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Secondary air bled from the compressor which bypasses the combustion chamber is used to seal the 
turbine components from incoming hot gas. Interaction of this secondary air (also known as purge flow) 
with the mainstream flow can alter the flow characteristics of turbine blade passage. This paper presents 
numerical investigation of interaction between ejected purge flow and mainstream flow in the presence 
of upstream disturbances/wakes. Steady as well as unsteady simulations are carried out using Reynolds 
Averaged Navier Stokes equations and SST turbulence model. The numerical results are validated with 
experimental measurements obtained at the blade exit region using an L shaped 5 hole probe and 
Scanivalve. Upstream wakes are generated by a circular cylinder, kept upstream of blade leading edge 
at different pitch-wise positions. For transient analysis cylinders are kept at stagnation line (STW) and 
middle of the blade passage (MW). The analysis reveals the interaction effects of two more additional 
vortices, viz. the cylinder vortex (Vc) and the purge vortex (Vp). Steady state analysis shows an increase 
in the underturning at blade exit due to the squeezing of the pressure side leg (PSL) of horse shoe 
vortex towards the pressure surface by the cylinder vortices (Vp). The unsteady analysis reveals the 
formation of filament shaped wake structures which breaks into smaller vortical structures at the blade 
leading edge for STW configuration. These filaments lead to the formation of additional pressure surface 
vortices. On the contrary, in MW configuration, the obstruction created by the purge flow causes the 
upper portion of cylinder vortices bend forward, creating a shearing action along the spanwise direction. 
In MW configuration, the horse shoe vortices generated from the upstream cylinder are broken by the 
purge vortex whereas in the STW configuration it slides over the purge vortex and move towards the 
suction surface under the influence of the pitchwise pressure gradient.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

One of the primary objective of the modern gas turbine en-
gine designers is to reduce secondary losses which are responsible 
for the total pressure losses especially within the high pressure, 
low aspect ratio turbine blade passages. Novel passive techniques 
such as leading edge fillet [1–3], endwall fence [4], dynamic hump 
[5], endwall contouring [6,7] and recent bio-inspired biomimetic 
trailing edge [8] has been reported for secondary loss reduction 
in recent years. The passive techniques gain more attraction than 
active technique because of the absence of additional energy ex-
penditure.

In gas turbines there exists an unavoidable gap between the 
rotor and stator disk, usually known as seal gap or wheel space, 
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through which the hot ingress will take place. To minimize the 
ingress a sealant flow bled from the compressor is fed through 
the seal gap which purges and reduces hot ingress and provides 
cooling. Numerous works related to upstream slot cavity flow and 
discrete hole film cooling are available in recent years. Friedrichs 
et al. [9,10] used ammonia and diazo coating technique to deter-
mine the endwall film cooling effectiveness (FCE). To provide more 
endwall protection new film hole arrangements were proposed and 
the film hole locations were rearranged by keeping coolant flow 
rate constant [11]. Barigozzi et al. [12] observed that fan shaped 
film holes on flat endwall provided better endwall cooling than 
cylindrical holes at low coolant ejection rates. Many other design 
variations had been reported to improve the FCE without gener-
ating much thermodynamic penalties. The use of fins in the purge 
slot, contoured endwall with trenched holes, pressure side cut back 
trailing edge, optimizing the purge slot width, purge hole diameter 
and purge ejection angle are few of such parameters [13–19].
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Nomenclature

B Blade pitch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (mm)
Cax Axial chord length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (mm)
Cb Blade loading coefficient
C p Static pressure coefficient
C po Local total pressure loss coefficient
C po Pitch averaged total pressure loss coefficient

C po Mass averaged total pressure loss coefficient
H Total span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (mm)
HSV Horse-shoe vortex
LE Leading edge
mc mass flow rate at coolant inlet . . . . . . . . . . . . . . . . . . (kg/s)
m∞ mass flow rate at mainstream inlet . . . . . . . . . . . . . (kg/s)
M Velocity ratio
PS Pressure surface
PScv Pressure side corner vortex
PSL Pressure side leg of HSV
PSv Pressure surface vortex

