mainstream and make
more fluid expand in turbine passage, the harmful
influence on turbine performance caused by leak-
age [low decreases.

The methods of active tip control technology
and extra air-bleed piping for controlling leakage
flow mentioned at the beginning of this paper
have some difficulties when they are applied to
the micro turbine. The flow is assumed to be di-
rectly used in mainstream and jet backward to

leakage flow for blocking leakage flow. The flow

velocity near pressure surface is extremely low so
the static pressure is high. Futhermore, when
fluid in tip clearance flows to suction side, the ve-
locity increases and the static pressure decreases.
Big pressure difference exists between pressure
surface and blade tip. As a result of this pressure
difference, BVG forces the fluid flowing from the
pressure side to the blade tip and jetting backward
to leakage flow, thus forming high speed flow for
blocking leakage (Fig. 1). To increase the mass
of BVG and improve the effect of reducing leak-
age flow, some key factors should be noticed, in-
cluding the centerline position of inflow and out-
flow holes, the outflow angle, the diameter ratio
of inflow and outflow holes, and the position of
BVGs in blade tip.

(1) Centerline position of inflow and outflow
holes of BVG. A coordinate system is found on
blade tip surface (Fig.2). Point "O” is the cross-
ing of leakage flow and curve of pressure surface.
"OX" and "OY" denote the tangent line and the

exterior normal line of pressure surface curve at
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Fig. 2 Direction of leakage flow and centerline posi-

tion of BVG
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point "O", respectively. " OP"” denotes the tan-
gent line of leakage flow velocity at point "O",
which is the direction of leakage flow velocity. " «”
is the angle of "OP"” and "OX", and defined as
the position parameter of centerlines of inflow and
outflow holes of BVG. For reducing the leakage
flow maximum, the centerline sections of inflow
and outflow holes of BVG are made vertical to
blade tip. And projection of the section on blade
tip surface lies along the direction of leakage flow
that is the direction of 7OP”. Under different in-
let conditions, the direction of leakage flow is not
the same. To the ratio of tip clearance and blade
span described in this paper, numerical study
shows that a is 60—80° when the inlet Mach num-
ber varies from 0. 2 to 0. 3. The effect of reducing
leakage flow is improved if the suitable a is cho-
sen under different inlet conditions.

(2) Outflow angle of BVG. "OM” and "ON"
are the centerlines of inflow and outflow of BVG
(Fig. 1). (B is the outflow angle and it defined as
the direction of outflow and blade tip. Smaller 8
can improve the ability of reducing leakage flow.
However, when 8 is too small it makes flow angle
of turning increase and bring more flow loss.
Eventually, it decreases the mass of BVG and de-
presses the effect of reducing leakage flow. Opti-
mized fis 30—45°according to numerical study.

(3) Diameters of inflow and outflow holes of
BVG. Bigger diameter of inflow hole can increase
mass of BVG. Smaller diameter of outlet {low
hole can increase the outflow velocity of BVG and
improve the ability of reducing leakage flow.
Taking the cascade in this paper for example, as
the diameter ratio of inflow and outflow holes is
2, the outflow center velocity of BVG reaches the
high subsonic and the inlet velocity of turbine cas-
cade is only low subsonic. Therefore, the diame-
ter ratio of inflow and outflow holes makes a larg-
er outflow velocity of BVG.

(4) Position of BVGs in blade tip. The nu-
merical study shows that the velocity of leakage

flow along the blade chord in tip clearance differs

a lot. In the middle and rear parts of blade tip,
the velocity of leakage flow is larger. So arrang-
ing the BVGs in the suitable position can improve
the control effect of leakage flow.

This method of BVG directly uses the flow
near pressure surface in turbine passage to jet
backwards from blade tip for reducing leakage
flow. It can decrease the mass of leakage flow and
leakage loss together with the interaction strength
of leakage flow and mainstream. Therefore, the
more fluid works in turbine passage, the turbine
efficiency is higher. This method eliminates the
needs for additional design of air-bleed piping and
arrangement. It saves space and decreases the
weight. The structure of BVG is simple and easy
to be applied.

2 BVG DESIGN FOR MILLIME-
TER LEVEL TURBINE CAS-
CADE AND GRID GENERA-
TION

BVGs arranged in blade tip for a millimeter
level turbine cascade is designed. The chosen
original cascade is a typical turbine rotor cas-
cade™™, and a lot of experimental researches are

(697 This cascade

performed by using this cascade
is scaled to millimeter level in this paper. Accord-
ing to the requirements of experimental design
and condition, the blade geometrical and aerody-
namic parameters are as follows: chord 9. 11 mm;
axial chord 7.44 mm; pitch 7.11 mm; span 6. 69
mm; and inlet flow angle 44.7°. The height of
passage is 7.36 mm. The ratio of tip clearance
and blade span is 10%.

