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SYMBOLS AND ABBREBIATIONS xo; - velocity characteristic ratio, c~1
1
¢, . absolute nozzle velocity o, :reaction degree
c : velocity ratio in inlet @ : nozzle velocity coefficient.
.
c : velocity ratio in outlet ¢ : blade wheel velocity coefficient.
s
Cm, :Wheel outlet velocity ratio £ :outlet gas density
D, : diameter of blade wheel p * outlet gas density
d : degree of radiality v * time of gas impulse
F,; :current value of the turbine nozzle area # ¢ viscocity in nozzle
F, :inlet blade wheel area p, ¢ viscocity in blade wheel
F, :outlet blade wheel area bar h, : specific turbine inlet energy.
F, :mean nozzle area 4, :reaction amendment.
G, : current mass flow rate through turbine v :relative blade velocity
! : blade of length w, : outlet velocity in turbine
vy; : specific volume of the gas flow before 7, - phase in inlet of turbine
blade wheel ny  : phase in outlet of turbine
v, : specific volume of the gas flow after 7y isentropic number

blade wheel.
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1. INTRODUCTION

The change of the reaction of degree is con-
sidered by using both an account and experi-
mental methods. A brief description of the
experimental installation with a synchronized
turbine shows the connection between gas flow
parameters defined during phases of the
exhaust cycle. The exhaust cycle from an inter-
nal combustion engine with a impulse tur-
bocharging system is simulated by three peri-
ods of maximum, medium and minimum pres-
sures corresponding to the phases of exhaust
from the cylinder. With the influence of the
increasing degree of reaction during all phases
of the exhaust cycle in connection with the
kinematic parameters in the blade assembly
flow, the minimum degree of reaction is defined

in the third period of synchronization.
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2. THEORETICAL TREATMENTS
AND DISCUSSIONS

Actual flow characteristics in the turbine
blade may be shows the diagrams of the labora-
tory test apparatus with the air receiving pipe,
air flow gauge, combustion chamber, fuel
source, turbine synchronizing device and etc.
The source of the simulated gas was a combus-
tion chamber. Fig. 1 shows the experimental
gas turbine installation with this sychronizing
process for the analytical models. The synchro-
nization of the geometrical and energy parame-
ters in the exhaust part of a turbocharging sys-
tem of a diesel is produced by changing the tur-
bine nozzle area in one cycle, provided that the
diesel has two strokes during one rotation or
four strokes during two rotations of the
crankshaft. During the preliminary and free
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Fig.1 Diagram of experimental gas turbine installation with synchronized process 1 - air receiving pipe ;
2 - air flow gauge ; 3 - combustion chamber ; 4 - fuel source ; 5 - ignition device ; 6 - flow impulse
simulating device ; 7 - turbine synchronizing device ; 8 - turbine outlet ; 9 - compressor ; 10 -
tachometer ; 11 - flow regulating device ; 12 - air flow gauge ; 13 - controling arrangement ; 14 -

fuel consumption gauge
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phase part of the exhaust, the power of the tur-
bine is increased by enlarging the turbine noz-
zle and by increasing the allowable passage
which increases the mass flow rate through the
turbine. During the scavenging and filling
phase, the turbine power is increased by reduc-
ing the allowable passage of the nozzle assem-
bly, which increases the gas flow net power.
The correlation between the turbine nozzle
area and pressure in front of the turbine is
defined by the regularity of the changing
parameters during each phase. For three
stages, pressure is regulated in the exhaust
three times. In each stage, there is a unique
value for the turbine nozzle area which is made
by closing part of the allowable gas channel.
Ordinary turbines for turbochargers have a
degree of reaction near p=0.45~0.55. If the
nozzle area is altered, the degree of reaction is

changed according to the equation.

F, Uy

2F1,~j Uy 1)

p=1-

The current efficiency of the radial - axial
turbine is discovered by using the equation(2)
which shows the degree reaction value.

