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Abstract In this work, the influence of thickness and solidity of guide vane on the un-
steady flow of a radial inflow turbine with variable nozzle has been numerically studied. Three
vanes with the thickness changes from 0.3 to 0.1 and the solidity changes from 1.43 to 2.86,
were chosen for this study. By investigating the unsteady flow field, it is found that the vane with
low thickness and high solidity (vane B) can reduce shock by 75 % compared to the vane with
high thickness and low solidity (base model); meanwhile, it can also mitigate the nozzle end-
wall leakage flow thus improves the flow uniformity of rotor inlet. As the intensity of shock and
nozzle leakage flow were mitigated, the aerodynamic loading fluctuation of rotor blade can be
weakened effectively, which will lead to improved rotor blades forced response. However, at
small opening, vane B shows about 0.5 % lower efficiency than the base model; at large open
condition, the efficiency degradation of vane B is up to 1.4 %. Therefore, there is a trade-off
between the efficiency and forced response when choosing the nozzle vane solidity and thick-
ness.

1. Introduction

Over the last decades, variable nozzle turbines (VNTs) have been widely applied to turbo-
chargers in order to improve engine low-speed torque and transient response [1, 2]. The vari-
able nozzle, as a main part of the VNT, relies on pivoting guide vanes to adjust turbine’s mass
flow rate (MFR) [3]. When engine works at exhaust braking condition, variable nozzle generally
works at small openings. In this case, the large setting angle of guide vane with the low ratio of
nozzle throat width to vane height can substantially increase the percentage of nozzle leakage
flow rate, leading to a large efficiency loss [4, 5]. Some papers highlighted the characteristics of
nozzle leakage flow by both experimental and CFD methods. Tamaki et al. [6] undertook a
comprehensive investigation of the effect of nozzle leakage flow on turbine performance at
different nozzle openings. The results showed that nozzle leakage flow can seriously distort the
flow field at small nozzle openings, thus result in turbine efficiency penalty; while at large nozzle
openings, the effect of nozzle leakage flow is negligible.

Hu et al. [7] investigated the effect of nozzle clearance height on turbine performance and the
results show that turbine stage efficiency will decrease as the increase of clearance height.
Spence et al. [8] and Walkingshaw et al. [9] investigated the nozzle leakage flow characteristics
and found that the characteristics of the leakage flow varied considerably with guide vane posi-
tion, but not with turbine operating condition.

The nozzle leakage flow interacted with the main flow, producing vortices, which causes flow
loss and disrupts the flow at nozzle exit. Qiu et al. [10] claimed that at rotor inlet position, the
nozzle clearance leakage flow has higher radial velocity compared with main flow, thus the flow
at the rotor inlet cannot be turned sufficiently, resulting in decrease of exhaust gas work capac-
ity. The study of Hayami et al. [11] revealed that flow field of rotor inlet area can be significantly
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affected by nozzle leakage flow when a rotor has fewer blades;
however, as the blade number increases, the impact of nozzle
leakage flow will be reduced. In addition to the effect of nozzle
leakage flow on turbine performance [7]. Hu et al. [12] also
investigated the rotor blade forced response caused by nozzle
leakage flow, using unsteady numerical methods. The results
indicated that nozzle leakage flow can lead to high aerody-
namic loading fluctuation on rotor leading edge thus directly
affect the durability of rotor blades. Similar results are given in
a series of publications by Liu et al. [13] and Kulkarni and Larue
[14], based on CFD/CAE methods.

Some papers studied the influence of guide vane thickness
and solidity on turbine performance and unsteady flow charac-
teristics by both experimental and CFD methods. Simpson [15]
carried out a series of test on a 135 mm tip diameter radial
turbine using a variety of stator designs and found that in-
creases the values of the guide vane thickness will lead to a
reduction in the amplitudes of the measured and predicted
static pressure variations at the rotor inlet, thus affects the per-
formance of turbine. The study by Yang et al. [16] showed that
the nozzle leakage flow and shock intensity can directly be
affected by nozzle solidity and thickness, but the study did not
give quantitative results. Qi et al. [17] investigated the nozzle
leakage flow and shock under the varying expansion ratio of
turbine, however, the study was only performed on a high
thickness and low solidity guide vane. Ben studied the shock
intensity under different nozzle clearance size, results shown
that an optimal distribution of the nozzle endwall clearance can
improve turbine efficiency and shift nozzle trailing edge shock
[18].