Twenty three BVGs in total are arranged in
the middle and rear parts of blade tip (Fig. 3).
According to the fourth key factor analyzed
above, arranging BVGs in middle and rear parts
of blade tip is better for reducing tip leakage
flow. The entrances of BVGs distance from blade
hub by 93% the blade span. Position parameter
() of all BVGs is 70°. Outflow angle () is 35°.
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Angle of inflow and outflow direction is 80°. The
diameter ratio of inflow and outflow holes is 2.
The diameters of inflow and outflow holes are 0. 2
and 0.1 mm, respectively. BVGs have simple
structures and are easy to be made. The inflow
and outflow holes are straight and can be made by
micro electrical discharge machining (M-EDM).
This technology is developed maturely. The di-
ameter range of hole made with good quality even
reaches ten micrometers level.

The grid is unstructured and generated by
ICEM. The grid of only one cascade passage is
generated and simulated owing to the period
boundary condition. There are 3. 30 X 10° grid
cells for case without BVGs and 5. 69X 10° cells
for case with BVGs (Fig. 4). Solving method is
coupled and implicit. Turbulence model is two e-
quations of realizable x-e. Total temperature of
entrance flow is 300 K and total pressure is 156. 3
kPa. The fluid is ideal air. Numerical simulations
are perfomed with/without BVGs at inlet Mach
number of 0.293. The influence of BVGs on the
flow fields and the performance of cascade is ana-

lyzed at the given Mach number.

Fig. 3 Perspective contouring of blade with BVGs

Fig. 4 Grid distribution of blade cascade in case with
BVGs

3 NUMERICAL INVESTIGATION
OF TURBINES WITH AND
WITHOUT BVGs

3.1 Streamlines and flow structures of axial

cross-sections

Figs. 5-7 are the streamlines, distributions of
total pressure, Mach number and static pressure
of cross-section at 80% axial chord, respectively.
The inlet Mach number is 0. 293, and inflow mass
is 6.546 g/s. According to numerical results in
this paper, the influence of BVGs on tip clearance
leakage flow is analyzed and compared to the case
without BVGs in the same inflow mass. Fig. 5
shows there is a high loss area of total pressure
near blade tip. The leakage flow interacts with
traverse flow in turbine passage and forms leak-
age vortex. The jet produced by BVGs strongly
interacts with tip clearance leakage flow. Com-
pared to the case without BVGs, one higher loss
area forms in half tip clearance near blade tip in
the case with BVGs. In the influence of BVGs,
total pressure loss in the center of leakage vortex

is higher than that without BVGs, but the size of

[

(a) Case without BVGs

(b) Case with BVGs

Fig. 5 Streamlines and total pressure distributions of

cross-section at 80% axial chord
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leakage vortex is smaller. BVGs have little influ-
ence on half tip clearance near the end wall.

Fig. 6 shows that the jet from BVGs interacts
with leakage flow and forms considerably low ve-
locity flow in half tip clearance near blade tip. It
is why BVGs can reduce the leakage flow obvi-
ously. The jet holds back the leakage flow and
makes effective flow passage area of leakage flow
smaller. The mass in half clearance near top wall
is nearly constant, then the velocity of leakage
flow becomes bigger, which is observed by com-
paring the position near end wall in Fig. 6.
Whether there are BVGs or not in blade tip, the
Mach number of suction side near blade tip is
larger than that in the other places near suction
surface. It is due to the leakage flow which leaks
into passage and lets flow mass in part of passage
increase. It contracts the stream tube and makes
the Mach number or the velocity increase in part
of passage. The average Mach number in main-
stream near suction side with BVGs is larger than

that without BVGs by about 3%. There are two

Mach number

(a) Case without BVGs

(b) Case with BVGs

Fig. 6 Mach number distributions of cross-section at

80% axial chord

reasons: (1) BVGs decrease tip clearance leakage
flow by 0.84% compared with the total inflow
mass. Following the mass conservation equation,
when there is little change in total pressure and
flow area, the average Mach number in main-
stream increases by 1.5%—2%. (2) Compared
with the case of BVGs, the influence area of leak-
age vortex is larger in the case of no BVGs.
Mainstream flows deviating to the pressure sur-
face because it is coiled and extruded by the leak-
age vortex. Compared with the case of BVGs, the
flow angle of lag increases by 0. 5—1° in the case
of no BVGs. Increase of {low lag angle makes the
effective flow area grow by about 0.5% and the
Mach number decrease by about 1%. For the rea-
son of increased Mach number, the loss of total
pressure grows when the fluid flows through the
suction surface and the total pressure becomes
smaller in the case of BVGs (Fig. 5(b)). De-
crease of the total pressure and increase of the
Mach number make the static pressure near suc-
tion surface smaller (Fig. 7(b)).