PV Passage vortex
P s Static pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Pa)
Pt Total pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Pa)
Pt,c Total pressure at coolant inlet . . . . . . . . . . . . . . . . . . . . . (Pa)
Pt,∞ Total pressure at mainstream inlet . . . . . . . . . . . . . . . . (Pa)
Re Reynolds number
SS Suction surface
SSL Suction side leg of HSV
TE Trailing edge
TKE Turbulent kinetic energy
Uc Coolant average inlet velocity . . . . . . . . . . . . . . . . . . . . (m/s)
U∞ Mainstream average inlet velocity . . . . . . . . . . . . . . . (m/s)
Vc Cylinder vortex
Vp Purge vortex
μ Dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Pa S)
ρc Coolant density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (kg/m3)
ρ∞ Mainstream air density . . . . . . . . . . . . . . . . . . . . . . . . (kg/m3)
τ Non-dimensionalized time
Flow field measurements obtained by Burd et al. [20] on en-
gine representative nozzle guide vane with contoured and flat end-
wall suggested streamwise momentum of the ejected coolant had 
thinned the inlet boundary layer and reduced the passage cross 
flow. Oke et al. [21] showed rather than double slot injection, sin-
gle slot injection provides more uniform coolant distribution at 
the blade leading edge while inside the passage both cases were 
similar. Kost and Nicklas [22] described the outcomes of strong 
coolant-mainstream interaction inside the blade passage and stated 
that detrimental effects of coolant ejection increases flow turbu-
lence which was later confirmed by Liu and Yang [23]. Nicklas [24]
identified an increase in Mach number at downstream trailing edge 
region where cooling becomes extremely difficult and suggested 
additional trailing edge cooling methods to provide better platform 
protection. Angular orientation of film holes towards pressure sur-
face significantly reduces cross flow and provides better protection 
along pressure side-endwall corner [25].

An important parameter in the purge flow cooling is the blow-
ing ratio. It is also defined as coolant to mainstream mass flux 
ratio. Liu et al. [26] proposed that inline arranged double row stag-
gered film holes can provide more uniform cooling to the blade 
platform at higher blowing ratios. Oil dot visualization and mass 
transfer analysis conducted by Papa et al. [27] revealed that at 
lower blowing ratios coolant entrained into the passage vortex, 
climbs up the blade suction surface, hardly cooling the blade end-
wall and pressure side. Cascade analysis carried out by Chen [28]
and Chowdhury et al. [29] explored the effects of inlet purge swirl, 
blowing ratio, density ratio and coolant to mainstream mass flow 
ratio (MFR) values over endwall cooling. Introduction of upstream 
swirl purge flow and slash-face leakage flow along with different 
film hole configurations gives more desirable platform coolant dis-
tribution and development of secondary vortices inside the blade 
passage. Cui and Tucker [30] numerically investigated the effects of 
upstream disturbances and secondary flows over the downstream 
blade passage in the presence of purge flow and the authors iden-
tified additional loss generation regions at the interface of suction 
surface and endwall.

The purge flow cooling becomes more challenging with the 
presence of an upstream disturbance/wake. Few researchers have 
studied this effect by simulating the wakes by stationary or rotat-
ing cylinders [31–35]. Yefi et al. [36] simulated non-uniform inlet 
temperature profile and swirl distribution in between the combus-
tor and high pressure vanes and stated that non-uniformity in the 
heat load influences axial temperature distribution between the 
successive blades while swirl orientation dominates radial tem-
perature distribution. Kai Zhon et al. [37] found that, periodic 
interaction of unsteady upstream passage vortex has reduced the 
minimum axial length of tip leakage vortex breakdown by 15% 
which improved the overall aerodynamic performance. Zerobin 
et al. [38] analyzed the generation of unsteady pressure patterns 
by the stator-rotor interaction on a one and half stage experimen-
tal test facility consisting of HPT, turbine center frame (TCF) and 
LPT vane. In another comprehensive study he analyzed the effects 
of individual tip and hub purge flow on TCF aerodynamics and 
concluded that, total pressure loss of TCF can be effectively low-
ered by proper reduction of purge flow rate [39,40]. Influence of 
different wake profiles on boundary layer transition and suction 
side separation are numerically explained by Hammer et al. [41]. 
He observed that, weaker wakes lead to the generation of large and 
long lasting separation bubbles and increased profile losses. Choi et 
investigated the effects of wake on flow and thermal endwall char-
acteristics at different Strouhal numbers. The disturbed secondary 
vortices induced by the wake made the heat transfer distribution 
over the endwall more uniform compared to non-wake case [42]. 
A good improvement in the net heat flux reduction rate was ob-
served with aero and heat transfer optimized endwall and mate 
face gap leakage flow [43–45].