In the design of VNT, it has been a major challenge to pre-
vent the shock from being generated as the exhaust gas can
easily be accelerated to supersonic when turbine works at
small nozzle opening with high expansion ratio conditions.
Chen [19] found that a shock can be induced at engine ex-
haust braking conditions, and impinge on downstream rotor
blades periodically, thus damage the VNT. Kawakubo [20]
investigated the interaction between shock and downstream
rotor blades, indicating that shock could lead to highly alternat-
ing load on the rotor leading edge, thus induce vibration of the
rotor blades. Yang et al. [21] studied the acceleration process
of exhaust gas using CFD methods and found that shock could
be mitigated effectively by reducing the shrinkage degree of
the acceleration channel in nozzle. The investigation of
Feneley et al. [22] also pointed out the shock problem in the
use of VNT that can occur at the nozzle exit under high inlet
pressure conditions.

Undoubtedly, the thickness and solidity of guide vane can di-
rectly affect the turbine stage performance as well as the flow
characteristic inside nozzle and rotor [23, 24]. Hence, a clear
understanding of the effect of guide vane with different thick-
ness and solidity is required for further improvement of a VNT.
Current work is divided into three parts: Firstly, three guide
vanes with different thickness and solidity were numerically
studied at both small and large nozzle open conditions, to
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Fig. 1. Meridian and geometry structure of the base model.

compare the stage performance; secondly, the characteristics
of nozzle leakage flow, the entropy distribution in turbine as
well as the intensity of shock of three models was analyzed in
detail. Finally, the aerodynamic loading fluctuation of rotor
blades due to nozzle leakage flow and shock was analyzed in
detail.

2. Research methodology

The investigation has been carried out on a radial inflow tur-
bine with variable nozzle that is used in a diesel engine turbo-
charger. The meridian view and geometry structure of the base
model are illustrated in Fig. 1. In order to study the effect of
guide vane thickness and solidity on VNT performance and
aerodynamic characteristics, two new guide vanes are de-
signed with vane count of 9 and 18, respectively, in addition to
the base model with 9 vanes. The profile of base and newly
designed models are shown in Fig. 2. In this work, the solidity
(S) of guide vane are expressed by Eq. (1), respectively.

S= Lo (1)

pitch

where Lo is the chord length and N, is the pitch.

The main research content of this paper is the effect of thick-
ness and solidity of guide vane on the flow and performance of
VNT. Since the gap between nozzle and rotor directly affects
the performance and flow characteristics of turbine [25], the
three models adopted the same nozzle outlet diameter in this
design to eliminate the influence of the gap. The profile of three
guide vanes is shown in Fig. 2, it can be seen that the thick-
ness of three models gradually decrease from base vane to
vane B model. Meanwhile, the vane count of vane B model is
increased to 18 in order to increase guide vane solidity. The
VNT parameters of three models are de-fined and shown in
Table 1.

2.1 Numerical method

The perfect gas was adopted in the simulations, and the
commercial code EURANUS in FINE™/Turbo was used to
solve the three-dimensional Reynolds-averaged Navier-Stokes
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Table 1. Main parameters of the research models.

Parameters Base Vane A Vane B Rotor
Blade count 9 9 18 13
Inlet diameter/mm 122 122 122 37
Outlet diameter/mm 73.8 73.8 73.8 -
Height/mm 10.7 10.7 10.7 -
Chord/mm 41 41 41 -
Thickness/mm 12.6 6.3 42 -
Pitch/mm 279 27.9 13.95 -
Solidity 147 147 294 -

Trailing edge

diameter/mm ! ! ! -
Clearance/mm 0.15 0.15 0.15 0.3

bw,
% @
.,/

(a) Base vane

s
45
-..,//

(b) Vane A (c)Vane B

£

Fig. 2. Profile of three guide vanes.

equations. The governing equations can be expressed as:

aa—ltj+VFI+V17V:Q. )

F and F, are the inviscid and viscous flux vectors, re-
spectively. Q is the source term. F, and F, can be further
decomposed into Cartesian components as follows:

