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al. [4] used a 1.5-stage rotating test rig to study the unsteady flow
field including the effect of the purge air. Jesus et al. [7] used 2stage rotating test rig to study the relationship between purge air
and blade surface static pressure distribution. Wei et al. [8]
executed numerical simulations to study on the flow field
through a cascade in detail and reported the intense interaction
between the main flow and the purge air. Lynch et al. [10] carried
out linear cascade tests to examine how the injection angle of
purge air altered the flow field. Although all of these studies
indicate that the secondary flow loss increased in the hub section
due to the existence of purge air interacting with the main flow,
the mechanism of aerodynamic loss increase generated by the
purge air is very complicated and is not fully understood yet
because of its dependency on many factors such as turbine
aerodynamic design policy, rim-seal geometries along with rotorstator gap [10], flow unsteadiness [11]. Furthermore,
accumulation of experimental data, especially obtained in
rotating test rigs, which is indispensable for the improvement of
numerical prediction approach, is still lacking.
The present study therefore aims to obtain further insight into
the aerodynamic loss generation process due to purge air
injection using a single-stage rotating test rig of a typical aeroengine low pressure turbine. Detailed measurements downstream
of the rotor are made by use of a 5-hole probe for capturing
steady-state flow characteristics as well as a slant hot-wire probe
for unsteady flow behaviors. At the same time, time-resolved
numerical simulations are conducted using a commercial
software (ANSYS CFX). In this study, a scaling technique is
applied to the stator vanes in order to reduce the computational
cost for the unsteady simulation.

ABSTRACT
This paper presents experimental and numerical studies on
aerodynamic performance of a single stage low pressure axial
turbine with purge air injection. Since secondary flow loss in low
pressure turbine significantly contributes to its overall loss and
purge air injection is highly likely to cause any additional loss,
detailed measurements are conducted using 5-hole probe and
slant-type hot wire probe downstream of the rotor blades to
clarify how the purge air from the rim-seal cavity behaves in the
turbine and to what extent it affects its aerodynamic performance.
Those measurement results are compared with numerical
simulation data.

1. INTRODUCTION
In turbofan engines with high-bypass ratio, the majority of its
thrust is generated by the fan, which is driven by its low pressure
turbine blades located in the aft part of the engine. Due to rising
fuel cost and environmental concern, further reduction in fuel
burn is strongly demanded in the development of new engines,
which results in constant quest for higher efficiency of low
pressure turbine.
The flow field in turbine is highly complicated with nonuniformity and unsteadiness due to rotor-stator aerodynamic
interactions, leakage flows from tip clearance, and roll-up of the
boundary layer around the blade root sections. While these
phenomena all contribute to the decrease in efficiency, as one of
the present authors mentioned in his review papers [1], the loss
due to secondary flows is one of the dominant factors among the
above-mentioned ones.
As the low pressure turbine is located downstream of the
combustion chamber, various cooling and seal technologies are
employed in order to protect the components such as disks from
the hot air out of the combustion chamber. At the turbine rotorstator interface, to keep the high temperature and high pressure
air from entering the cavity, some amount of air is extracted from
the compressor, routed to the turbine section and injected into the
main flow path as purge air. It can be easily imagined that the
presence of purge air complicates the loss generation process in
the low pressure turbine stages to a great extent.
There have been several studies on the interaction of purge
air and secondary flows in the past. The group led by Abhari et

2. EXPERIMENTAL AND NUMERIAL
METHODS

2.1 Experimental Methods
2.1.1 Experimental Setup
Figure 1 shows an overview of the rotating test rig used in
the present study. The turbine stage consisted of 84 stator blades
in the upstream and 94 rotor blades in the downstream. The
stators and rotors both had a blade height of 74.8mm. Ambient
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air was sucked through the bell-mouth into the test rig by two
blowers located downstream of the test rig. The flow rate was
measured by two orifice plates located at the exits of the blowers.
Figure 2 shows the purge air supply system installed in the test
rig. The blower for driving the purge air was separately installed
in addition to the main flow blowers, and its flow rate was
measured by a laminar flowmeter. Aft of the test rig, an eddycurrent dynamometer was installed which is directly connected
to the test rig shaft for the measurement of the torque. It also
worked as a rotational speed controller.

2% uncertainties, respectively. The velocity measurement by use
of the slant hot-wire probe was estimated to have 0.6%
uncertainty.
The experimental conditions were chosen based on the
corrected mass flowrate and rotational speed given by Eqs. (1)
and (2), where Reynolds number based on rotor axial chord and
an averaged outlet velocity was about 81,000. The ratio of purge
air flow rate to the outlet flow rate was given by Eq. (3). The
experiment was conducted at IR=0.0% and 1.0%.