Most of the literatures on purge flows have focused on blade 
endwall thermal protection and overall flow modification specif-
ically at blade exit regions. Some features such as evolution of 
vane trailing edge wakes (upstream disturbance) and its interaction 
with purge and mainstream flow are neglected and needs more 
attention. The dependency of wake structure or its geometrical ap-
pearance on time as well as space needs to be quantified. The 
objective of this paper is to understand the formation of additional 
secondary vortices generated by the interaction of upstream wakes 
and purge flow within the turbine blade passage. The formation 
and transient propagation of the vortical structures are analyzed. 
The upstream disturbances are generated by a stationary cylindri-
cal rod which is kept at 35% axial chord (Cax) distance upstream 
of the blade leading edge. Such an analysis is helpful in under-
standing their influence on the flow characteristics such as, suction 
side flow separation, pressure surface vortex formation, blade exit 
yaw angle and blade exit total pressure loss coefficient. To improve 
the quality of numerical analysis, simulations are carried out us-
ing Unsteady Reynolds Averaged Navier Stokes (URANS) equation 
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Fig. 1. a) Wind tunnel with linear cascade test section b) 5 hole probe installed at cascade exit c) Boundary layer rake installed at cascade inlet d) Total pressure profile at 
inlet.
by varying the relative position of the upstream cylinder in pitch-
wise direction.

2. Methodology

Primarily, numerical investigations are carried out to achieve 
the above stated objectives. Few experiments have also been car-
ried out to validate the numerical results. This section details the 
methodologies adopted for both experimental as well as numerical 
studies.

The linear turbine cascade chosen for the present analysis is a 
high pressure low aspect ratio turbine blade available at the Tur-
bomachinery Laboratory of National Institute of Technology, Kar-
nataka. Turbine blade parameters and specifications are described 
in Table 1 and the test facility is shown in Fig. 1a. The experi-
mental facility consists of a five hole pressure probe (tip diameter 
of 2.05 mm) (Fig. 1b) with a traverse mechanism at the down-
stream of the blades. The pre-calibrated probe has been moved in 
the span-wise and pitch-wise directions in steps of 1 mm near to 
endwall and 5 mm away from endwall. The stem of the pressure 
probe has been kept along the spanwise direction and probe tip 
was aligned with the blade exit design angle. The traverse mech-
anism can cover 1.8 times cascade pitch over a full span range. 
All pressures were measured using 16-port Scanivalve system and 
signals were sampled for 0.1 sec at a frequency of 2000 Hz. The 
obtained readings are used to derive the flow parameters includ-
ing flow angle and the total pressure. At the upstream side of the 
blades, a boundary layer rake (Fig. 1c) is used to measure the in-
coming total pressure profile and the resulting profile is shown 
Table 1
TURBINE BLADE PARAMETERS.

Inlet flow angle 450(from axial direction)
Blade exit angle -66.30(from axial direction)
Total blade turning angle 118.30

Blade axial chord length 100 mm
Blade pitch 112 mm
Blade span 120 mm
Re 2 X 105

Zweifel loading coefficient 1.18

in Fig. 1d. A series of holes of diameter 0.7 mm, have been drilled 
perpendicular to the blade surface at the midspan location to mea-
sure the static pressure. The measurement using five hole probe 
and surface pressure holes have an uncertainty of +/-1% and the 
measured yaw angle has an uncertainty of +/-0.50.

For numerical analysis a single blade passage with periodic 
boundary conditions at side walls are selected. The domain inlet 
is kept at 1.5 times the axial chord distance upstream of the blade 
leading edge and the outlet plane at two times the axial chord 
distance downstream from the trailing edge. The purge slot has a 
width of 7 mm, length of 50 mm and inclination angle 450, is lo-
cated at 11% Cax upstream of the blade leading edge [13]. Purge 
flow is ejecting at a velocity ratio (M) of 0.6, where velocity ra-
tio is defined as the ratio of coolant inlet average velocity to the 
mainstream inlet average velocity. Cylinders of diameter 6 mm, 
which represent the blade trailing edge [42,46], are kept at 35% 
Cax upstream of blade leading edge (LE) at four different locations 
obtained by dividing the blade passage into quarters [46]. Posi-
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Fig. 2. Computational domain with cylindrical rods at different locations.

Fig. 3. Structured mesh and Y+ distribution over the blade and hub endwall.
tion of the cylinders with respect to stagnation line of mainstream 
flow are shown in Fig. 2 and these configurations are named as 
Suction side wake (SSW), Mid passage wake (MW), Pressure side 
wake (PSW) and Stagnation wake (STW).

Both Steady and Unsteady Reynolds Averaged Navier Stokes 
equations are solved by using ANSYS-CFX. ANSYS CFX uses a cou-
pled solver, which solves the Navier Stokes equations (for velocity 
and pressure) as an implicitly coupled single system. The turbu-
lence is modeled with two-equation shear stress transport (SST) 
model. The capability of SST turbulence model for simulations re-
lated to turbine cascade, has already been established in several 
literatures [42,47–50].