Fy= ful 4+ fol + £l (3)
Fy = ful + f,l + /L, @)
P
W,
U=|pw |, (5)
pw,
P,
A
P, + P,
F, = ;52;+,3w,~2 , (6)
P, + P,
(PE+p)w,
0
T
F,=- 1, )
Ti}
q,+Wrt,

The Jameson’s central-difference scheme and the four-stage
explicit Runge-Kutta method were employed to complete the
space discretization and time integration, respectively. The
main reason for choosing the Spalart-Allmaras turbulence
model to calculate the turbulent viscosities is that it can predi-
cate the turbine performance well, compared with the test re-
sult at nozzle different opening conditions [26-28].

As for the boundary conditions, total pressure and total tem-
perature were specified at the nozzle inlet; static pressure was
applied at turbine outlet. All of the boundary conditions adopted
in the numerical simulations corresponding to the test results in
this work. In this work, the steady calculations were carried out
to obtain the performance of study models; the unsteady calcu-
lations were performed to better study the flow characteristics
in turbine. For steady calculations, the conservative pitchwise
coupling was adopted at the R-S interface; for the unsteady
calculations, a direct interpolation on two sliding surfaces of the
R-S interface was used.

2.2 Grids and boundary conditions

The structured grids of computational domain were gener-
ated by IGG/Auto-grid software. The computational domain
was divided into five subareas. Around guide vane and rotor
blade surface, “O” type grid was used. In the end-wall clear-
ances, “butterfly” type grid was adopted to improve the quality.
“H” type grid was applied in the other subareas. Grid clustering
was used around the solid wall surfaces to calculate the
boundary layer and the Y* is less than 2.5. In present work,
single passage grid was used in steady computation to predict
turbine performance; multi-passage grid was applied in un-
steady computation to better study the flow characteristic of
turbine. In order to save computing time, the computational
domain scaling method was applied in the unsteady calcula-
tions, in which the number of rotor blades was reduced from 13
to 12, thus, the ratios of Nv/Nr of the three models can be re-
duced to 3:4, 3:4 and 2:3, respectively. Fig. 3 shows the com-
putational grids as well as the Y+ value distribution for all the
walls of base model.

2.3 Numerical validation

The quality and number of the grid has great influence on the
simulation results. In order to get accurate solution and save
computation time, the grid independence study was carried out
on the base model first. The grid configurations, as well as the
variation of isentropic efficiency with grid numbers are pre-
sented in Table 2. It can be seen that the difference between
coarse grid (case 1) and medium grid (case 2) is 0.78 %, and
between medium grids and fine grid (case 3) is 0.15 %.
Thereby, the medium grid was applied in the numerical simula-
tions.

To calibrate the accuracy of the CFD method, the test of
base model was carried out on a turbocharger flow bench. Fig.
4 illustrates the test equipment and instruments on the turbo-
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Table 2. Grids independence validate.

Grid Expansion ratio MFR Nis
Case 1 960000 3.95 0.3286 0.638
Case2 | 1328900 3.95 0.3281 0.643
Case3 | 1585500 3.95 0.328 0.644
Gude vane lmb side Rotor blade leading fll*'gl
Periodic interface
Inlet

Ontlet

Guide vane Rotor

Gwde vane leading edge Rotor blade clearance

(a) Grids of the base model

(b) Y* distribution in all walls for base model

Fig. 3. Grid and Y distribution of base model.

charger flow bench.

The high-pressure air was heated by an electric heater to
drive the base turbine. A compressor, coaxially connected with
the turbine, was used to absorb the power generated by the
turbine. Static pressure, total pressure and total temperature
sensors were installed both at turbine inlet and outlet to acquire
relevant parameters of gas. A mixer was adopted before the
gas temperature was measured at the turbine outlet. The tur-
bine housing and pipes to/from the turbine have insulation to
reduce heat loss.

