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Tip leakage flow analysis of an axial
turbine under the effect of separation
at low Reynolds number

Ziyi Shao1,2 , Wen Li1,2, Yangli Zhu1, Xing Wang1 ,
Xuehui Zhang1, Haisheng Chen1,2 and Wei Qin3

Abstract

The tip clearance flow could lead to work reduction and loss generation in turbomachines. However, the effect of

separation at low Reynolds number on leakage flow is seldom studied. The previous method for evaluating tip leakage

characteristics should also be further researched. Thus, numerical investigations on the tip clearance flow in an

unshrouded axial-inflow turbine are conducted at low Reynolds number (3.5� 104 of the rotor outlet at the designed

condition) in the present study. The flow patterns and leakage mass flow rate of the clearance have been analyzed in

detail. It is found that the tip clearance flow is greatly affected by the flow separation caused by low Reynolds number.

The scraping ratio adopted in previous references does not accord with the clearance flow characteristics at low

Reynolds number, especially in the front part of the clearance. A coefficient by �0.70 power of the Reynolds number

is proposed to modify the scraping ratio in the present study. The synergy between the velocity and the pressure

gradient is innovatively employed to research the tip clearance flow characteristics, and it gives a reliable criterion of

indicating the flow patterns in the tip clearance.
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Introduction

It is widely considered that the tip clearance flow can
significantly lead to work reduction and loss gener-
ation in turbomachinery. During the last three dec-
ades, there are a large volume of published studies
focusing on the tip clearance flow. For example,
detailed measurements were reported by Bindon,1

Moore and Tilton,2 Heyes and Hodson,3 and Yaras
and Sjolander.4 The reverse flow of the separation
bubble, which generates from the pressure side of
the gap, was confirmed by smoke visualization over
the tip gap. The mixing process of jet flow behind the
separation bubble may cause a consequent increase in
static pressure and entropy if the blade thickness is
more than about four times the tip gap.5 Although
the size of the clearance is usually about 1% of the
blade height, the loss due to the leakage could not be
neglected and the optimization on loss control has
received considerable critical attention. The tip clear-
ance loss in a turbine accounts for as much as
one-third of the total loss.6,7 Some combined control
technologies at the clearance region have been put

forward recently, e.g. casing treatment and blowing,8

winglet and squealer,9,10 and honeycomb seal.11,12

However, the relative motion between the blade and
shroud endwall has been neglected in these studies.
The effect of relative motion had been investigated
by Morphis and Bindon13 and Yaras and
Sjolander.14 In their major studies, shear effects
(or scraping flow) would presumably become more
important at small clearances. The countereffect of
the scraping flow reduces the leakage, whereas the
flow pattern at the clearance has not been
affected by it greatly. In another numerical study,
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Tallman and Lakshminarayana15 pointed out that
losses associated with the leakage vortex are reduced
due to the effect of scraping while the loss inside the
gap increases. Still, the former advantage offsets the
latter disadvantage.

Besides, analyses of the low Reynolds number
flows involved in gas turbines are attracted more
attention. In general, it is found by experiment that
the effect of Re on the performance of turbomachines
is small when Re is more than 2� 105.16 The bound-
ary layer on turbine blades is predominately turbulent
and thin. It has little impact on the flow field in tur-
bomachines.17 However, the flow field is further com-
plicated at lower Reynolds number because the
boundary layer could be laminar or undergoing tran-
sition to turbulence. The Reynolds number based
upon the axial chord and inlet conditions could
drop lower than 1� 105.18 Rizzetta and Visbal19

argued that low-pressure turbines of unmanned air
vehicles (UAVs) could encounter Reynolds number
below 2.5� 104 because of a reduction in atmospheric
density during the high-altitude cruise. Dorney et al.20

reported a serious of experiments and numerical stu-
dies on losses in the PAK-B low-pressure turbine
whose Reynolds number are 4.3� 104, 8.6� 104, and
1.72� 105, respectively. Their results showed that the
losses remain nearly constant between Re¼ 8.6� 104

and Re¼ 1.72� 105. Nevertheless, the losses increase
rapidly as the Reynolds number drops lower than
4.3� 104 because there exists a mixture of separation
bubble and natural transition on the suction surface.
Similar phenomenon is also reported by Arakawa
et al.,21 and the passive surface modification is recom-
mended to reduce this separation problem.