Commercial mesh generation program ICEM-CFD is used to 
create fully structured grid for the entire computational domain 
(Fig. 3a). At boundary layer regions, mesh refinement is achieved 
by providing O-type grid around blade & upstream cylinder sur-
faces and hexahedral mesh for rest of the domain. Maximum y+ 
value obtained for the fully structured mesh is 2.8 (Fig. 3b). Air 
as ideal gas which represents compressible viscous flow, is used 
as the working fluid. At the inlet, total pressure profile obtained 
from the experiment and 5% turbulence intensity obtained with 
the help of DANTEC 1D wire probe hot wire anemometer are spec-
ified while at the outlet mass flow rate is mentioned. Inlet velocity 
of 10.73 m/s is specified at purge inlet. Accordingly the mass aver-
aged total pressure and volume flow rate calculated at purge inlet 
are 391.85 Pa and 0.008416 m3/s respectively. At one pitch dis-
tance translational periodic boundary condition is used. The main-
stream flow is blown at room temperature whereas the secondary 
air enters at higher temperature (550C), resulting in a density ratio 
of about 0.92 [13,17,51].

For transient analysis, advection terms of momentum equa-
tions are evaluated using second-order accurate and bounded high-
resolution scheme whereas for diffusion terms, shape functions are 
used to evaluate spatial derivatives. High resolution scheme uses 
a second order scheme as far as possible and blends to a first 
order scheme to maintain boundedness. It contains far less nu-
merical diffusion. Also time discretization is achieved by Second 
Order Backward Euler scheme. Since the cylinder is kept station-
ary, time required for fluid to travel the full blade passage from 
leading edge to trailing edge is chosen as one period (one cycle). 
This time period is resolved with 55 time steps (τ ) and each time 
step (τ ) duration is 0.0001 seconds [52]. The simulations are car-
ried out for several cycles (16 time periods) and the results are 
taken from the last cycle. A series of inner loop iterations were 
carried out after each time step until convergence is achieved in 
order to correct the non-linearities for the output of that given 
time. During the simulations, variation of velocity at six locations 
(three before leading edge and three after trailing edge) are moni-
tored with respect to time to ensure the numerical stability.
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Fig. 4. Grid Independence study.

3. Verification and validation

Grid sensitive study has been carried out for all the configu-
rations to identify the optimum number of grid elements. Fig. 4
depicts the grid sensitivity analysis for base case (without purge 
and without upstream wake). Different mesh sizes selected for 
baseline case are 2.95 million, 3.16 million, 3.37 million, 3.58 mil-
lion, 3.79 million and 3.95 million. No significant difference has 
been observed in the results with 3.58 million, 3.79 million and 
3.95 million. Based on the results obtained, 3.58 million mesh ele-
ments are chosen for the base case domain. At 3.58 million mesh 
elements, variation in the mass averaged total pressure loss coef-
ficient is 0.36% in comparison with the finest mesh (3.95 million). 
Similarly optimum mesh size selected for purge and purge with 
cylinder cases are 3.74 million and 4.13 million respectively. The 
number of mesh elements versus mass averaged total pressure loss 
coefficient at 135% Cax is shown in Fig. 4.

The validation of numerical results has been carried out for 
the base case (BC) and base case with cylinder in stagnation line 
(BC-STW). The parameters considered for the validation are static 
pressure coefficient (C p) distribution around the blade surface at 
different inlet velocities (14.42 m/s, 19.23 m/s, 24.04 m/s), pitch 
averaged exit yaw angle deviation at 127% Cax (for BC & BC-STW) 
and local total pressure loss coefficient (C po) distribution at 127% 
Cax (for BC & BC-STW). The Static pressure coefficient (C p ) is ob-
tained from the static pressure ports provided at blade midspan 
and pitch averaged yaw angle deviation and total pressure loss co-
efficient are obtained from measurements through the five hole 
probe at cascade exit. The static pressure and total pressure loss 
values are normalized with respect to inlet dynamic pressure to 
obtain the C p (Eq. (1)) and C po (Eq. (2)) respectively. Fig. 5a shows 
that static pressure coefficient predicted through numerical sim-
ulations are quantitatively and qualitatively matching well with 
the experimental results. Similarly the exit yaw angle deviation 
(Fig. 5b) and the total pressure loss coefficient (Fig. 6) are also 
compared with the experimental results.