𝑀𝑐𝑜𝑟𝑟 = 𝑚𝑖𝑛 ×

𝑁𝑐𝑜𝑟𝑟 =

𝐼𝑅 =

√𝑇𝑡,𝑖𝑛
𝑃𝑡,𝑖𝑛

𝑁
√𝑇𝑡,𝑖𝑛

𝑚𝑝𝑢𝑟𝑔𝑒
× 100
𝑚𝑜𝑢𝑡

𝑚𝑖𝑛
(= 𝑚𝑜𝑢𝑡 − 𝑚𝑝𝑢𝑟𝑔𝑒 )
𝑚𝑜𝑢𝑡

Figure 1

(2)

(3)
Inlet flow rate [kg/s]
Outlet flow rate [kg/s]

𝑚𝑝𝑢𝑟𝑔𝑒

Purge air flow rate [kg/s]

𝑃𝑡,𝑖𝑛

Inlet total pressure [kPa]

𝑇𝑡,𝑖𝑛

Inlet total temperature [K]

𝑁

Rotating test rig test facility

(1)

Rotational speed [rpm]

2.3 Numerical Method

Figure 2

The computational domain is shown in Fig. 3 with the
indication of types of boundary conditions used. In order to
reduce the computational cost for unsteady numerical
simulations, the stator blade count was increased from 84 up to
94 for single passage analyses of the rotor-stator interaction,
where a scaling technique was applied to the stator blade so that
the solidity and the throat area of the stator passage remained the
same as the original values. Note that the rotor shroud and the tip
clearance were omitted in the simulations for clarity. The domain
consisted of three major subdomains, i.e., stator, rotor and
connecting subdomains. Note that the last two subdomains were
in the rotating frame of reference, while the stator subdomain was
in the stationary frame of reference. The type of the interface
modeling between stator and connecting subdomains was
“transient” [13]. Figure 3 also depicts a rim seal configuration of
the computational model. For the sake of simplicity, the detail of
the flow in the disk cavity was not dealt with in this study and
only the amount of purge air was specified on the “cavity inlet”
which belonged to the connecting subdomain. In the case of
IR=0.0%, the cavity inlet was treated as a solid wall with free slip
wall condition [13].
Figure 4 exhibits some views of the computational grid
system. Numeca AutoGrid 5 was used for the grid generation of
the stator and rotor subdomains, while Numeca IGG was
employed for the connecting subdomain. The total number of
grid points was approximately 11.5 million with 4.5 million for
the stator, 5.1 million for the rotor and 1.6 million for the
connecting subdomain. The cell height on the solid walls satisfies

Purge air supply system

2.1.2 Instruments
In the present study, a 5-hole pressure probe was used for
steady aerodynamic measurements and a slant hot-wire probe
was employed for unsteady flow measurement using a periodic
multi-sampling technique developed by Kuroumaru et al. [12].
The measurement plane was located 150% rotor blade axial
chord downstream of the rotor leading edge. The measurement
range traversed by the probe were from -2.4 to 2.4 degrees in the
pitchwise, which covered a slightly larger pitchwise area than
that of one stator pitch, and from 4% to 100% span height in the
spanwise directions. The measurement was done at 30 points in
the radial direction and 17 points in the circumferential direction.
As for the measurement uncertainty, the total pressure and
velocity measured by the 5-hole probe contained about 0.6% and
945

y+ < 1 except for the connecting subdomain. ANSYS CFX 14.0
was used as a flow solver. Table 1 summarizes the numerical
schemes and the boundary conditions.

Figure 3

Figure 4

3. RESULTS AND DISCUSSION

3.1 Turbine Stage Efficiency
Figure 5 shows turbine stage efficiencies obtained by the
measurement and CFD for two IR conditions, where the turbine
stage total-to-total efficiency was calculated using Eq. (4) in
accordance with the preceding study [6]. In Fig.5 the
experimental and numerical stage efficiencies were normalized
by their stage efficiencies for IR=0.0%, respectively. The
uncertainty in the efficiency was about 1%.
It is clear that both the experimental and numerical stage
efficiencies decreased with the purge air injection, although the
reduction rates of the efficiency was different. Similar findings
were already reported in the previous papers. For example, Jenny
et al. [6] found that the normalized stage efficiency decreased by
about 1.1% due to the purge air injection of IR=1.2% in the
experiment, while the numerical simulation exhibited rather a
rapid reduction in the stage efficiency in comparison with the
experiment. On the other hand, in the present measurement the
normalized stage efficiency decreased by 1.9% due to IR=1.0%
purge air injection, whereas the predicted stage analysis
exhibited less sensitivity to the purge air injection. Despite a
number of differences between the above-mentioned and present
studies in terms of test rig configuration, rim seal geometry,
aerodynamic design of blade and so on, it can be stated the
injection of some amount of purge air surely causes additional
loss in the turbine hub region. As possible reasons for the
difference between the experiment and CFD observed in this
study, the blade count adjustment or the associated scaling effects
of the stator airfoil can be mentioned. A simplified cavity
geometry in the numerical simulation might have some
contribution to the difference. In addition, boundary conditions
especially for the purge air seems to have an influence to the
results, which should be closely checked in the next study.