The current blade geometry is based on the axial-
flow turbine supplied by Dr Matsunuma. The
unsteady flow characteristics and loss mechanism
were investigated previously in the stator passage
and rotor passage.18,22,23 So far, however, detailed
measurements at the clearance region of turbine
rotor have not been presented, especially in the flow
structure and leakage mass flow rate. Unless the simu-
late modelling tests have been applied,24 it is difficult
to measure and acquire credible aerodynamic param-
eters at such a narrow gap by conventional probes.
There is a relative paucity of scientific literature spe-
cifically relating to the clearance flow characteristics
at low Reynolds numbers recently. With the improve-
ment of computational fluid dynamics (CFD) used to
solve the Navier–Stokes equations, the numerical
simulation could provide a detailed insight into the
tip clearance flow.25,26 Thus, the researches on the
tip clearance flow at low Reynolds numbers are con-
ducted numerically in the current work. Firstly, the
experimental validation and a brief overview of flow
characteristics of rotor tip clearance are presented. In
the following sections, the scraping ratio is employed
and modified to study the scraping and leakage effects
in the present axial turbine at low Reynolds numbers.

The synergy-based method is innovatively employed
to research the clearance flow and the leakage mass
flow rate in detail, and the validation has been done at
off-design operating conditions.

Research methodology

Experimental facility and conditions

Detailed measurements of time-averaged and time-
dependent distributions of the aerodynamic param-
eters in the present axial-flow turbine were conducted
by Dr Matsunuma. The turbine is an air suction type
with a blower behind the turbine cascade. Inside and
outside endwall diameters of the cascade are 350mm
and 500mm, respectively. The geometries and specifi-
cations of the nozzle and rotor cascades are shown in
Figure 1(a) and Table 1. The flow conditions of stator
inlet (30mm upstream from the stator leading edge at
midspan), stator outlet (6.6mm downstream from the
stator trailing edge at midspan) and rotor domain
were measured using a three-hole pressure probe, a
five-hole pressure probe and a laser Doppler velocim-
etry (LDV) system, respectively.

Detailed aerodynamic parameters at designed
operating condition are shown in Table 2. The
Reynolds number at stator inlet was set to
Rein,ST¼2.0� 104 based on the stator chord length.
The Reynolds number at rotor outlet Reout,RT was
calculated as 3.5� 104 based on the rotor chord
length from the measured LDV data. Previous
researches 17,27 have demonstrated that the effects of
Re on the performance of turbomachines is significant
when Re is less than 2.0� 105. It is because at low Re,
the viscous boundary layers on the blades of a turbo-
machine are generally laminar and very thick. Hence,
the internal flow field at designed operating condition
might be affected by the effect of low Reynolds
number. The Mach numbers based on the mass-
averaged velocities at the stator inlet, stator outlet,
rotor inlet, and rotor outlet were Main,ST¼ 0.013,
Maout,ST¼ 0.031, Main,RT¼ 0.014, and Maout,RT¼

0.027, respectively. It should be noted that the flow
at the designed operating condition should be treated
as incompressible flow because all the Mach numbers
are less than 0.3.

Numerical model

The single-sector domains of the present axial-flow
turbine contain four parts, including INBLOCK,
STATOR, ROTOR, and OUTBLOCK. All the com-
putational meshes are the structure hexahedral type
with periodic boundaries, as presented in Figure 1(b).
The grids of the INBLOCK, STATOR, and
OUTBLOCK domains are generated by ANSYS
TurboGrid automatically. The regions around the
blade surface and the tip gap are discretized into
O-type grids by ANSYS ICEM-CFD at the
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ROTOR domain. The face angle of grids is between
15� and 165�, and the maximum volume ratio and
length ratio are less than 20 and 1,000, respectively.
Hence, the current mesh quality is generally good and
acceptable for turbomachinery simulation.28

The shear stress transport (SST) turbulence
model29 with gamma-theta transition model is
adopted in the current steady simulation, and the
equations of continuity, momentum and energy are
solved by the high-resolution scheme in the commer-
cial CFD solver ANSYS CFX. The connection
method between stationary and rotating boundary
(such as STATOR to ROTOR) is chosen as Stage,
which performs a circumferential averaging of the
fluxes through bands on the interface. The grid
height in the viscous sublayer region near the wall is

fine enough (max value 0.002mm) to ensure dimen-
sionless wall distance yþ<1 so that the SST model
gives a highly accurate prediction. Several off-design
conditions are listed in Table 3. The rotating speed !
ranges from 322 r/min to 563 r/min (see VR1, VR2,
and VR3), and the static pressure at outlet ranges
from 101,295 Pa to 100,995 Pa (see VP1, VP2, and
VP3). The SST turbulence model with gamma-theta
transition model shows good convergence under
designed and off-designed conditions. All the root-
mean-square residuals for momentum and mass equa-
tions, energy equation, and turbulence equation are
converged less than 1� 10�6. Grid independence stu-
dies are shown in Table 4, whose total nodes range
from 290,000 to 4,440,000. It can be pointed out that
the difference of the total to static efficiency �t�s is less
than 0.1% when the number of grids is beyond