In addition, the oil temperature was also measured to ensure
test consistency. In this test, the precision of temperature sen-
sors is +0.1 %. Pressure measurements are done by piezore-
sistive sensors with a precision of 0.3 %. The rotor speed is
measured by an external magnetic induction tachometer with a

Air e ﬂ

18 Mix

L > o Air
L5 {F3
. F6
C2
S E LET
Air b Air
Fs T2
12
Air

Fig. 4. Schematic of the turbine test (1. Air supply, 2. Air cleaner, 3. Flow-
meter, 4. Electric heater, 5. Turbine inlet section, 6. Turbine outlet section,
7. Turbine, 8. Lubricating oil section, 9. Rotational speed meter, 10. Com-
pressor section, 11. Flowmeter, 12. Auxiliary turbocharger, 13. Static pres-
sure sensor, 14. Total pressure sensor, 15. Total temperature sensor, 16.
Static pressure sensor, 17. Total pressure sensor, 18. Total temperature
sensor, 19. Flowmeter, C1. Compressor to be tested, C2. Auxiliary com-
pressor, T1. Turbine to be tested, T2. Auxiliary turbine, F1 to F8. Flow
control valves).

precision of 0.2 %. The isentropic efficiency of turbine can be
calculated using following formula:

n W ¢(T,-T.) i 8)
Wo & 1
—RT, | 1-—
k-1 =
”:po/pz (9)

where Wiy, is the actual expansion work; Wr, is the isentropic
expansion work; T, and T, are the total temperature at turbine
inlet and outlet, respectively; 1 is the expansion ratio of turbine;
k is the specific heat ratio, k = 1.4; R is the gas constant, R =
287 Jikg K; c,is the specific heat at constant pressure, ¢, =
1006 J/kg K. pyis the total pressure of turbine inlet; P, is the
static pressure of turbine outlet.

In Eq. (8), the W, can be calculated by measuring the tur-
bine inlet temperature and the pressure at turbine inlet and
outlet. In order to measure turbine outlet temperature accu-
rately, an indirect method of measurement is adopted in this
test. In which, the actual compression work of the compressor
and the mechanical loss of the bearing are both measured,
and the Wr, can be calculated by formulas below:

Wor = Wewer > Wou (10)

Cact

Weoer =Mc J‘lz C

pAir

ar;, (1)

2426



Journal of Mechanical Science and Technology 34 (6) 2020

DOI 10.1007/s12206-020-0518-4

—v—CFD
L A Test

A AN A,

0.01

Reduced mass flow rate (kg-s-l ' Z/kPa)

1 1 1 1 1 1 1 )
1.0 1.5 20 25 3.0 35 40 45 5.0
Expansion ratio

(a) Stage mass flow rate curves
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(b) Stage efficiency curves

Fig. 5. Comparison of the CFD and test resullts.

2 *
Weoy =mgy, J.j Cp,OildT ol (12)

where We,¢ is the actual compression work of compressor;
Wy is the mechanical loss of the bearing; mc is the mass flow
rate of compressor; mo; is the mass flow rate of lubricating oil;
C,airis the specific heat at constant pressure of air; C, o is the
specific heat at constant pressure of lubricating oil.

Fig. 5 shows the comparison between CFD results and test
data at turbine speed of 100 kr/min with nozzle design opening.
Limited by the test condition, there was only a narrow range
available for the comparison. It can be seen that the CFD re-
sults agree well with test data at different expansion ratios. The
maximum error of stage efficiency between test and CFD is
less than 2 percent; and the maximum MFR error is less than
3.5 percent. The discrepancy for the MFR is mainly due to the
fact that the volute was not included in the simulation model,
which means that the pressure drop between volute inlet to the
inlet of computation domain was ignored thus reduced mass
flow will be impacted by the difference in inlet conditions of
computational/experimental domain, leading to the increase
the MFR of turbine; and the stage efficiency discrepancy is
possibly due to the heat and friction loss in the volute that was
not captured in CFD.

3. Result and discussion
3.1 Turbine performance

Fig. 6 shows the comparison of turbine MFR and stage per-

large opening
—O—base

— 4- -vane A
—0—vane B

small opening

Af
g

L L L L L L
1.0 15 20 25 30 35 40

Expansion ratio

Reduced mass flow rate (kg-s‘1 k' yz/kPa)

(a) Turbine stage mass flow rate curves

r large opening A
—~
@
< F
<
=
13)
2}
2 .
Q ~a
m small opening
o —O—base
—4A--vane A
b
g —0—vane B
(=} 1 1 1 1 1 ]