C p = P s

0.5ρ∞U 2∞
(1)

C po =
m∞

m∞+mc
Pt,∞ + mc

m∞+mc
Pt,c − Pt

0.5ρ∞U 2∞
(2)

It is well understood that the total pressure loss coefficient val-
ues are the most crucial and difficult parameter to get a closer 
match with RANS simulations. Hence the local values of loss coeffi-
cient at 127% Cax is plotted in the form of a contour and compared 
with the experimental results. A better match is observed at major-
ity of the regions including near the endwall. At loss core regions, 
numerical simulation is found to be slightly over-predicting (max-
imum deviation of 14.2% is noticed). However, a RANS simulation 
predicts the mean flow behavior with reasonable accuracy [50,
53–55] and it is very useful in predicting the overall performance 
analysis of the turbine blade.

4. Results and discussion

The flow modifications caused by the interaction of upstream 
wake with the purge flow are analyzed in this section. These in-
teractions lead to the formation of additional vortices in the blade 
passage. These additional vortices are identified and their influ-
ence on the blade loading, exit yaw angle and turbulence kinetic 
energy are discussed in the initial part of this section. At the latter 
part, detailed unsteady analysis are carried out to understand the 
transient behavior of these vortices and their influence on the loss 
coefficients.

4.1. Effect of upstream wake on general flow behavior

In order to understand the flow modifications caused by the in-
teraction of upstream wake and purge flow, iso-surface Q-criterion 
superimposed with streamwise vorticity distribution inside the 
Fig. 5. Validation of numerical results using Static pressure coefficient distribution at blade midspan (BC) and pitch averaged exit yaw angle deviation at 127% Cax (BC and 
BC-STW).
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Fig. 6. Validation of numerical results using local total pressure loss coefficient at 127% Cax .
blade passage is analyzed (Fig. 7). Rotational direction of suction 
side leg (SSL) and pressure side leg (PSL) of horse shoe vortex can 
be identified as clockwise (positive sense of rotation) and counter 
clockwise (negative sense of rotation) respectively. Apart from the 
horse shoe vortex and passage vortex, four more additional vor-
tices can be identified. They are pressure surface vortex (PSv), 
pressure side corner vortex (PScv), purge vortex (Vp) and cylinder 
vortex (Vc). It is observed that for all the cases the purge vortex 
(Vp) is dragged towards the suction surface due to the transverse 
pressure gradient. In SSW configuration, Vc merges with SSL just 
downstream of leading edge and later both combines with the PSL 
at the aft part of suction surface (Fig. 7c). As the cylinder position 
shifts towards the pressure side the strength of Vc increases. When 
the cylinder is near the stagnation region of the blade (Fig. 7f), the 
cylinder vortex (Vc) pushes the PSL towards the pressure surface 
making the flow more attached to the pressure surface near to 
endwall. The formation of pressure surface vortex (PSv) may be at-
tributed to the increased span-wise pressure gradient caused by 
the purge flow. The span-wise pressure gradient causes the rolling 
up of low momentum fluid inside the pressure side bubble (PSB) to 
generate the PSv. In STW configuration, cylinder wakes (Vc) sup-
presses the pressure side bubble formation which results in the 
reduction of spanwise pressure gradient over the pressure surface 
and leads to the upward movement of PSv (Fig. 7f).

4.2. Effect on the blade loading

In order to understand the effect of upstream wake and purge 
flow on blade loading the static pressure coefficient (C p ) has been 
plotted at 4.1% and 50% span. The results have been presented 
along normalized axial chord (X/Cax) for all the configurations. At 
midspan strong acceleration on the suction side of the blade is re-
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Fig. 7. Leading edge vortex formations for different configurations using Q criterion.
sponsible for the rapidly decreasing value of Cp till X/Cax = 0.3 
(Fig. 8a). Further to this location, the static pressure coefficient re-
mains relatively constant until X/Cax=0.5. This trend is common 
for all the configurations except for STW. It can be seen the static 
pressure coefficient droops significantly down on blade suction 
surface (0.2 < X/Cax < 0.6) for STW configuration. The cylinder 
wakes in STW configuration, come in direct contact with the blade 
leading edge, splits into smaller filaments and move along the 
pressure and suction surfaces. This is evident from the unsteady 
analysis (Fig. 11). On the other hand, for other configurations, 
cylinder wake does not interact directly with the leading edge and 
hence no splitting up into smaller filaments. Instead, they move to-
wards the suctions surface, under the action of passage cross flow, 
and slows down the flow near the suction surface. The static pres-
sure coefficients for different cylinder positions near the endwall 
are shown in Fig. 8b. Static pressure reduction for purge cases re-
mains constant and uniform until X/Cax = 0.15 on suction surface. 
After that significant variation of Cp value can be observed for base 
case and purge cases up to blade mid passage. At X/Cax = 0.22, for 
base case, there is a contour level of C p = -1.5, as compared with 
the 45 degree purge case, showing just a small region having a 
minimum value of C p = -0.1. This is due to the strong recircu-
lation zones generated by the deceleration of endwall boundary 
layer by the purge flow. For all configurations with upstream cylin-
ders, varying C p values are explored in between 0.2 < X/Cax < 0.5
on the suction surface because of more disturbed secondary flows 
formed at the merging point of additional vortices (Vp and Vc) 
with the SSL. As cylinder shifts from suction to pressure side, the 
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Fig. 8. Static pressure coefficient (Cp) and span averaged blade loading coefficient (Cb) on the blade surface for different configurations.
static pressure distribution over suction surface has decreased and 
the merging point of Vp and Vc with SSL has shifted downstream. 
Blade loading coefficient (Cb) of all cases are quantitatively com-
pared in Fig. 8c. Cb is calculated as the difference between the 
static pressure coefficients (C p ) over blade pressure surface and 
suction surface. Compared to base case Cb has marginal increase 
by the introduction of purge flow as well as upstream wakes. Com-
paring the upstream wake cases, STW configuration is exhibiting 
the lowest Cb because of the slight but considerable reduction of 
C p (Fig. 8a) throughout the pressure surface due to the presence of 
cylinder vortices. In rest of the upstream wake configurations the 
cylinder vortices are carried towards the suction surface by the 
cross flow without disturbing the pressure surface.