Computational domain

Computational grid

η𝑡−𝑡
𝑀∙𝜔
𝑚𝑜𝑢𝑡 ∙ 𝐶𝑝 ∙ 𝑇𝑡,𝑖𝑛

=
1 − (1 −
𝑀
𝑚𝑜𝑢𝑡
𝑇𝑡,𝑖𝑛
𝑃𝑡,𝑜𝑢𝑡
𝑃𝑡,𝑐𝑎𝑣

Table 1

Calculation and boundary conditions
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𝛾−1
𝑃𝑡,𝑜𝑢𝑡 𝛾

𝐼𝑅
)∙(
)
100
𝑃𝑡,𝑖𝑛

−

(4)

𝐼𝑅
∙
100

𝛾−1
𝑃
( 𝑡,𝑜𝑢𝑡 ) 𝛾
𝑃𝑡,𝑐𝑎𝑣

Torque [N*m]

𝜔

Angular velocity [rad/s]

Outlet flow rate

𝐶𝑝

Specific heat at const.

[kg/s]

pressure [J/kg*K]
𝑃𝑡,𝑖𝑛 Inlet total pressure [Pa]

Inlet total
temperature [K]
Outlet total pressure

𝐼𝑅

Injection ratio [%]

γ

Ratio of specific heats [-]

[Pa]
Cavity total
pressure [Pa]

Figure 5

Figure 6

Turbine stage efficiency at rotor exit

Time-averaged and circumferentially massweighed exit yaw angle

3.2 Flow Direction Distribution
Figure 6 shows the spanwise distribution of mass-averaged
exit yaw angle on the rotor exit plane, where the experimental
yaw angle was obtained using the slant hot-wire probe along with
the periodic multi-sampling technique [12]. Also the timeaveraged values of the unsteady numerical simulation are shown
in this figure. The yaw angle is taken to be negative if the flow
goes from left to right as seen from downstream, in other words,
opposite direction to the rotor rotation.
The yaw angle exhibited a large variation in the region from
the hub up to 30% span in the case of IR=0.0%, which was due
to be the effect of the secondary vortex in this region. The flow
underturning peaked at about 12% span and overturns near the
hub. The numerical simulation for IR=0.0% almost agreed with
the experiments over the whole span except near the tip. The
difference observed near the tip was probably due to the improper
modeling of the tip geometry in this study.
In the case of IR=1.0%, the underturning and overturning
shifted upward and the local peak values of the yaw angle also
increased. As will be discussed later, this was because the
secondary vortical structure near the hub was displaced upwards,
enlarged and intensified by the purge air injection. The numerical
simulation for IR=1.0% also captured the induced yaw-angle
change near the hub qualitatively, while some discrepancies were
identified between the experiment and the calculation near the
hub, for example, the predicted underturning region appeared at
a lower position than the experiment.
In the following, several experimental and numerical
evidences will be shown in order to examine what caused the
change in the flow field as discussed in Figs. 5 and 6.

3.3 Calculated Flow Field Upstream of Rotor
Before investigating the addition loss generation induced by
the purge air injection, some discussions will be made in this
section on the flow field upstream of the rotor with and without
the purge air. In this case, entropy and axial vorticity were used
in order to visualize the flow field, where the entropy was
computed by Eq. (5) and the axial vorticity was calculated by Eq.
(6), respectively. Note that the axial vorticity ω
̅ 𝑥 in Eq. (6) was
normalized by rotor axial chord and mass-averaged axial velocity.