Tip Midspan Hub

Rotor

Stator

INBLOCK

STATOR
ROTOR

OUTBLOCK

(a)

(b)

Figure 1. Schematic of the axial-flow turbine: (a) blade geometry and (b) computational grids of single-sector domains.

Table 1. Specifications of turbine cascades.

Stator Rotor

Number of blades 28 31

Chord (mm) 67.6 57.5

Pitch (mm) 47.7 43.1

Blade height (mm) 75.0 74.0

Inlet flow angle (�) 0.0 22.1

Outlet flow angle (�) 67.4 63.4

Stagger angle (�) 51.0 44.8

Tip clearance (mm) 0.0 1.0 (�0¼1.35%)

Table 2. Boundary conditions at designed operating

condition.

Domain Component type Parameter Value

INBLOCK Stationary Ptin 101,325 Pa

Ttin 293 K

Tuin 0.5%

STATOR Stationary – –

ROTOR Rotating !0 402 r/min

OUTBLOCK Stationary Psout 101,195 Pa

Shao et al. 3



3,370,000. Thus, the following computational
results are based on the case whose total grids are
3,370,000.

Analytical methods

Seven cross-sectional planes, which are established
equidistantly along the meridional position of the
rotor blade tip ZRT,tip, are employed to obtain local
aerodynamic data, as illustrated in Figure 2. Each
cross-sectional plane is normal to the main line (see
the dotted line) of rotor blade tip. Besides, � is the
angle between the tip main line and the meridional
direction.

Some dimensionless coefficients are employed since
it is easy to calculate them from cascade test data.5

The total pressure loss coefficient CPt, static pres-
sure coefficient CPs, absolute velocity coefficient
Vabs and Reynolds number Re are defined in the
following way

CPt ¼
Ptin � Pt

Ptout � Psout
ð1Þ

CPs ¼
Ps� Psin

Ptout � Psout
ð2Þ

Vabs ¼
V

VST, out
ð3Þ

Re ¼
�uc

�
ð4Þ

where Pt, Ps, and V are total pressure, static pressure,
and absolute velocity, respectively. The subscribe in,
out and ST are the mass-averaged parameters at inlet
plane, outlet plane, and STATOR domain. The
Reynolds number is based on the blade chord length
c, mass-averaged density �, mass-averaged velocity u
and mass-averaged dynamic viscosity l at inlet or
outlet surface.

In order to describe the scraping and leakage
effects along the tip clearance, Dambach et al.24 put
forward the scraping ratio R, which can be defined by
the driving pressure difference and the scraping
dynamic pressure

R ¼
�P

1
2 � U cos �ð Þ

2 ð5Þ

CS1Blade tip 
main line

A

CS2

CS3
CS4 CS5

CS6

CS7

g

5%
20%35%50%

65%
80%

95%

Figure 2. Schematic of cross-sectional planes in the rotor tip

clearance region.

Table 4. Grid independence.

Domain

Grid no. INBLOCK STATOR ROTOR

TC

(in ROTOR) OUTBLOCK Total �t�s (%)

1 30,000 90,000 120,000 30,000 50,000 290,000 77.58

2 50,000 250,000 400,000 100,000 200,000 900,000 77.98

3 100,000 800,000 1,000,000 250,000 300,000 2,200,000 78.44

4 300,000 1,200,000 1,500,000 350,000 370,000 3,370,000 78.46

5 350,000 1,500,000 2,100,000 500,000 450,000 4,400,000 78.43

Table 3. Off-designed operating conditions.