03 04 05 06 07 08 09
u/c

(b) Turbine stage efficiency curves

Fig. 6. Performances comparison of the three models.

formance of three models under different expansion ratios at
both small and large nozzle openings. Fig. 6(a) shows that as
the expansion ratio increases, the MFR of three models are
almost the same at two nozzle openings. Fig. 6(b) compares
turbine stage efficiency of three models at both small and large
nozzle opening conditions. At small nozzle opening condition,
there is no obvious difference in turbine stage efficiency be-
tween the base model and vane A model at different u/c values,
indicating that the thickness of guide vane has less effect on
turbine performance when guide vane solidity is constant.
However, with the solidi-ty increases, the efficiency of vane B
model is about 0.5 % lower than the other two models with u/c
values between 0.55 and 0.65 at small nozzle opening; while at
large nozzle opening, the efficiency penalty reaches 1.4 % for
u/c values between 0.6 and 0.8. The result indicates that the
changing of thickness and solidity of guide vane has less effect
on the turbine stage efficiency at small nozzle opening; while,
with the increasing of nozzle opening, the effect will be en-
hanced.

3.2 Loading and nozzle leakage flow

Fig. 7 presents the loading distribution of guide vane on suc-
tion side (SS) and pressure side (PS) at 50 % span for three
models at small nozzle opening condition. At this small opera-
tion condition, the rotor speed is 50 kr/min, the expansion ratio
of turbine is 1.46 and the u/c value is 0.54.

In base model, the rapid increasing of loading from leading
edge to 35 % chord position is mainly caused by the excessive
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Fig. 7. Loading distributions at 50 % span for three models.

acceleration of exhaust gas. A contrast analysis of three mod-
els shows that the loading of vane A model from leading edge
to about 60 % chord position is lower than that of base model,
while from 60 % chord position to guide vane trailing edge the
loading is higher than base model. The result indicates that
when vane count is constant, decrease in the thickness of
guide vane can move the loading towards trailing edge. In vane
B model, due to the increased vane count, the acceleration
status of exhaust gas has been greatly changed, thus the load-
ing is much different from that in base and vane A models,
which will be discussed in detail in following analysis.

Fig. 8 presents the streamline and entropy distribution on
the hub side of nozzle for three models at small nozzle open
condition. Since the leakage flow characteristic and entropy
distribution on shroud side of nozzle is similar to that on hub
side, only the flow of hub side is shown here. It can be seen
that the leakage flow along guide vane chord is composed of
two parts: Leakage vortex and leakage jet. The leakage vortex
mainly generates at fore part of guide vane, which is due to

the interaction between nozzle leakage flow and the main flow.

At aft part, without the influence from the main flow, the nozzle
leakage flow directly enters the rotor in a form of leakage jet.
In three models, the high entropy area at nozzle downstream
is mainly caused by the leakage vortex. From Fig. 8, it can
also be seen that the flow characteristic and entropy distribu-
tion of vane A model is similar to that of base model. As the
thickness decreases, the loading in vane A moves towards the
guide vane aft part, thus the intensity of leakage vortex flow
near guide vane leading edge is weakened slightly, and so
does the high entropy region caused by the leakage vortex.
Comparing the base model with vane B model it is found that
for the base model, driven by higher loading, the separation
line starts from the guide vane leading edge and runs through
the whole flow field of nozzle. On the contrary, because the
loading on vane B model has been decreased, the intensity of
leakage vortex as well as the associated high entropy area is
also weakened. The loss in vane B model is mainly caused by
the leakage jet, as well as the guide vane wake. In addition,
since the vane count of vane B model is double that of Base
and vane A models, the total loss in three models cannot
compare in Fig. 8.

Entropy
(1kz ki)
220

UI

(a) Base model (b) Vane A (c)Vane B

Fig. 8. Nozzle leakage flow and limiting streamline on hub side of three
models.
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Fig. 9. Entropy distributions from 5 % to 95 % spans.

3.3 Flow loss comparison

To better estimate the loss inside turbine, the entropy of
three models at different spans was obtained by the method of
surface integration, which is defined as following:

(1-7) 4
C -
Entropy, =J.plog{[§j [IT:] }ds (13)
sV r ,

where Cpis the specific heat at constant pressure; P; is the
local pressure; P, is the reference pressure; Ty is the local tem-
perature; T, is the reference temperature; s shows the integral
area.