𝑠 = 𝐶𝑝 ln
𝑇𝑡
𝑇𝑡,𝑖𝑛
𝑃𝑡
𝑃𝑡,𝑖𝑛

𝑇𝑡
𝑃𝑡
− 𝑅 ln
𝑇𝑡,𝑖𝑛
𝑃𝑡,𝑖𝑛

Total temperature [K]
Inlet total temperature [K]
Total pressure [Pa]
Inlet total pressure [Pa]

𝐶𝑝

Specific heat at constant pressure

𝑅

Gas constant [J/(K*kg)]
𝜕𝑟𝑉𝑐 𝜕𝑉𝑟 𝐶
ω
̅𝑥 = (
−
)
𝑟𝜕𝑟 𝑟𝜕𝜃 𝑉̅𝑥
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(5)

𝐶
𝑉̅𝑥

Rotor axial chord [m]

𝑉𝑐

Circumferential velocity [m/s]

𝑉𝑟

Radial velocity [m/s]

Mass-averaged axial velocity [m/s]

(6)

Figure 7 shows contours of entropy (top) and nondimensional axial vorticity (bottom) for IR=0.0% in the rotating
frame of reference computed from the numerical simulation at
10%Cx upstream of the rotor, showing how the flow from the
stator interacted with the flow around the rotor over a rotor-blade
passing period Trt, where t represents time. Note that the dash
lines in the contours indicate the positions of the rotor leading
edge.
At each instance of time, regions with higher entropy due to
the stator wake and the secondary vorticies such as passage
vortex, designated Vps in the contour of axial vorticity, appeared
in this figure, moving from the left to the right in this frame of
reference. Interestingly, the stator wakes and the passage vortex
tended to deform as they passed by the inlet flow field of the rotor,
changing their thicknesses or positions. In addition, a region of
relatively high entropy, designated Vsh, existed near the hub. It
is clear from the axil vorticity contour that this region almost
corresponded to a region with positive axial vorticity.
Accordingly, it can be mentioned that this region originated from
the shear layer between the main flow and the cavity flow, which
was influenced by complicated interaction with the stator exit
flow field.

Figure 8 displays contours of the entropy and axial vorticity
for IR=1.0%. It is clear that the high-entropy regions observed in
Fig. 7 were considerably intensified, which is designated Vpurge
in Fig. 8. The intensified high-entropy regions corresponded to
the regions with positive axial vorticity, which was formed by the
interaction of the main flow with the purge air and cavity flow,
as shown in Fig. 9. Figure 9 shows streamlines colored according
to the local value of circumferential velocity component. It was
found that the main flow and purge-air streamlines, which had
almost opposite circumferential velocity components with each
other, were twisted together into vortical structures with their
axes along with the axial direction. The high entropy regions or
vorticies were deformed in a complex manner as the stator blades
moved relatively in the clockwise direction, being stretched,
rolled up and separated. It can be easily imagined that the abovementions fluctuation of the rotor inlet flow field as well as
intensified vertical structures affected the flow near the hub to a
great extent, leading to the additional loss generation observed in
Fig. 5 or enhanced variation of the exit yaw angle in Fig. 6.

Figure 7 Contours of entropy (top) and axial vorticity
(bottom) at Cx10% upstream of the rotor for IR=0.0%

Figure 8 Contours of entropy (top) and axial vorticity
(bottom) at Cx10% upstream of the rotor for IR=1.0%