The influence of upstream cylinder positions on blade exit yaw 
angle is explained in Fig. 9. The yaw angle deviation is calculated 
with respect to exit blade angle and is plotted as contours on a 
streamwise plane at 120% Cax . Passage vortex (PV) exhibits over-
turning near the endwall and underturning towards midspan. It 
is observed that at downstream of the trailing edge, the PV oc-
cupies a smaller area, roughly between 15% and 30% of span, for 
the base case (Fig. 9a). The introduction of purge flow enhances 
the passage vortex which grows in size both in the spanwise and 
pitchwise direction. The overturning near the endwall is enhanced 
by additional purge vortex (Vp) (Fig. 9b). STW configuration ex-
hibits maximum overturning and underturning at about 20% and 
40% span respectively. However PSW and STW configurations are 
capable of pushing secondary flow more close to the endwall. The 
passage vortex shifts 4% towards the endwall in STW and PSW 
configurations compared to MW configuration (Fig. 9e & 9f). The 
stretching of the passage vortex causes an increased underturn-
ing in the midpassage region for STW configuration. This is due to 
the increased interaction of the cylinder vortices with the pressure 
surface of the blade.

4.3. Analysis through limiting streamlines

The formation of additional flow structures by purge flow 
and upstream cylinders significantly influence the turbulent ki-
netic energy (TKE) distribution near to endwall. Fig. 10 shows the 
turbulent kinetic energy distribution superimposed with limiting 
streamlines for base case and purge flow with different upstream 
cylinder locations. Horse shoe vortex and additional upstream vor-
tices generated by purge flow (Vp) are the major causes for high 
turbulent kinetic energy at fore part of the blade passage. The 
low momentum purge flow acts as a blockage to the mainstream 
flow and difference in the velocity magnitudes between purge and 
mainstream, pushed the saddle point (S1) towards suction side 
from leading edge (Fig. 10b). Attachment point (A1) of passage 
cross flow on suction surface is pulled upstream by the addi-
tional roll-up vortices generated by purge flow (Fig. 10b). In SSW 
configuration, purge flow drags the endwall boundary layer par-
tially into the purge slot which stimulates the turbulent mixing 
near the pressure surface (shown in circle, near pressure surface -
Fig. 10c). At the same time fluid ejecting out of the purge slot near 
suction surface accelerates along the suction surface just down-
stream of blade leading edge (shown in circle, near suction surface 
– Fig. 10c). In MW configuration significant TKE reduction is ob-
served at the upstream of the blade passage (shown in circle) due 
to the interaction of high momentum mainstream with cylinder 
wakes (Fig. 10d). At the merging point of pressure side leg of horse 
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Fig. 9. Exit yaw angle deviation at 120% Cax for different rod configurations.
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Fig. 10. TKE distribution on endwall for various configurations.
shoe vortex with suction side leg, an enhancement of turbulent ki-
netic energy is observed. This enhancement is not very prominent 
in the PSW configuration due to the flow acceleration generated 
by the cylinder wakes (Fig. 10e). In STW configuration the cylinder 
wakes (Vc) along the pressure surface, dominates the migration 
of pressure side leg towards suction side, reduces the TKE distri-
bution along the pressure side-endwall junction which is evident 
from the limiting streamlines (Fig. 10f). This results in the overall 
reduction of turbulent kinetic energy distribution over endwall.