Fig. 9 shows the entropy distribution from 5 % to 90 % span
of three models at small nozzle open condition with the expan-
sion ratio of turbine is 1.46 and the u/c value is 0.54. From the
comparison between nozzle and rotor it can be found that the
highest entropy resides inside of rotor. Considering the entropy
of nozzle, the flow loss near hub (A;) and shroud (C;) areas is
higher than that in other span areas due to the effect of nozzle
leakage flow. From 20 % to 80 % vane height (B,), the entropy
of nozzle is mainly caused by the boundary and wake losses.
Due to increased vane count, the wake and boundary losses
for vane B model are also increased. Thus, the entropy of vane
B model in nozzle is slightly higher than the other two models.
For the entropy distribution in the rotor it can be seen that from
hub to shroud the value gradually increases, before it reaches
the maximum at shroud side. Furthermore, the increasing rate
of entropy near hub and shroud (A, and C,) side is lower than
that in other span areas (By). This phenomenon indicates that
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Table 3. Area ratio in the acceleration channels.

First channel Second channel
Base 0.22 0.23
Vane A 0.18 0.15
Vane B 0.14 0.1

Rotor leading edga "‘._ Rotor leading edge

(a) Base model

(b) Vane A

Fig. 10. Acceleration channels schematic of three models.

at nozzle small opening, the typical separation vortex loss
caused by the large incident angle of nozzle at rotor leading
edge is the highest in B, area [6].

3.4 Exhaust gas acceleration inside nozzle

Fig. 10 presents the structure of the acceleration channels of
three models at small nozzle opening. For base model, the
acceleration of the exhaust gas is mainly controlled by two
acceleration channels that can be regarded as two Laval noz-
Zles [29], as shown in Fig. 10(a). As for vane B model, the posi-
tion of the first throat (THO1) has been moved to trailing edge
due to the changing of the profile at suction side. Meanwhile,
the width of THO1 has also been enlarged slightly for vane A
model, thus the area ratio between inlet and the first throat is
smaller than that of the base model. As for vane B model, due
to the vane count increased, the area ratio between inlet and
the first throat is the smallest among the three models.

Fig. 11 shows the Mach number distribution at mid-span of
three models at the u/c value of 0.6. As for the boundary condi-
tions, the rotor speed is 80000 rpm and the expansion ratio of
turbine is 4. For base model, the exhaust gas firstly accelerates
from guide vane leading edge (Inlet01) and reaches the critical
speed at the first throat (THO1). Then, the exhaust gas contin-
ues to accelerate due to the Laval nozzles structure of the first
acceleration channel and a shock is generated after the first
throat. After the first acceleration channel, the exhaust gas
enters the second acceleration channel that is composed of the
guide vane suction side and the leading edge of the rotor, and
continue to accelerate. Similarly, the critical speed of the ex-
haust gas in the second acceleration channel appears at the
second throat (THA), and the trailing edge shock is generated
after the THA. It can be seen that the acceleration process of
three models are different. Compared to base model, there is
no supersonic flow generates inside of vane A (TH02) and
vane B (THO03) models in the first acceleration channel be-
cause the area ratio between inlet and the first throat of the two

14
—e— base

1.2 F—v—vanc A
—O—vane B

110 S . S

0.8 - Subsonic
0.6

0.4

X7 i N
THon: ETan iTHm THa iTH(‘

Absolute Mach number

02k

0.0 1 1 1 Ly 1 ) 1 1 i )
Chord

r =
Nozzle Inlet Leading edge Trailing edge

Fig. 11. Mach number at mid-span of three models.

models has been decreased, leading to a decrease in velocity.

Mach number distribution of the three models reveals that
the exhaust gas has almost the same speed before accelerat-
ing in the second acceleration channel (noted by squares in Fig.
11). In the second acceleration channel, the Mach number
distribution for base and vane A model is almost the same with
each other. While for vane B model, the Mach number is far
lower than that of base and vane A model. The gas speed of
three models reaches the maximum value after the second
throat position (THA, THB, THC), and obviously, the maximum
speed of vane B model is much lower than that of the other two
models. The phenomenon may be caused by the following
reasons: (1) The number of the second throat for vane B model
is increased correspondingly as the vane number increases,
thus the acceleration degree of exhaust gas is mitigated; (2)
the low flow velocity wake from the neighbouring vane acts as
a ‘wall' separating the flows in its two sides. When the solidity
increases, the outlet area is greatly reduced by this ‘wall’ hence
the gas acceleration is restricted.

