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Abstract
A major cause of noise and vibration characteristics of turbomachinery has
caused by wakes. The characteristics of the wake, the wake decay, the path that
it follows, and the mechanisms of mixing losses generated due to the mixing of
blade trailing edge cold jet issued into the hot cross flow are important to find
adequate solution to the problem. At the present work the wake characteristic
was observed by introducing experimental work inside a cascade test rig to
investigate the wake domain downstream of blade cascade with the aid of fivehole probe. The case studies were done with cold jets blowing ratios 1.58, 1.667
and 1.935 with jet stream wise angle and jet lateral injection angle 37.5° and 35°
respectively. The measurement showed that there is a certain harmonization in
the region of high reverse pressure loss coefficient which reflects the
concentration of wake region. Also it was observed three distinct wake regions
located in the centre of the passage vortex region. The wake characteristics
measurements of the movement path, the growth of wake width, and the
physical awareness of the wake propagating may help to explain the
mechanisms of mixing losses.
Keywords: Mixing losses, Jet injection, Wake, Cascade, Blowing coolant,
Five-hole probe.

1. Introduction
Blowing cooling works in the form of rows of jet holes in the spanwise
directions of the blade, from where a cold jet is issued into the hot cross flow.
Experimental investigations provide a clearer physical insight into the flow field
downstream of the cascade. For two-dimensional flows, mixing usually only
occurs in the wake or when boundary layers separate from the blade surface [1].
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Nomenclatures
B
BR
Cp
c
N
P
P1
P2,P3
P4,P5
Pr
s
U
Un
u, v, w
x
xavg
xi

Bias (mean)
Blowing ratio, Uup/Vj
Pressure coefficient
Blade chord, m
Number of samples
Pressure, Pa
Five-hole probe central tap pressure, Pa
Five-hole probe lateral tap pressure, Pa
Five-hole probe vertical tap pressure, Pa
Precision
Blade pitch, m
Mean velocity component in axial direction, m/s
Uncertainty
Component of velocity vectors in x, y, and z directions
respectively, m/s
Axial downstream, m
Mean of measured value
Downstream measured value of five-hole probe

Greek Symbols
Inlet flow angle, degree
β
Standard deviation
δ
Cascade solidity
σ
Subscripts
pitch
t
s
up
yaw

Five- hole probe pitch
Total pressure
Static pressure
Upstream
Five- hole probe yaw

Although it is only a relatively short-lived phenomenon as the flow eventually
mixes out completely, it is a major contributor to the total loss, since it is normally
associated with turbulent flows where the effect of viscosity is very large.
In particular, at high velocity the intense viscous dissipation immediately
behind the trailing edge generates considerable. For a two-dimensional
incompressible flow, the loss is reduced in an accelerating flow and increased in a
decelerating flow; this effect is difficult to quantify, however, as mixing is a
continuous process. The majority of the mixing loss occurs within 10 trailing
edge thicknesses downstream [2], but the loss continues to rise for approximately
one chord downstream of the blade row. The mixing loss will also be affected if
the flow interacts with the downstream blade row before it has completely mixed
out. Recent studies given by [3-5] analyzed the performance of such blowing
cooling systems.
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Turbine wakes represent a source of loss in efficiency, since the mixing of the
wakes with the free stream dissipates energy. An understanding of the wake
development and its decay is also essential because of the role it plays in the
rotor-stator interaction.

2. Experimental Investigation
Experimental investigation designed to provide the possible understanding about
the aerodynamic effect of the trailing edge blowing coolant flow on loss
mechanisms. The description of the design procedure starts from the point where
the blade section of the Low Pressure Turbine [LPT] is to be modelled. The same
shape of thickness distribution of Langston blade geometry [6] in which linear
cascade type is used. The cascade defined by the following parameters, the shape
of the blade, cascade stagger angle, cascade solidity (σ) and inlet flow angle (β1).
To model the blade at low speed, more compromises are required such as low
speed cascades, by virtue of their larger scale and lower speeds, offer several
advantages over high speed cascades. In low speed cascades, the maximum size
of the blades is determined by the need to keep the lowest Reynolds number the
same as in the real machine and by the need to have measurable pressure
differences when running at or close to atmospheric pressure at the low velocity
the large scale implies. Table 1 shows the dimensions and the angles of the vane
turbine blade which is used in present study to produce the cascade of LPT blade.
Figure 1 shows the blade row attached to one side of end wall. The effects of heat
transfer from the flow will not be considered in this study.
Table 1. The Dimensions and Angles for Blade.
.