4.4. Unsteady analysis of vortex formations at different rod locations

The unsteady analysis gives clear and more accurate informa-
tion about the evolution and propagation of cylinder vortices and 
purge vortices and their interaction with the passage vortices. 
Fig. 11 & 12 shows the unsteady vortex evolution inside the flow 
passage for two different time instances (τ = 0.0 & 0.5). Q-criterion 
along with streamwise vorticity has been calculated and plotted for 
two different configurations viz. STW and MW.

For STW configurations (Fig. 11a) the upstream cylinder vor-
tices are near to the leading edge and hence the back pressure 
from the leading edge, splits these cylinder vortices (Vc) into dif-
ferent small filaments. These filaments exhibit distinct dynamic 
behaviors inside the blade passage. The filaments which approach 
the blade leading edge, again splits into smaller vortices and move 
along the suction surface and pressure surface. These smaller fil-
aments interacts with the low momentum fluid near the pressure 
surface boundary layer and generates more intense pressure sur-
face vortices (PSv) that propagates to the downstream. The PSv 
exist as pairs of vortices having opposite rotational direction. As 
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Fig. 11. Q-criterion with streamwise vorticity for STW configuration at τ = 0.0 & 0.5.

this PSv accumulate on the pressure surface, at first, PSL is skewed 
and later bend near the pressure surface. At τ= 0.5, more pressure 
surface vortices are observed which are merged together thereby 
increasing the complexity of passage flow aerodynamics at the 
exit. Apart from this vortex filaments, at endwall, the cylinder it-
self generates horse shoe vortex, which interacts with the PSL and 
leads to the alternate rolling of PSL from leading edge to trailing 
edge. The pressure surface vortices (PSv) having positive vorticity 
tends to drag the PSL towards the pressure surface. As a result, tail 
of the PSL gets skewed and elongated compared to MW configura-
tion. This accelerates the merging of PScv with PSv.

On the contrary, the generations of these pressure surface 
vortices are limited near to the endwall for MW configuration 
(Fig. 12). As the upstream wake moves to the mid-passage region 
their interaction with the purge flow is quite notable in the MW 
configuration. The kinetic energy of the purge flow is less near the 
blade leading edge due to the upstream back pressure from the 
blade leading edge. This gives an added momentum to the purge 
flow at the mid-passage region and it enters into the mainstream 
with high kinetic energy. As a result, it creates a blockade to the 
incoming cylinder vortices near the endwall for MW configuration. 
This causes the upper portion of the cylinder vortices to propa-
gate faster than the lower portion and create a shearing action 
for the cylinder vortices along the streamwise direction. In MW 
configuration, apart from the Karman vortices, the horseshoe vor-
tex generated by the cylinder are broken by the purge flow and 
both moves towards the suction surface under the influence of the 
pitchwise pressure gradient.
Fig. 12. Q-criterion with streamwise vorticity for MW configuration at τ = 0.0 & 0.5.

Secondary vortex interactions along the spanwise direction are 
explained using streamwise vorticity in Fig. 13. In MW config-
uration, at midspan region, the Karman vortex street from the 
upstream cylinder propagates downstream keeping their opposite 
sense of rotation intact till they dissipate (shown as arrow line). 
The transport mechanisms exhibited by the alternate vortices are 
different and there is no direct interaction between them. How-
ever, in the region where they interact with the passage vortex, 
they got stretched and move towards the downstream direction 
(dashed circle-50% span). On the other hand, closer to the endwall, 
the Karman vortices are almost engulfed by the horseshoe vortex 
of the blade leading edge. The positive vortex is swallowed by the 
SSL and eventually moved towards the suction side of the blade. 
The negative cylinder vortex combines with the purge vortex, well 
inside the blade passage slightly away from the suction side. These 
vortex formations leads to the enhancement of passage vortex hav-
ing negative vorticity at the blade exit.