The comparison of acceleration process for three models re-
veals that the solidity of guide vane could affect the accelera-
tion process of the exhaust gas significantly. If the solidity is
increased, the acceleration of the exhaust gas will be restricted
effectively. Therefore, this method can be used in the guide
vane design process to weaken shock.

3.5 Shock

At engine exhaust braking conditions, turbine usually works
at small nozzle opening with high backpressure conditions. In
case the acceleration of exhaust gas reaches critical condition,
shock will be induced between the guide vane throat and trail-
ing edge area [19, 20]. Fig. 12 shows the static pressure distri-
bution with isoline at 50 % vane height of three models. It can
be seen that there is a rapid static pressure change corre-
sponding to the areas of dense isoline, indicating that shock
has been generated in this region. The higher the shock inten-
sity, the more crowded the isoline. Through the contrastive
analysis of the isoline density it can be found that the intensities
of shock in both the base model and vane A model are higher
than that in vane B model. In additional to shock at 50 % vane
height, a phenomenon should be pointed out that due to the
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(b) Vane A

(a) Base model (c) Vane B

Fig. 12. Shock at nozzle outlet of three models.
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Fig. 13. Intensity of shock for three models at nozzle outlet.

impact of the relative position between rotor and stator, the
shocks also change in shape and strength.

Fig. 13 shows the static pressure gradient distribution of the
three models. To make quantitative analysis of the shock in-
tensity, the static pressure gradient was analyzed. The pres-
sure gradient is defined as following:

grd(p) = "‘;—? (14)

where p is the static pressure and 6 is the angle along circum-
ferential direction.

A contrast analysis indicates that the intensity of shock for
the base model is almost the same as that of the vane A model,
and the difference between the two is less than 5 percent.
Compared to the base model and vane A model, however, the
intensity of shock in vane B model decreases by about 75 %.
The results show that the vane number has significant effect on
the intensity of shock; with the solidity increasing, the shock
can be weakened effectively.

3.6 Non-uniformity flow of rotor inlet

In general, nozzle leakage flow could lead to non-uniformity
flow of rotor leading edge, which may contribute to high-cycle
failure of rotor blades. Fig. 14 presents the Mach number dis-
tribution of three models at 5 % span when the expansion ratio
of turbine is 4 and the u/c value is 0.6. It is found that the flow
field of rotor inlet for the base model and vane A model is com-
posed of three parts: Main flow (A), leakage vortex flow (B) and

(a) Base model (b) Vane A model (c) Vane B model

Fig. 14. Mach number at 5 % span of three models.

(i) Base model (ii) Vane B model

(a) Loading distribution at 10 % span

J‘n

(i) Base model (i) Vane B model

(b) Loading distribution at 50 % span
Fig. 15. Loading distribution of the rotor blade at 10 % and 50 % span.

leakage jet flow (C). After the interaction with the leakage vor-
tex flow, the main flow enters the rotor at A position with the
maximum velocity. The leakage vortex flow, dissipated along
the flow path, enters rotor with the minimum velocity and
causes the non-uniformity flow field at rotor inlet. The velocity
of leakage jet flow, unaffected by main flow, is between the
velocity of leakage vortex and the main flow. For the vane B
model, unaffected by leakage vortex flow, there only exist main
flow and leakage jet flow at the rotor inlet. Comparison of three
models at 5 % span reveals that the base model and vane A
model have similar velocity distribution, representing a more
severe non-uniformity than that of vane B model. Thereby,
increasing the guide vane count can effectively mitigate the
intensity of leakage vortex, thus decrease the non-uniformity
flow field at rotor inlet position.