Conditions VR1 VR2 VR3

Variable rotating speed conditions:

! (r/min) 322 (80%!0) 482 (120%!0) 563 (140%!0)

Psout,OB (Pa) 101,195

Conditions VP1 VP2 VP3

Variable pressure ratio conditions:

Psout,OB (Pa) 101,295 101,095 100,995

! (r/min) 402 (100%!0)
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where DP is the driving pressure difference across the
tip gap, from the pressure side to suction side, and
1/2�(Ucos�)2 is the scraping dynamic pressure. The
scraping ratio was initially applied to the radial-
inflow turbine. The scraping dynamic pressure is
mainly related to the blade circumferential velocity
U because of the variation of the radial distance.
Although the U of rotor blades keeps almost constant
in an axial turbine, the � related to the local blade
angle dominates the scraping dynamic pressure.
Thus, the scraping ratio could be applied to the
axial turbine.

Yaras and Sjolander 14 argued that the flow struc-
tures in the clearance were dominated by two possible
mechanisms: the shear effect (the negative region) and
the leakage effect (the positive region), as shown in
Figure 3. This model was also employed in the back-
face clearance in a radial turbine rotor,26 and Serrano
et al.30 presented the expressions of the positive mþ
(see equation (6)) and negative m� (see equation (7))
tip leakage flow. The net leakage mass flow ml has
been proposed along the suction side with the defin-
ition of equation (8)

mþ
G
¼

R
Aþ
� �w�þdAþ

G
ð6Þ

m�
G
¼

R
A�
� �w��dA�

G
ð7Þ

ml

G
¼

mþ
G
þ
m�
G

ð8Þ

where w, A, and G are the relative velocity, area and
turbine mass flow rate, respectively. The subscribe þ,
�, and � are the positive region, negative region, and
circumferential component, respectively. However,
little researches have focused on identifying and mea-
suring the boundary of the two regions at such a
narrow gap, and it is difficult to calculate the leakage
mass flow rate by equation (8). Further researches are
required to explore a post-processing method for cal-
culating the leakage mass flow rate, which could dis-
tinguish Aþ and A� credibly. On the basis research of
physical quantity synergy, Liu et al.31,32 proposed the
synergy angle �, which presents the relationship
between the velocity vector and pressure gradient. In
a rotating coordinate system of the turbine rotor, it
can be expressed as

� ¼ arccos
w � rp

wj j � rp
�� ��

 !
ð9Þ

Equation (9) shows the synergy relation between
the relative velocity w and the pressure gradient rp,
and the synergy angle at the suction side of clearance
is displayed in Figure 4. The pressure gradient (see
green arrows), whose direction is from the pressure
side to suction side, is normal to the suction surface.
The synergy angle of the positive region (see blue
arrows) is less than 90� while it is more than 90� in
the negative region (see red arrows). Hence, the syn-
ergy angle, whose critical value is 90�, shows advan-
tages of researching the shear and leakage effect of tip
clearance. The distribution of synergy angle and

PS SS

Blade tip

−

+

Endwall(rotor shroud)

R

A q Wq(r)

Counter-rotating 
direction

Scraping flow

w

Leakage flow

Figure 3. Tip clearance flow characteristics in rotating

reference frame.

Figure 4. Schematic of the vector distribution and synergy

angle at suction side of tip clearance.
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synergy-based leakage mass flow rate will be discussed
in a later section in detail.

Results and discussion

Experimental validation

Both the experimental and computational results of
the designed condition are compared in Table 5. The
maximum relative deviation is less than 5.0%. To val-
idate the reliability of present simulations in detail,
comparisons between the experimental and numerical
results are made at stator inlet, stator blade, stator
outlet, and rotor outlet, respectively.

Stator inlet conditions. Figure 5 shows the spanwise
distributions of CPt and V/Vin,ST at the stator inlet
plane. It could be concluded that the loss and velocity
gradient are small, and the main flow is uniform. The
inlet boundary layers at the designed condition are
also validated in Table 6. Schlichting and Gersten33

pointed out that the shape factor of H12¼2.59 in the
laminar region decreases to H12¼1.4 in the turbulent
region. As can be seen in Table 6, the shape factors of
the experiment and present simulation are closer to

the laminar regime, and the present inlet conditions
of the numerical simulation are reliable.

Flow patterns on the stator blade. Figure 6 shows
the flow patterns at the stator suction surface. The
streamlines of the numerical result agree well with
the oil-film visualization.22 There is a separation line
of the laminar boundary layer on the blade surface
due to the low Reynolds number flow. In addition, a
reverse flow region is observed from the blade tip to
the hub endwall. It conflicts with the passage vortex
near the hub endwall.