Ty = 1~ (1= 9)(1= p) + (;12- ~ 1, "

(1= p)+sin® o, +d, x,,)
+6,, 9" (1= psin® &, +(p (1= 2) + (2))),
2 C2 c2 L
(2)
The gas expenditure is discovered by using
the equation of mass flow through the nozzle

and wheel blade channel of the one gas passage

inlet.

n - E — -~
G2 1 i P [2h, = éle_g‘ pw;~ 2k (3)
=i

The dimensionless relative velocity(3) is

_ found thus.
W, = “c’—f = 1+ d'x, ~ 2p cos ayxy(1- p)’ (4)

The current reaction amendment is ;

I
T -

(z,’”’ y1-7"

R
Ty 1-m,

)3 (5)

The current degree of the gas expansion in
the nozzle assembly in subsonic and supersonic

stream is ;

= ATEE— [“772* U ®)
[1+ p(rf — DIpS

Ty

And the current amendment of reaction

degree is ;
A P Yot
/qu = A 1- pij[1+ pu(n'[‘ij - 1)]’&"‘1 (7)

An estimation of the current mass flow rate
through a synchronized turbine may be discov-
ered by defining the characteristics of the
changing reaction degree during each phase of
the exhaust and during every change of the
turbine nozzle area. Equation (1) arranges the
links between thermodynamical parameters,
nozrle and blade wheel areas, and indirectly
shows the connection with the kinematic
parameters of the stage by specific volumes v,
v,,. By selecting the regularity of the nozzle
value, we can see the variable reactions of
degree inside every range in three ranges.
Every value of the nozzle corresponds to the
defined flow rate. The initial analysis is pro-
duced for the same period of 4 times for every
phase. Inside every period, the gas pressure is
changed according to a differeht regularity. In
the phase of high pressure and mass flow rate
(first period), the variable parameters are
changed insignitcantly. In the phase of medium
pressure and mass flow rate (second period),
the variable parameters are changed signifi-

cantly. Fig. 2 describes the three - stage syn-
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Fig. 2 Three - stage synchronization of the tur-
bine nozzle area (— : nonsynchronic,
- — - : synchronic )

chronization of the turbine nozzle area.

In the phase of low pressure and mass flow
rate (third period), the variable parameters are
changed insignificantly. The process of change
of the variable parameters has been described
on the basis of an investigation of the six -
cylinder internal combustion engine with two
branch exhaust pipes. According to equation
(1), the degree of reaction is changed depending
on the turbine nozzle area and the specific vol-
ume of the gas before and after the blade
wheel. The specific volume after hardly
changes and corresponds to the thermodynamic
conditions after the turbine, if we take into
account the hydraulic resistance of the exhaust
pipe. Fig 1. shows that the shaded parts are
nondefined periods of the operating process of a
closed nozzle. It is possible to suppose that
these nondefined periods are not essential and
equal, which is approximately 15% of the time
of one cycle with synchronization T. The degree
of reaction can be used for estimating the
dimensionless speed coefficient during each
period of the nozzle area change(4),

T T N—
!

[ iy
rzszac()1V~D—151nal Ji=p (8)

During every stage of synchronization, the
dimensionless speed coefficient is changed, and
the quality of energy transformation in the tur-
bine is decreased. In a nonsynchronized tur-
bine with conditions of a changing mass flow
rate, the degree of reaction is changed during
all phases of exhaust, and the characteristics of
the operating process are greatly changed.
There is even a compression effect which
decreases the turbine efficiency. The degree of
reaction becomes negative in the compressor
operation of the turbine, although the geomet-
ric parameters F, and F, of a nonsynchronized
turbine are essential to the change of the ther-
modynamic parameters because of the variable
degree reaction. In the conditions of staged
synchronization, the geometric parameter F, is
decreased, while F, is constant; but the increas-
ing relationship of F,/F, becomes smaller than
vy,/Us;, which causes the degree reaction rho
not to become negative. A compressor effect is
not created during the phase of very low mass
flow rate. The changing process of the degree
reaction, during the nondefined (transitional)
subperiod, maybe ignored because its part is
very small in the whole cycle. During the oper-
ating process of the synchronized turbine, the
relative velocity w1, absolute velocity ¢, and
velocity ratio x,, become smaller than in an
ordinary impulse turbine. And it also shows
that the nonsynchronized turbine demon-
strates very variable velocity triangles, which
define the change of reaction degree.