Compared Fig. 7(a) with Fig. 7(b), the stat-
ic pressure in half passage near the pressure side
hardly changes. Near the entrance of BVGs, the
pressure decreases a little. There are two low
pressure areas caused by leakage flow near suc-
tion side at the top of blade. Pressure in center of
the two low pressure areas is lower in the case
with BVGs than that without BVGs. Jet of BVGs
interacts with the leakage flow and forms the low
pressure area in half tip clearance near blade tip.
One part of the low pressure flow carried by leak-
age flow with high velocity near the top wall in-
teracts with the traverse flow in turbine passage
and forms the leakage vortex. Compared with the
case without BVGs, the center pressure is lower
in the case with BVGs because of carrying low
pressure flow near blade tip. The other part of
low pressure flow leaks into suction side and
forms the other low pressure area near the tip of

suction surface.
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(b) Case with BVGs

Fig. 7 Pressure distributions of cross-section at 80%

axial chord

3.2 Streamlines and Mach number distributions

of S1 surface in tip clearance

Fig. 8 is the Mach number distributions of S1
surface at inlet Mach number 0.293. Figs. §(a,
b) are the streamlines and the Mach number dis-
tributions of S1 surface which distances from
blade tip by 70% of the tip clearance. Figs. 8(c,
d) are the streamlines and the Mach number dis-
tributions of S1 surface which distances from
blade tip by 10% of tip clearance. Figs. 8(a.c)
represent the case without BVGs and Figs. 8 (b,
d) represent the case with BVGs. Compared with
10% surface (which means the distance of S1 sur-
face from blade tip is 10% of the tip clearance),
the velocity of leakage flow is larger at 70% sur-
face. Compared streamlines at 70% surface with
10% surface, the flow at 70% surface flows to
the suction surface with high velocity in the direc-
tion of nearly vertical to mean camber line; how-
ever, the flow at 10% surface is influenced by the
blade tip heavily. It flows to the suction surface
with low velocity in the direction deviating to

mean camber line and leaks into passage closely in

Mach number
1.00

0.90
0.85
% 0.80

0.75
H 0.70

(d) 10% S1 surface (case with BVGs)

Fig. 8 Streamlines and Mach number distributions of

S1 surface

the direction of main flow. Comparing stream-
lines and Mach number distributions with/with-
out BVGs, it is found that BVGs have little influ-

ence on 70% surface but a lot on the surfaces near
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blade tip. The jet of BVGs makes the leakage
flow deflect a lot and velocity of leakage flow de-
crease. It results in the reduced influence of leak-
age flow on main flow in turbine passage. Com-
pared with that in the case without BVGs, the
flow velocity of mainstream increases in the case
with BVGs. This is because the effective flow
area decreases and it makes the velocity near the
end wall of tip clearance increase in the case with
BVGs. When leaking into passage, it increases

the velocity in mainstream.

3.3 Streamlines and total pressure distributions

at centerline section of BVG hole

Fig. 9 is streamlines and total pressure distri-
butions at the centerline section of BVG hole with
inlet Mach number 0. 293. The seventeenth BVG
is chosen for analysis. The interaction of BVG
and leakage flow makes inlet flow streamlines of
leakage rise up and then the effective flow area
decreases. A high loss area is found behind BVG
near blade tip surface.

The leakage flow with

high loss leaks into suction side and makes the loss

(a) Case without BVGs

(b) Case with BVGs

Fig. 9 Streamlines and total pressure distributions at

the centerline section of BVG hole

of total pressure near blade tip increase (Fig. 9

(b)).