Stator outlet conditions. Figure 7 shows the contour
of Vabs on the stator outlet plane. Both the experimen-
tal22 and numerical results show that the wake and
secondary vortexes generate low-velocity regions
near the trailing edge of stator blade. Matsunuma22

claimed that the passage vortexes sweep up the
boundary layer on the stator surface, which cause
the velocity deficit near the tip and hub endwalls.

Rotor outlet conditions. Figure 8 shows the aero-
dynamic parameters at the exit of rotor. The
maximum relative deviation of 	out,RT and Vabs is
10.03% and 8.53%, respectively. The CFD results
agree well with the experimental data, at the tip clear-
ance in particular. Taken together, these results indi-
cate that the current numerical method and data are
credible.

Flow characteristics of rotor tip clearance

For a better understanding of the detailed flow pat-
terns in the tip clearance, streamlines coupled with
CPs contour are displayed in Figure 9. Several typical
flow patterns appear in the clearance, including the tip
leakage flow, scraping vortex (SV) and separation
bubble (SB1). It could be concluded that the tip clear-
ance flow has been greatly affected by the flow separ-
ation at low Reynolds conditions generally. There
exists a separation bubble (SBE) near the endwall
casing, and it ranges from 20%ZRT,tip to 35%ZRT,tip

approximately, as shown in Figure 9(b) and (c). That
is because the boundary layer is relatively thick, and it
is more susceptible to flow separation at low Reynolds
number. Besides, a local low-pressure region could be
seen from Figure 9(a), which attaches to the rotor
suction side. The local low pressure may cause the

0.0 0.2 0.4 0.6 0.8

0.00

0.25

0.50

0.75

1.00

Sp
an

w
is

e

CPt

0.2 0.4 0.6 0.8 1.0

 Experimental result
 CFD result

V/V
in,ST

Figure 5. Performance comparison between the

experimental and numerical results at stator inlet.

Table 5. Overall performance comparisons for the whole

turbine stage.

Parameter EXP result CFD result Deviation (%)

G (kg s�1) 0.537 0.536 �0.2

Rein,ST 20,000 19,858 �0.8

Main,ST 0.0130 0.0131 þ0.8

Maout,ST 0.0310 0.0318 þ3.2

Main,RT 0.0140 0.0146 þ4.3

Maout,RT 0.0270 0.0280 þ3.6

Reout,RT 35,000 35,973 þ2.8

EXP: experimental; CFD: computational fluid dynamics.

Table 6. Comparisons of endwall boundary layers at the

stator inlet plane.

EXP22 CFD

Shroud Hub Shroud Hub

Displacement thickness �1 1.85 1.68 1.54 1.45

Momentum thickness �2 0.832 0.730 0.643 0.578

Shape factor H12 2.22 2.30 2.40 2.51

EXP: experimental; CFD: computational fluid dynamics.
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diffusion of boundary layer and generate other separ-
ation regions, as indicated from Figure 9(b) to (f).
Finally, the flow separation develops into an open
separation bubble (SB2) at blade tip near the trailing
edge, as shown in Figure 9(g). Although previous stu-
dies34,35 have researched the flow separation on the

blade suction surface, the open separation bubble on
the blade tip, which comes from the flow separation,
remains poorly discussed.

Comparisons of wall pressure and flow patterns
among cross-sectional planes are shown in
Figure 10. Distributions of CPs and flow patterns
are similar from 5%ZRT,tip to 65%ZRT,tip. So, only
the results at CS1 and CS5 are shown. In Figure 10(a)
and (b), the reattachment line of SB1 appears almost
near the place where the tip pressure is roughly equal
to the endwall one. Similarly, the relationship between
the reattachment line and static pressure was also con-
firmed by Sjolander and Cao36 in a linear turbine cas-
cade. Figure 10(c) shows that the tip pressure reaches
a peak while it is still lower than that at endwall,
the SB1 occupies blade tip surface entirely and the
reattachment line disappears. At 95%ZRT,tip, the
SB2 occurs when the static pressure on suction side
is higher than that on the pressure side, as shown in
Figure 10(d). As the pressure difference between the
pressure side and suction side decreases, the separ-
ation region expands and moves upward. It replaces
the SB1 on the blade tip eventually when the static
pressure on suction side is higher than that on the
pressure side, as displayed in Figure 10(d). In sum-
mary, the tip clearance flow has been greatly affected

LE TE

Reverse 
flow

Separation line

Passage vortex
Confliction

LE TE

(a) (b)

Figure 6. Schematic of flow patterns at nozzle suction surface: (a) EXP result (oil-film visualization)22 and (b) CFD result.