Number of blades
Chord, mm
Axial chord, mm
Blade stagger angle, degree
Pitch, mm
Span, mm
Inlet flow angle, degree
Blade inlet angle, degree
Solidity
Aspect ratio
Blowing ratio

5
67
62
24
60.47
61.2
44.7
43.99
1.122
0.987
1.58,1.667, 1.935

Fig. 1. Blade Row attached to One Side of End Wall.
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2.1. Wall jets
All wall jets have the same type and configuration. The holes were drilled ahead to the
blade trailing edge at the pressure side, to hold fitting for 1 mm diameter jets. External
injection is created by the air bled from the compressor stage, ducted through the internal
chambers of the turbine blades, and then discharged through small holes (25 holes kinds’
forward –lateral expanded hole). Each pitch distances between two neighboring holes are
equals to three times of hole diameter. Figure 2 shows row of forward–lateral expanded
holes located at the pressure side of the blade.

Fig. 2. Row of Forward–Lateral Expanded Holes located
at the Pressure Side of the Blade Close to the Trailing Edge.
Jets velocity was controlled by a pressure regulator valve and flow meters are fixed
near the air supply to insure that all jets have the same velocity. In typical gas turbine the
optimized blowing ratios is within 0.8 to 2.0 [7]. The blowing ratios in present study are
(1.58, 1.667and 1.935), the forward exit jet angle is 37.5o as advised by [8] and the jet
lateral angle was taken to as 35o. Only at blowing ratio greater than 1 the jet was able to
push main stream back and jet formed a solid protective layer in the shape of a rod. The
common standard calibrations possible have been made to confirm the flow parameters in
the test rig section.

2.2. Boundary correction
The conditions under which a model is tested in a test rig are not the same as those
in free air. The effect of the walls and the model thickness and the wake are
subjected to solid and wake blocking. Solid and wake blocking are usually
negligible with an open test section, since the air stream is then free to expand in a
normal manner [9]. The total solid and wake-blocking correction is calculated as
the ratio of model frontal area to test section frontal area. As suggests by Maskel
[10] the maximum ratio of model frontal area to test cross-sectional area of 7.5%
should probably been used, unless errors of several percent can be accepted. In
the present investigation, the cascade frontal area to the test cross-section area is
equal to 4.1%. Thus, the blocking errors are very small and can be neglected.

2.3. Five-hole probe
A variety of pressure probes have been devised for decomposing the flow velocity
vector. The devise is a stream lined ax-symmetric body that points into the flow.
The pressure distribution on the surface of the probe depends on the incidence angle
of the main flow vector relative to the axis of the probe. To determine the

Journal of Engineering Science and Technology

April 2011, Vol. 6(2)

Mixing Losses Investigation Downstream of Turbine Blade Cascade

165

magnitude and the orientation of the flow vector, the surface pressure is sampled at
five locations; on the axis of the probe and at four equipage points on a line
encircling this central point [11]. The pressure differentials between selected pairs
of these points may be related to the inflow velocity vector by using an appropriate
calibration to deduce pitch and yaw directions. Hypothetically, theoretical
relationships for the potential flow around the body may also be used as given by
Schuiz [12]. The conical tip head has been used in the present experimental
program. Central pressure tap gives the conventional stagnation pressure when the
flow vector is perpendicular to the point on the surface. Yaw and pitch angles
inclinations of the flow vector with axis of the probe result in arm balance of
pressure on pairs of hole. The theory yields a format for interpreting the differential
pressures between pairs of holes is a function of the angles of pitch and yaw.
The accuracy of measurements is achieved by using the five-hole probe; the probe
should be able to read velocities with 10% accuracy and angles within 5o accuracy to
be useful for data collection in a blade cascade. The measurement procedure of the
uncertainly was done according to the procedure given by Kline and McClintock [13].
This approach estimates experimental value uncertainly by summing the squares of
the contribution of error from measured quantities and taking the square root of the
summation to provide the final uncertainly of the experimental values. The
uncertainly calculations for the five-hole probe are identical to those of Drost [14].
Thus, the uncertainty was expressed in the following manner;
Standard deviation
δ=

1
N

N

∑ (x

i

− xavg )

(1)

2

i =1

where the precision (Pr) is given by (Pr = 2δ), and the uncertainty (Un) is given
by Un = B + Pr.

2.4. Five-hole probe calibration
The results of calibration were brought up here in order to illustrate the maps of
the coefficients of pitch and yaw angles. It is essential to refer that one of the
basic things in calibration of five-hole probe is the attempt to equalize between
pressures lying on one plane which means (P2 and P3) in the horizontal plane and
(P4 and P5) in the perpendicular plane. Figure 3 shows the five-hole probe and
port numbering. Thus, trigger point for calibration and considered as a zero point
for altering yaw and pitch angles. Therefore, the zero point for tips of five-hole
probe has now been fixed on zero yaw and pitch angles. This will lead to manifest
maps of total pressure coefficient and dynamic pressure coefficient.