948

whole measured area because the data on the boundary of the
area were used for calculating the vorticity. The vorticity was
defined to be positive when it represented counterclockwise
rotation as seen from downstream. Each of the contour plots
displays the region below 40% span for the experiment and 30%
for CFD so that one can easily understand the structure of the
flow near the hub.
Several distinct vortical structures or vorticies are seen in
these contours, which are denoted by open circles with solid line
(positive rotation) and ones with broken line (negative rotation)
in this figure. From the fact that these vorticies, designated Vpr
and Vw, were moving from the right to the left as time elapses, it
can be stated that they stemmed from the rotor blades and the
positive vortex was a passage vortex (Vpr) and the negative one
was probably a wall vortex induced by the passage vortex (Vw)
[14]. On the other hand, one may notice that there appeared some
negative vorticies that exhibited almost no movement. Since they
were considered to originate from the passage vortex from the
stator, they are denoted by Vps. It is also evident that all vorticies
fluctuated due to the rotor-stator interaction in a complicated
manner, changing their position, shape and intensity. At
t/Trt=0.26, these vortices are in the region where Pitch=0.0~0.5
and they gradually shifted in the direction of rotor rotation. At
t/Trt=0.51, the vortex Vps became undetectable probably due to
the effect of rotor movement. As described in section 3.3, the
time-wise variation of the flow field downstream of the rotor can
be attributed to the fluctuating rotor inlet flow field influenced by
rotor-stator interaction as well as main flow-cavity flow
interaction.
Figure 12 show contours of the calculated non-dimensional
vorticity at the rotor row exit plane for IR=0.0%. Note that the
plot area in CFD was slightly different from that of the
measurement. By comparing the experimental and numerical
results in Figs. 11 and 12, one may identify several differences in
vertical structure between them. First, strengths of positive (Vpr)
and negative (Vw) vorticies were quite different from the
experiment. These vorticies also changed their shapes and
positions drastically as the rotor moved. Besides, the simulation
seems to be able to capture the passage vortex from the stator
(Vps), while it appeared closer to the hub than the experiment.
This difference can be attributed to the stator scaling effect to
some extent. Despite that time-averaged flow characteristics
were reasonably predicted by the simulation as shown in Fig.6,
much efforts should be paid to make many improvements to the
simulation because the unsteady characteristics of the flow field
were quite hard to predict accurately.
When IR=1.0%, as seen clearly in Fig. 13, the rotor passage
vortex (Vpr), wall vortex(Vw) and stator passage vortex (Vps)
shifted upwards compared to the case of IR=0.0% throughout the
rotor-blade passing period. Furthermore, these vorticies
increased in size and intensity. All these findings support the
previously discussed change in exit yaw angle in Fig. 6. It is
found from Fig. 14 that the numerical simulation reproduced
similar features of the flow filed induced by the purge air
injection, however, as mentioned in the above, the size of
intensity of the vortices, especially Vpr, were considerably
enhanced, which was a reason for the appearance of intense
underturning near the hub. In addition, the predicted position of
Vps was lower than the experiment, which is considered to cause

Figure 9 Streamlines of main flow and purge air along
with contours of axial vorticity at Cx -10% for IR=1.0%
Figure 10 shows the axial variation of mass-averaged entropy
computed from time-averaged unsteady numerical simulation
over the region from 0% to 20% span. A comparison between the
results of IR=0.0% and IR=1.0% shows that the purge air
injection resulted in an entropy increase, starting from x/Cx=40% and the entropy increase reached approximately 0.2
[J/(K·kg)] at the leading edge of the rotor. Thereafter the entropy
difference remained almost constant, which means most of the
entropy rise produced by the purge air injection was completed
before the rotor leading edge.

Fig.10 Time averaged and mass weighed Entropy at
Span=0.0%~0.2%

3.4 Flow Field Downstream of the Rotor
Figure 11 shows a series of contour plots of the axial
component of the non-dimensional vorticity ω
̅ 𝑥 for IR=0.0% at
the rotor exit plane (250% axial chord length downstream of the
rotor leading edge) obtained from the slant hot-wire
measurement over the rotor-blade passing period Trt. It should
be mentioned that the experimental contour plots do not fill the
949

the difference in yaw angle between the experiment and CFD
occurring around from 20% to 30% span area.

Figure 11

Experimental non-dimensional axial vorticity
at rotor exit for IR=0.0%

Figure 13

Experimental non-dimensional axial vorticity
at rotor exit for IR=1.0%

Figure 12

Calculated non-dimensional axial vorticity at
rotor exit for IR=0.0%

Figure 14

Calculated non-dimensional axial vorticity at
rotor exit for IR=1.0%
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[11] Chilla, M., et al., 2011, “Unsteady Interaction Between

4. Concluding Remarks

Annulus and Turbine Rim Seal Flows,” ASME Turbo Expo,
GT2012-69089
[12] Kuroumaru, M., et al., 1982, “Measurement of Three
Dimensional Flow Field behind on Impeller by Means of
Periodic Multi-sampling with a Slanted Hot Wire,”
Bulltein of JSME, 25-209, pp. 1674-1681
[13] ANSYS CFX (Release 14.0) Solver Theory Guide, 2011
[14] Wang, H.P., et al., “Flow Visualization in a Linear Turbine
Cascade of High Performance Turbine Blades,” ASME
Journal of Turbomachinery, 119-1, pp.1-8

A study on aerodynamic loss generation mechanism due to
purge air injection was presented, using a single-stage rotating
test rig as well as numerical simulations. The findings are
summarized as follows.
1.
Turbine efficiency decreased due to the purge air injection.
2.
Underturning and overturning regions shifted upward to
the midspan, and the peak values of the both regions
increased.
3.
Rotor passage vortex and wall vortex both increased in
size and intensity. The vortex position also shifted upward.
4.
Interaction of the purge air flow and the stator main flow,
having different circumferential velocity components,
merged into vortical structures upstream of the rotor
blades, which could be the primary cause of the additional
aerodynamic loss due to the purge air injection.
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