3.7 Loading fluctuation of rotor blade

The shock and nozzle leakage flow periodically impinge on
the rotor blades, often raising HCF concerns of turbine. In this
section, the aerodynamic loading fluctuation on rotor blade
surface will be discussed in detail. In order to highlight the ef-
fect of shock and nozzle leakage flow on the downstream rotor,
the spatial and temporal loading fluctuation of base and vane B
model at 10 % and 50 % spans of rotor blade were illustrated
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Fig. 16. Static pressure fs of rotor blade suction surface.

in Fig. 15. Since the intensity of nozzle leakage flow and shock
of base model is almost the same as that of the vane A model,
therefore only the base and vane B model were compared.
From the comparison of the following pictures it is found that
the loading spikes of two models appear at the rotor leading
edge position. As for the boundary conditions, the rotor speed
is 80000 rpm, the expansion ratio of turbine is 4 and the u/c
value is 0.6.

At 50 % span, because of the high intensity shock, the maxi-
mum loading as well as the fluctuation amplitude of the base
model is larger than that of vane B model. The maximum value
for base model is 15 where for the vane B mode, the value is
13. Similar phenomenon was also found at 10 % span, which
is mainly due to the fact that the intensity of nozzle leakage
flow of base model is larger than vane B model. The maximum
value of base model is 2 and for the vane B mode, the value is
1.85. This phenomenon clearly shows that the increasing of
guide vane solidity can effectively weaken the intensity of
aerodynamic loading amplitude of rotor blades, thus decrease
the risk of HFC of rotor blades.

To analyze the intensity of aerodynamic loading fluctuation
on rotor blade quantitatively, the static pressure root mean
square value (fms) is introduced and defined as follows:

where p;; is the pressure at time t; p,e is the average pressure
for all the time steps.

Fig. 16 shows the f,,sdistribution on rotor blade suction side
of the two models. It is found that the area with high intensity of
loading fluctuation mainly is near the blade leading edge, which
corresponds to the position where the rotor blade fracture oc-
curred in a practical application [12]. The intensity of loading

fluctuation gradually decreases along the chord from blade
leading to trailing edge. Compared to the base model, it can be
found that the high f,,s areas of vane B model shrinks effec-
tively as the intensity of shock and nozzle leakage flow is
weakened, especially at the hub side. The result further con-
firms that the guide vane with small thickness and large vane
count can effectively shrink the high loading fluctuation areas of
rotor blade, thus the aerodynamic excitation of rotor blade will
be mitigated significantly, which may be very helpful to reduce
the risk of HCF and hence enhance the reliability of rotor
blades.

4. Conclusions

The effect of the thickness and solidity of guide vane on the
stage performance as well as the flow characteristic for a radial
inflow turbine with variable nozzle are investigated in detail,
and the main conclusions are as following:

(1) The newly designed low thickness and high solidity noz-
Zle (vane B) reduces shock by 75 % compared to the base
nozzle; meanwhile, it can also mitigate the nozzle end-wall
leakage flow thus improves the flow uniformity of rotor inlet. As
a result, the loading fluctuation and HCF risk of the wheel can
be reduced, which is beneficial to the reliability of turbine.

(2) At small nozzle opening, the newly designed nozzle only
shows about 0.5 % lower efficiency than the base model; at
large open condition, the efficiency degradation of the newly
designed nozzle is up to 1.5 %. Therefore, there is a trade-off
between the efficiency and forced response when choosing the
nozzle vane solidity and thickness.

(3) From the comparison of the shock intensity and the per-
formance of the three models, we recommend that a suitable
guide vane can be selected according to the common working
condition of engine. If the VNT does not often work at the maxi-
mum open, the guide vane with low thickness and high solidity
should be adopted to weaken the intensity of shock as well as
to mitigate the aerodynamic excitation of rotor blade.
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Nomenclature

VNT : Variable nozzle turbine
MFR : Mass flow rate
CFD : Computational fluid dynamics

S - Solidity

u : Circumferential velocity at rotor inlet
u/c : Velocity ratio of turbine

Ny - Number of guide vane

\A : Number of rotor blade
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m : Expansion ratio

Lehord : Guide vane chord length

Npm;h : Pitch

h : Height of nozzle

t-s : Total to static

n : Isentropic efficiency

Co : Specific heat at constant pressure
s : Area of zone

THo102... : The first throat of nozzle

THag.. : The second throat of nozzle

Pave t : Average pressure of all time steps
MACH  : Mach number

HCF : High-cycle fatigue

frms : Root mean square value
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