Fig. 3. Five-Hole Probe Ports Numbering.
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These maps will be used to calculate the flow velocities downstream of blade
cascade since the orientation of the probe, yaw and pitch angles have been
calculated. In this experimental investigation the procedure of Charley [15] was
used with small changes in the calculation of the average pressure sum of the four
pressures reading P2 to P5, instead of taking the sum of smallest two pressures,
since all the pressure taping varied during the calibration process, as indicated in
the following equation;
Pavg = (P2+P3+P4+P5) /4

(2)

The dimensionless pressure coefficients were used to process the five-hole
probe data. These pressure coefficients were used to set out the required calibration
curve of the five-hole probe, and they are plotted against the pitch and yaw angles
as variable. Total pressure P1 is measured at central probe hole, while P2 and P3
were measured in the yaw plane and P4 and P5 are measured in the pitch plane.

2.5. Two-dimensional measurement
A two-dimensional measurement grid was devoted for the region downstream of
blade cascade starting from throat plane represented by the pitch distance. The mesh
of planes parallel to the pitch plane were divided into ten mesh points with distance
of 0.5 cm while the planes perpendicular to the axial one were divided into eleven
points with distance of 1 cm. Finally the grid points will have a mesh of (10×11).
Figure 4 shows the measurement location of the velocity components.

Fig. 4. Spanwise and Pitchwise Velocity Components Directions.
Experimental results are shown in two main articles, first one deals with
calibration of five-hole probe data which outcomes by resolving of pressures
reading obtained at a the free stream region upstream of blade cascade in which
these data will be used again in the second article. Figure 5 illustrates the maps of
pitch and yaw angles coefficients. The second articles will use the former
mentioned data that scanned the downstream cascade region, which lies
downstream of trailing edge. This process comprises partition of the downstream
region into eleven planes parallel to each other and perpendicular to exit flow
direction that leaving the throat area and passing through uncovered suction
surface. As a consequence of this process, wake flow mixing region can now be
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easily simulated through detailed survey of the partitions mentioned to reveal
effects of losses, which rose from propagation of these wakes.

Fig. 5. Map of Pitch and Yaw Coefficients Angles.
The measurements of the cascade wake flow field were obtained for the matter
of determining the characteristics of the blade cascade wake, including its
movement path, the growth of its wake width, and the physical awareness of
present problem. The blowing ratios in the present study were changed in order to
understand the role of this change on the wake propagation and behaviour. The
primary flow direction is defined in the direction of the mean camber line at the
trailing edges of the blades (β2 = 26o). The velocity component in this direction is
termed (u) and the secondary flow velocity components (v) and (w) have been
thus defined in the cross-sectional plane. All the measurements performed on
midspan orientation. A brief summary of the pressure parameters describes the
wake behaviour is written below based on aerodynamic and losses equations:
C Ps =
C Pt =

Psi − Psup
1
2

Ptup − Pti
1
2

(3)

ρU up2
(4)

ρU up2

3. Pressure Loss Coefficient Contours
Figures 6 to 8 show the variation of the minimum static pressure coefficient
quantities which are -0.1, -0.35 and -1.3 respectively which are close to the
pressure side and are -1,-2 and -2.5 at the suction side. From other point of view,
the minimum loss region near the pressure side appears to be a two-dimensional
Journal of Engineering Science and Technology

April 2011, Vol. 6(2)

168

A. H. Yousif and A. S. Shriffe

potential flow region. However, the other half of the flow is quite different as
evidenced by nearly concentric static pressure contours surrounding the core of
the passage vortex. The minimum value of Cps in vortex core for three upstream
velocities without blowing as it is obtained by [16] equals to, -1, -2 and -2.5
respectively. These results indicated that the static pressure coefficient reduced by
(60%) if compared with static pressure coefficient resulting from blowing ratio
(1.935) and by (50%) if compared with blowing ratio 1.58. In addition, the static
pressure coefficient contours increase and have a large vortex core close to the
suction surface when the blowing ratio is decrease. This maybe due to that the
injection of the jets could not divert the forward movement of the mainstream,
therefore the jets could not successfully push the path of the passage vortex and
decrease its effect on the suction side of the blade. Since Cps increases, so that the
mixing losses increase, i.e., more generation of vortex core. The decrement in the
blowing ratio possess additional wake flow as the flow progresses forward in the
downstream direction, in the area lying above the midpitch, because the amount
of turbulent intensity throughout blade passage and downstream of blade trailing
edge increases. Accordingly, this may be associated with relation to the additional
fluctuation of wake flow when the flow is accelerated and the kinetic energy
increases with existing of shear layer between the regions.