Figure 7. Comparisons of Vabs between the (a) experimental22 and (b) numerical results at stator outlet.
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by the flow separation in a low-Re environment, and
the development of flow separation appears to be
related to the low-pressure region on the blade suction
surface.

Scraping ratio model and modification

Although the scraping ratio model has been pro-
posed24 and applied in the radial turbine,37 it is still
necessary to validate its reliability in the present axial
turbine. The scraping ratio and velocity vectors in the
clearance are displayed in Figure 11(a), which is under
the condition of Psout¼ 99,695Pa and !¼ 1,608 r/min.

The Reynolds number (Reout,RT¼ 1.3� 105) is rela-
tively higher than that of the designed condition
(Reout,RT¼ 3.6� 104). It could be concluded that the
scraping ratio agrees well with the flow pattern. The
scraping effect dominates the flow in CS1, where the R
is less than 1. The leakage flow appears from CS2 to
CS7 and the R is more than 1. The results of the
designed condition are illustrated in Figure 11(b).
Figure 11(b) shows that the R is less than 1 while
there still exists leakage flow at CS1 (see Figure 9a).
It could be seen from Figure 12(a) that the driving
pressure difference DP increases rapidly from the lead-
ing edge to CS1. Such a sharp increase of pressure

(a) CPs

PS SS

Blade tip

Endwall(rotor shroud)

SB1

SV

Low 
pressure 
region

PS SS

SBE
SV

SB1

Flow 
separation PS SS

SBE
SV

SB1 Flow 
separation

PS SS

SV

SB1
Flow 

separation
PS SS

SV

SB1
Flow 

separation

PS SS

SV

SB1
Flow 

separation PS SS

SV

SB2

(c)(b)

(d) (e)

(f) (g)

Figure 9. Streamlines on the cross-sectional plane: (a) CS1, (b) CS2, (c) CS3, (d) CS4, (e) CS5, (f) CS6, and (g) CS7.

SV: scarping vortex; SB: separation bubble; PS: pressure side; SS: suction side.
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difference contributes to the development of local
inertial force at the clearance region, which might
cause the leakage flow even if DP is less than
1/2�(Ucos�)2. It is assumed that aerodynamic param-
eters on the cross-sectional planes could be analyzed
by the �-component. A possible explanation for the
increase of leakage pressure could be concluded from
the �-component of momentum equation in a rotating
cylindrical coordinate frame
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According to the observation done by Yaras
et al.,38 the chordwise momentum in the tip clearance
could be seen as conserved. The radial component of
relative velocity wr and the Coriolis force �2!wr at
the gap have been neglected. It is also assumed that
the relative velocity remains almost unchanged in the
tangential and axial direction. Therefore, equation
(10) in a steady state could be expressed as

1

�

@pPS�SS
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¼
@

@r
r
@wtip,�

@r

� �
�
wtip,�

r
ð11Þ

From equation (11), the pressure gradient through
the gap is related to the circumferential component of
relative velocity w�. Figure 12(b) presents the w� at tip
main line (see the dotted line in Figure 2) from simu-
lation results. The w� is about 0 at the leading edge of
the clearance inlet. Hence, the pressure gradient here
equals 0. Because of the circumferential disturbance
of the blade rotating, the w� changes rapidly from the

leading edge to CS1, and the pressure gradient also
presents a sharp increase in such a short distance.
Taken together, these analyses above show that the
distribution of scraping ratio at low Reynolds num-
ber condition is quite different from previous
researches.24,37

Before proceeding to modify the scraping ratio, it is
necessary to investigate the effects of Reynolds
number on the present axial turbine, as indicated in
Figure 13. In the loss analyses proposed by Ainley
and Mathieson,27 the performance of tip loss roughly
obeys the �0.2 power of the Reynolds number around
a mean Reynolds number of 2� 105. At lower
Reynolds number (5� 104), it is anticipated that the
efficiency may decrease rather more rapidly. The
experimental22 and numerical results are shown as
filled circles and hollow circles, respectively. At
higher Reynolds number (Reout.RT> 5� 104), the
results agree with about �0.27 power of the
Reynolds number, as presented by the red curve in
the figure. A more significant increase of total
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Figure 12. (a) Intensity of scraping and leakage flow and (b) circumferential velocity along the flow direction at designed condition.
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pressure loss is recorded among the experimental and
numerical data when Reout,RT is less than 5� 104. The
blue curve of the �0.70 power of the Reynolds
number fits closer than the red curve. The results of
tip loss are in agreement with Ainley’s findings in the
present axial turbine approximately. Hence, a modi-
fied scraping ratio Rm is set up, which could be
expressed as equation (12) in the following

Rm ¼ R �
Reout,RT

5� 104

� � 
ð12Þ

where the critical Reynolds number of 5� 104 is
chosen for fitting, and the  is the coefficient, which
is �0.70 in the present study. As analyzed above, the
 should be less than �0.2 because of the fall in per-
formance at lower Reynolds numbers.