Each velocity triangle is composed of abso-
lute, relative and blade velocities. The axial
and tangential velocity componenents are also
drawned. The absolute flow angle are designat-
ed relative angles. Velocity — vector relations
for each phase at the inlet and exit for the tur-
bine blade are shown in Fig. 3. The inlet is

determined by the nozzle while the exit condi-
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Fig. 3 The inlet and outlet velocity triangles of
the nonsynchronic turbine during three
phases

tion are calculated by the turbine blade - flow
approximations. The flow is assumed that the
turbine blade geometry is fixed and nozzle
angle is adjusted for the speed of the turbine
rotor. And the velocity — vector triangles of the
nonsynchronized turbine during three phases
by velocity components analysis is carried out
by the equation (4).

Effects of radial - velocity components and
radial variation of the velocity - vector trian-
gles are shown in Fig. 4. And the inlet and out-
let velocity — vector triangles of the synchro-
nized turbine during three phases in second
indexes u,, u,, u; correspond to the first, second
and third stages are also included by calcual-
tions with the equation (4). The velocity trian-
gles of the synchronized turbine in all stages
are not essentially different. The nonessential
change of velocity in the synchronized turbine
can be explained by the decreasing pressure
change in front of the inlet gas passage chan-
nel. During the phase of maximum mass flow
rate, the nozzle area is biggest; during the
phase of minimum mass flow rate, the nozzle
area is smallest. The first nozzle area corre-
sponding to the mass flow rate decreases the
absolute velocity c,, while the second nozzle
area corresponding to the mass flow rate
increases the absolute velocity ¢, in the tur-
bine. As a result, the difference between the
absolute velocity during the three phases of the
change mass flow rate of maximum, medium,

minimum is not significant. The kinematics of

Uy

Fig. 4 The inlet and the outlet velocity triangles
of the synchronizing turbine during three
phases( r of sub -indexes 1, 2, 3 are corre-
sponds to the first, second and stages)

the gas flow in the turbine defines the degree of
reaction(5).

p=1- t ; Lo (Jaw, cos )’ + (1-wiX1- dix,
1
— 2

—wf -y, cos alxm)} (9)

1

It is possible to see from the triangles in Fig.
3. and Fig. 4. that in the nonsynchronized tur-
bine the velocity ratio x,,=u,/c, is changed sig-
nificantly because the blade velocity u; is con-
stant, but the absolute velocity ¢, is variable in
a wide range during one cycle of the exhaust.
In the syncronized turbine, the velocity ratio
x,,=u,/e; is not significantly changed; because
the blade velocity u, is constant, while the
absolute velocity ¢, is varable in a narrow
range during one cycle of the exhaust. During
the phase of minimum mass flow rate, the
degree of reaction does not become negative nor
equal to zero, and the difference of the gas
pressure before and after the blade wheel is
kept positive. This maintains the thermody-
nanic characteristics of the turbine operating
process. The losses of gas flow energy are thus
redistributed. From equation (9) we can see the
narrow range degree of reaction will be
changed by a stage mode. With the account
mass flow coefficient of the turbine u=c /c,, the
better value degree of the reaction inside each
stage is defined by energy and the Euler tur-

bine equations.
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e 2
Py = 1- [ b**zia‘—“%} (10)
where;
a=—1—w——[d21// (1- u/) +1// cos ocl]J,
W, cos” a,
- 2 2
b= h_—u/cosa [y (1- 1//) +u/ cos al]J,

2 —_
c=t - da-yH-1
v

Fig 5. shows the best value of reaction pbv
for a synchronized turbine and the current
value of the reaction for an ordinary turbine
during one exhaust cycle. During the third
stage of the changed parameters and nozzle,
the degree of reaction in conditions of minimal
mass flow rate in a synchronized radial - axial

turbine is kept positive and is defined by the

equation(4)
_q | yveosa + \/yufv? cos’a, +(d” + 1-y)1- d) -
p F+1- v/:
(17)
where _ Fysing,
T ysinBy(1+ )