The effect of unsteady vortices on the flow field aerodynamics 
characterized by total pressure loss coefficient at different stream-
wise planes (10%, 45%, 80% & 120% Cax) are shown in Fig. 14 & 
15 for two upstream cylinder positions. Frames at three instances 
are selected (τ= 0.0, 0.8 and 1.5) for understanding the effect of 
unsteady vortex structures on the loss coefficient for STW configu-
ration. Each total pressure loss core regions comprises of a pair of 
pressure surface vortices of opposite sense of rotation as explained 
in Fig. 11.
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Fig. 13. Spanwise planes vorticity contours for MW configuration at τ=0.0.
At initial time step (τ=0), near to hub endwall, cylinder vortex 
filament (Fig. 14a, below 40% span, at 10%, 45%, 80% Cax) drags the 
tail of pressure side leg into it and roll upwards forming endwall 
pressure surface vortex. Similarly towards midspan, after interact-
ing with the blade leading edge, the cylinder vortices alone will 
cause the formation of midspan pressure surface vortex (Fig. 14a, 
10%, 45%, 80% Cax). These vortices are detached from the pressure 
surface at different time-steps and enhance the intensity of trailing 
edge vortices at the downstream. At the exit plane (120% Cax) the 
pressure surface vortices interacts with endwall loss regions and 
trailing edge wake regions. The loss core regions corresponding to 
pressure surface vortices are highlighted at different spanwise lo-
cations. The frequency of formation of endwall pressure surface 
vortices is higher than midspan pressure surface vortices. Endwall 
PSv separates from the pressure side (80% Cax and 25% span) at 
τ= 0.8 (Fig. 14b), while midspan PSv will enlarge in size and shift 
spanwise direction and detach from pressure surface (80% Cax and 
70% span) at τ=1.5 (Fig. 14c). At 120% Cax , detached, endwall and 
midspan PSv from pressure surface merges with trailing edge wall 
vortex (WV) and trailing edge wake regions respectively (Fig. 14c). 
This interaction increases the overall loss coefficient inside the 
blade passage and blade exit region.

The unsteady vortex evolution for MW configuration is obtained 
from two frames (τ = 0.0 & 0.45) shown in Fig. 15. In MW con-
figurations, τ=0.0, the endwall portion of the cylinder vortices are 
dragged into the passage vortex by the boundary layer cross flow. 
As a result rather than trailing edge wake regions, the passage vor-
tex loss core regions are much more intense in this case. The loss 
core region marked by black circle (Fig. 15a, 10% Cax) shows the 
presence of cylinder vortex (Vc). It passes the blade passage inde-
pendently not interfering with the blade surfaces except at end-
wall. This can be observed from planes located at 80% and 120% 
Cax (18% and 30% span respectively). At τ=0.45, near to the hub re-
gion intervention of cylinder vortex with the passage vortex results 
in the squeezing of the same in spanwise direction by 3% at 80% 
Cax and 5% at 120% Cax (Fig. 15b). Also the small loss core region 
appears strong but confined at the hub represents the pressure 
surface vortex residuals. Present numerical investigation confirms 
that rotational direction and lateral position of cylinder vortices 
place a crucial role in the evolution of secondary flow within the 
blade passage and blade exit region for a low aspect ratio turbine 
blade.
5. Conclusions

The interaction of upstream wakes with the purge flow inside 
a turbine blade cascade has been numerically investigated in the 
presence of upstream wakes generated from a cylindrical rod. The 
generation of wake from four pitchwise locations has been ana-
lyzed separately and subsequent modifications in the secondary 
flow has been investigated.

It is observed that shifting of upstream cylinder from SSW to 
STW configuration has a huge influence on the downstream exit 
flow angle deviation which can definitely alters the flow character-
istics of succeeding blade rows. The merging point of suction side 
leg and pressure side leg of horse shoe vortex shift towards the 
aft part of blade passage under the influence of cylinder vortices. 
The unsteady analysis reveals the formation of filament type vorti-
cal structures and its propagation inside the blade passage. In STW 
configuration, these vortical structures splits across blade leading 
edge into two legs having different rotational directions. The for-
mation of pressure surface vortices (PSv) and its interaction with 
the blade trailing edge wake regions amplify blade exit unsteadi-
ness and cause additional loss generation compared to MW config-
uration. Apart from these vortex filaments, at endwall, the cylinder 
itself generates horse shoe vortex, which interacts with the PSL 
and leads to the alternate rolling of PSL from leading edge to trail-
ing edge. In MW configuration, the horseshoe vortex generated by 
the cylinder is broken by the purge flow. The obstruction created 
by the purge flow causes the upper portion of cylinder vortices to 
bend forward, creating a shearing action along the spanwise di-
rection. The unsteady analysis reveals that, in STW configuration, 
the frequency of formation of pressure surface vortices at midspan 
is smaller than near the endwall. Present numerical investigation 
confirms that, interaction of upstream wakes with purge flow plays 
a major role in the evolution of secondary flow within the blade 
passage and blade exit region for a low aspect ratio turbine blade. 
The results presented in this paper depend on specific turbine ge-
ometry and stationary upstream wakes. So care should be taken 
while generalizing the results.
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Fig. 14. Total pressure loss coefficient at different streamwise planes for STW con-
figuration.

Fig. 15. Total pressure loss coefficient at different streamwise planes for MW con-
figuration.
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