3.4  Static pressure distributions of blade tip

surface and suction surface

Fig. 10 is the static pressure distribution of
blade tip surface and suction surface. In the inter-
action of BVGs and leakage flow, a low pressure
area forms near blade tip when fluid flows from
pressure side to suction side (Fig. 10(b)). One
part of low pressure flow leaks into suction side
and makes a large low pressure area on suction
surface near blade tip. The average Mach number
increases and the total pressure decreases in main
flow passage because of reduced leakage by
BVGs. So the static pressure on suction surface
with BVGs is smaller than that without BVGs.
The static pressure on suction surface decreases
visibly with BVGs is the main reason of improv-
ing blade circumferential load when the static

pressure on pressure surface is nearly unchanged.

(a) Case without BVGs

(b) Case with BVGs

Fig. 10 Pressure distributions of blade tip surface and

suction surface
3.5 Influence of BVGs on mass of leakage flow
and blade circumferential load

Table. 1 is the variation of leakage flow mass

and circumferential load with and without BVGs.
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The inlet Mach number is 0. 293. Here, circum-
ferential load represents the surface pressure and
the viscous force in pitch direction. Because the
viscous force is too small, the surface pressure
plays a major role in the circumferential load.
Compared to the case without BVGs, the mass of
leakage flow decreases by 2.8% from 1.703 g/s
to 1. 655 g/s and the circumferential load increas-
es by 7.7% from 1.744 N to 1. 878 N by the af-
fect of BVGs. Decrease of leakage flow and in-
crease of circumferential load can increase the
work ability and improve the turbine efficiency.

Table 1 Influence of BVGs on leakage flow mass and cir-

cumferential load

Mass of Circumfer-  Circumfer-  Circumfere-
Variatio leq(l;"; o/ ential load  ential load ntial load
ariation ( (_ (‘gﬂ) of pressure  of suction of blade
£°9 surface/N  surface/N /N
“g\t/h(‘?ft 1.703 7.114 —5.370 1. 744
With BVGs 1. 655 7.120 —5.242 1. 878

3.6 Influence of BVGs on turbine efficiency
The blade cascade used in this paper is a typ-
ical turbine rotor cascade. The flow efficient
C./U of this cascade is 0. 78 on design condition,
where C, is the axial velocity and U the rotational
speed. The turbine efficiency is acquired by the
numerical simulation results and the flow effi-

cient. The efficiency is defined as

77>< _ [‘u _ LTAC”
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F . .
where L, = U s the turbine work, U the rota-

tional speed, F the circumferential load, » the
mass flow rate, and AC, the circumferential ve-
locity difference of inlet and outlet. The velocity
of numerical simulation results is treated as the
flow velocity in relative coordinate system. It is
known that the axial flow velocity of absolute and
relative coordinate system is equal. The rotation-
al speed U is obtained according to the known
flow efficient and axial velocity. Subsequently,
the rotational speed is added to the relative flow
velocity and the absolute flow velocity is ob-
tained. Finally, the absolute flow velocity and

static parameters are used to get all the stagna-

tion parameters in absolute coordinate system,
such as the stagnation pressure and the tempera-
ture. Now the turbine efficiency can be calculated
from the defined efficiency formulation.

BVGs reduce the leakage flow and enhance
the turbine works, so the turbine efficiency is im-
proved clearly. The result shows that the turbine
efficiency is 80. 84% in the case of BVGs at inlet
Mach number 0.293, and grows nearly 1.2%
compared with that obtained under without BVGs

condition.

4 CONCLUSIONS

A new technique for controlling tip leakage
flow of micro turbine is presented by using back-
ward vortex generators. The flow of BVGs jets
backwards at high velocity from blade tip surface
to block leakage flow. Numerical simulations of
typical micro turbine cascade are performed with/
without BVGs at inlet Mach number of 0.293.
The conclusions are as follows

(1) The jet from BVGs interacts with leak-
age flow, thus forming an obvious low velocity
area in half tip clearance near blade tip. The jet
also makes the effective flow area of leakage flow
smaller. The leakage flow is reduced because of
the obvious low velocity area and the smaller ef-
fective flow area.

(2) Numerical simulations show that BVGs
decreases mass of leakage flow and makes main-
stream mass increase. The average Mach number
increases and the pressure decreases in main-
stream. So it makes circumferential load of blade
increase. It is good for improving the work ability
of turbine blade.

(3) Compared with the case without BVGs,
the mass of tip clearance leakage flow is reduced
by 2. 8% and the circumferential load is enhanced
by 7.7% in the case with BVGs at inlet Mach
number 0.293. Besides, BVGs can improve the
turbine efficiency. At the same inlet Mach num-
ber, the turbine efficiency grows almost 1.2 % in
case with BVGs, compared with that in the case
without BVGs.
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