In the one sector of ton)rdinary ones, in the
turbine inlet, the pressure is changed in a wide
range in front of the nozzle and blade wheel,
while the second and third phases of the
change, the degree of reaction is significantly
lower than that of a synchronized turbine. For
a short time, the degree of reaction for an ordi-
nary turbine is more than that for a synchro-
nized turbine. It is expanded by the redis-
tributed thermodynamic parameters in front of
the blade wheel because the pressure in front
of the turbine is more, as soon as the gas densi-
ty in the outlet from the wheel is more than
from the nozzle assembly. If value f is more, the
initial degree of reaction is more and it intensi-

fies. But in conditions of operation, as concerns
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Fig. 5 The best value degree of reaction p,, for a
synchronic turbine and current
value degree of reaction for ordi-

nary turbine during one exhaust
cycle(-—— : calculations, - ~ - :
experiments)

the engine exhaust pipe, if value f is smaller,
the initial degree of reaction inside the period
tau_3 is increased because during this phase
the gas pressure in front of the blade wheel is
increased. The difference of the regularity of
the degree of reaction in conditions of synchro-
nization causes a redistributes between the
nozzle assembly and blade wheel of the param-
eters of gas by creating critical and supercriti-
cal regimes. During the three phases, the sub-
critical zone in the nozzle and blade wheel are
more significant than in the nonsynchronized
conditions. This is because during the first
phase, the pressure in front of the turbine is
decreased when the value of the nozzle area is
increased. The critical form of the gas flow in
the blade wheel depends on a centrifugal force.
The critical form of the flow in the blade wheel
occurs during the first phase, when the mass
flow rate is maximum and the degree of reac-
tion is maximum too. The critical section coin-
cides with the outlet section. When the speed of
rotation in an ordinary turbine is increased,
the pressure difference before and after the
blade wheel may be smaller than the resistance
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of the centrifugal force during the third period
T, when a gas stream estrangement is created.
In the synchronized turbine, this phenomenon
does not occur because the positive degree of
reaction provides a positive difference in the
two pressures. During all periods of synchro-
nization, the degree of reaction is more than
the value, when the reverse flow begins. The
following equation explains it(5).

p+yi(1- p)—(-i.fv2 ~-2yv[1-p —cosa, =0(12)

In Fig. 6., line u=0 is the boundary of the
reverse flow in the wheel, while line pmin
shows an area of slow gas motion through the
wheel. Synchronization during the degree of
reaction keeps the conditions for the operating
process of the turbine without a reverse flow in
the blade wheel. The thermodynamic parame-
ters in the turbine provide a stable operation
process during all phases of the exhaust cycle.
As a result, the degree of reaction changes. The
energy losses in the turbine are redistirbuted
between the turbine chamber and blade assem-
bly. The blade losses decrease, but the energy
losses in the clearence between the blade wheel
and the chamber walls increases. The total
energy losses in the synchronized turbine are

03 | '
P min
02 | — =]
J*
a [ T;L\;N]
00 0 0.2 03

T
Fig.6 Area of reverse stream in the turbine and
slow motion
(— : calculations, - - - ! experiments)

smaller than that in the nonsynchronized posi-
tive degree of reaction during the third phase
of the exhaust cycle.

3. CONCLUSIONS

1. During all preiods of the exhaust cycle in
the synchronized turbine, a positive degree of
reaction was ensured.

2. A constrasting degree of reaction can be
selected at 8 -~ 10%, which is smaller than the
degree usually used in an ordinary impluse
turbine with a turbocharger. The decreasing
degree of reaction is obtained by the redistribu-
tion of the thermodynamic parameters of the
gas flow rate during all periods of the exhaust
cycle.

3. An increase of the degree of reaction, dur-
ing the third period of the synchronization,
redistributes the energy losses in the blade
assembly and turbine chamber. The degree of
reaction by synchronization is necessary for the

prevention of a reverse flow in the blade wheel.
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