From Figures 14 and 15, velocity vectors are
shown to indicate the flow characteristics at the suc-
tion side of tip clearance and validate the modified
results. The circumferential velocity U of the blade
increases at higher rotating speed. Thus, the intensity
of scraping flow 1/2�(Ucos�)2 is enhanced while the

leakage flow becomes weaker. Figure 14(a) shows the
leakage flow (see red dotted circles) occurs initially
on the CS1, CS1, CS2, and CS2 at VR1, DC, VR2,
and VR3 condition, respectively. The Rm shows a
superior level compared to R, and it agrees well
with the flow patterns under all variable rotating
speed conditions, as shown in Figure 14(b). When
pressure ratio rises, the intensity of leakage flow
DP increases while the scraping flow becomes
weaker. Figure 15(a) shows the leakage flow (see
red dotted circles) occurs initially on the CS3, CS1,
CS1, and CS1 at VP1, DC, VP2, and VP3 condition,
respectively. It could be seen that the scraping ratio
modified by Reynolds number also performs well
under variable pressure ratio conditions, as shown
in Figure 15(b). In addition, it should be point out
that the coefficient  can be varied with different
turbine blades operated at other low Reynolds
number conditions while the form of the equation
does not need to be adjusted. The coefficient
should be redefined by the CPt-Re curve in
Figure 13. The method for modification may be
more valuable than a quantitative coefficient.
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Figure 14. Tip clearance flow characteristics under various rotating speed conditions: (a) velocity vectors and (b) R.
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A synergy-based criterion and mass flow calculation

As analyzed in an earlier section, the synergy method
demonstrates the advantage of indicating flow pat-
terns in the clearance region. The result of the synergy
angle � is displayed in Figure 16. Figure 16(a) shows
that the � ranges from 0� to 180� at the suction side.
Taking the synergy angle of 90� as the division, the
clearance could be separated into two regions which
contains the positive region and the negative region.
Generally, the positive flow dominates the whole
clearance, which indicates the leakage flow exists all
along the flow direction. The negative region is mainly
distributed in the upstream of the gap, where the SV
appears. There is also a little part of negative region
near the trailing edge, where the SB2 appears.

To validate the reliability of synergy-based
method, the boundary (see the blue line), where the
w� equals 0, is employed to distinguish the positive
region from the negative region, as shown in
Figure 16(b). It could be concluded that the boundary
of �¼ 90� (see the red dotted line) agrees well with the
numerical results especially near the trailing edge,
where there exists the SB2. Nevertheless, the negative
region has been overpredicted at the upper side of
CS7. A possible explanation might be that the pres-
sure difference near CS7 is so small (see Figure 9(g))
that the direction of pressure gradient might range
from the suction side to pressure side partially.
Thus, the leakage flow could be defined as the nega-
tive region in these places. The nondimensional leak-
age mass flow rate calculated by equation (8) is 0.0215
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Figure 17. Schematic of the synergy angle at suction side of tip clearance under: (a) variable rotating speed conditions and

(b) variable pressure ratio conditions.
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Figure 16. Distribution of the synergy angle at suction side of tip clearance: (a) boundary based on 90� and (b) comparison of the

boundary between the synergy method and w�¼ 0.
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while the numerical result is 0.0235. The relative error
of �8.5% has been calculated.

Having examined the synergy relation and leakage
mass flow rate at the designed condition, the results of
flow structures at off-design conditions are displayed
in Figure 17. When rotating speed rises, the negative
region near the leading edge expands towards down-
stream significantly. The tip clearance is occupied by
the scraping flow totally at the leading edge (e.g. VR2
or VR3), as shown in Figure 17(a). As the pressure
ratio rises, the pressure difference DP through the tip
gap also increases. Meanwhile, the leakage flow is
enhanced and the area of positive region expands, as
shown in Figure 17(b). These results suggest that the
synergy angle could also present the flow patterns of
tip clearance at off-designed conditions. Based on the
flow patterns in Figure 17, the nondimensional leak-
age mass flow rate at off-design conditions is pre-
sented in Figure 18. The leakage mass flow rate is
well estimated by equation (8) at low pressure ratio
or low rotating speed conditions. For example, good
agreements have been achieved at the VR1 and VP1
conditions, and their relative deviations are �3.9%
and �2.6%, respectively. However, the results at
higher pressure ratio or higher rotating speed condi-
tions show relatively larger deviations. A possible
explanation for these results may be the flow pattern
becomes more complicated at the clearance region.
The direction of pressure gradient may be disturbed
partially due to the aforementioned reasons. Overall,
the relative root mean square errors are 16.2% and
17.9% at variable rotating speed and variable pres-
sure ratio conditions, respectively. It is also worth
noting that the synergy angle gives a reliable criterion
of indicating the flow patterns in the tip clearance.

Conclusions

A numerical study has been conducted to examine the
flow field at tip clearance of an axial-inflow turbine

rotor at low Reynolds number conditions. The effects
of static pressure on flow characteristics of tip clear-
ance have been studied overall, and then the rules of
scraping ratio and the leakage mass flow rate based
on the synergy method have been discussed. Based on
these investigations, a modified scraping ratio is
brought forward. The synergy angle is also analyzed
at off-designed conditions. The results can be sum-
marized as follows:

1. The tip clearance flow has been greatly affected by
the flow separation at low Reynolds conditions.
The reattachment of the separation bubble is
observed when the tip pressure rises and it is
equal to the endwall pressure. When the tip pres-
sure is lower than the endwall pressure, the
reattachment vanishes but there’s still a separation
bubble occupying the whole blade tip. When the
tip pressure on the suction side is higher than that
on the pressure side, an open separation bubble
appears at the blade tip near the trailing edge. It
could be explained by the development of flow
separation attached to the suction surface.

2. The distribution of scraping ratio at low Reynolds
number is different from the previous studies. The
contradiction especially occurs at the front part of
the clearance. It is because a sharp increase of
pressure difference contributes to the development
of local inertial force which causes leakage flow.
The modification shows satisfactory results at off-
design conditions, which considers the effect of
low Reynolds number.

3. The synergy angle between velocity and pressure
gradient gives a reliable method of researching the
flow patterns in the tip clearance. Both the flow
characteristics and leakage mass flow rate give sat-
isfactory results compared to the CFD data at
the designed operating condition. However, the
leakage mass flow rate shows relatively larger
deviations at higher pressure ratio and higher
rotating speed conditions, whose flow pattern is
far more complicated at the clearance region.
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Appendix

Notation

A area (m2)
c blade chord length (mm)
CPs static pressure coefficient
CPt total pressure loss coefficient
CS cross-sectional plane
DC designed condition
G turbine mass flow rate (kg s�1)
H blade height (mm)
H12 shape factor (�1/�2)
LE leading edge
m mass flow rate (kg s�1)
Ma Mach number
PS pressure side
Ps static pressure (Pa)
Pt total pressure (Pa)
R scraping ratio
Re Reynolds number
SB1 separation bubble
SB2 open separation bubble
SBE separation bubble near the shroud

endwall
SS suction side
SV scraping vortex
TC tip clearance
TE railing edge
Tt total temperature (K)
Tu turbulence intensity

U circumferential velocity m s�1

u mass-averaged velocity, m s�1

V absolute velocity, m s�1

VP variable pressure ratio condition, �
VR Variable rotating speed condition, �
w relative velocity, m s�1

Z axial position of blade, �
DP Driving pressure difference, Pa

a Absolute flow angle, �

� Synergy angle, �

� Local blade angle, �

� Tip clearance, mm
�1 Displacement thickness, mm
�2 Momentum thickness, mm
�0 Dimensionless tip clearance (�/H), �
� Dynamic viscosity, Pa s
� Density, kgm�3

 Coefficient for modification, �
! Rotating speed, rpm

Subscripts

abs Absolute flow or absolute frame
in Inlet value of the domain
m Modified value
l Leakage flow
OB Outblock domain
out Outlet value of the domain
r Radial component
RT Rotor domain
ST Stator domain
tip Blade tip
� Circumferential component
� Negative mass flow direction identifier
þ Positive mass flow direction identifier

Superscripts

� Averaged value
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