Fig. 6. Static Pressure Loss Coefficient Contours
in Pitchwise Direction, BR (1.58).
Other point of view, obtained from these figures is that the expanding of wake
flow regimes to overlap the area above midpitch line maybe attributed to the
effect of passage of vortex and showed that the wake expanded by (0.65%),
(0.45%) and (0.30%) in pitchwise direction. The inviscid core region, trailing
filament and trailing shed vortices were worked as a continuous local source of
momentum convection and surmount the regions with a positive velocity leading
to large amount of momentum transfer between layers of both regions. The wake
life distance in downstream are equal to 1.18c, 0.74c and 0.44c (where c is the
blade chord) for the blowing ratio 1.58, 1.667 and 1.935 respectively.

Journal of Engineering Science and Technology

April 2011, Vol. 6(2)

Mixing Losses Investigation Downstream of Turbine Blade Cascade

169

The mixing losses of the flow field behind the blade trailing edge are normally
associated with turbulent flows where the effective viscosity is very large. In
particular, at high blowing ratio the intense viscous dissipation does not occurred
immediately behind the trailing edge. Thus, due to these reasons explained why
the wake live distance increasing with the increase of the blowing ratio.

Fig. 7. Static Pressure Loss Coefficient Contours
in Pitchwise Direction, BR (1.667).

Fig. 8. Static Pressure Loss Coefficient Contours
in Pitchwise Direction, BR (1.93).

The standard means of defining loss is the result of any flow feature that
reduces the efficiency. Moreover, the majority of loss production thus occurs over
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the suction surface, since the velocity is high, and the sudden rise in the loss
coefficient at the transition point. The total pressure coefficient in the mixing
region is presented in Figs. 9 to 11. These figures show Cpt contours in pitchwise
direction. Three distinct core regions of high losses were observed. One core is
close to the centre of the passage vortex, two cores at the suction side, one at the
corner region and the other one at the midspan region.
Also these contours maps show the variation in Cpt quantities which are -1.2,
-0.8 and 1.7 near the pressure side and 1.3, 1.95 and 3.45 at the vortex core near
the suction side. The wake is elongated in downstream 1.18% for the chord and
0.7% of the pitchwise for the blowing ratio 1.58, 0.737% of the chord and 0.55%
of the pitchwise for the blowing ratio 1.667 and 0.44% for the chord and 0.4% of
the pitchwise for the blowing ratio 1.935.
The total pressure loss at the trailing edge increase with increase of the
blowing ratios corresponds to the centre of the passage vortex. This result is as
expected and agrees well with the results of [17]. The maximum loss regions
occurred close to the suction surface. As the losses increase the flow travels
downstream of the blade cascade due to mixing of the wake decayed the vortices
and the growth of the end wall boundary layer. The domination of wake region
for almost all the area downstream of blade trailing edge related to the persistence
of momentum exchange between layers of higher rate of velocities (i.e., higher
rate of momentum) with those having low rate of velocities due to the decay of
flow near suction surface.
The core of passage vortex seems to migrate toward midspan at middle of the
passage in the downstream direction. It is important to mention that the values of
maximum Cpt always refer to the location of wake or vortex region that posse’s
high rate of losses. These remarkable results indicate that the total pressure loss
coefficients are increased by 11%, 35% and 16% when compared with same
results for the same cases done experimentally without using the trailing edge
injection [blowing] obtained by [16].

Fig. 9. Total Pressure Loss Coefficient Contours
in Pitchwise Direction, BR (1.58).
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Fig. 10. Total Pressure Loss Coefficient Contours
in Pitchwise Direction, BR (1.667).

Fig. 11. Total Pressure Loss Coefficient Contours
in Pitchwise Direction, BR (1.935).

4. Secondary Flow
Figures 12 to 14 show the contours maps of the secondary flow and velocity
vectors, while Fig. 15 shows the primary flow, u, contours for three blowing ratio;
1.58, 1.667 and 1.935. These figures show the variation in secondary flow
quantities of 19, 17, and 14 respectively.
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It can be seen that the secondary flow decreases with increasing blowing ratio.
Since the mass flow rate of the jets is high, the jets successfully push the vortex
out of the passage without of impinging on the suction surface and this leads to
successfully reducing secondary flow. It is important to notice that the appearance
of any flow region having velocity, w other than zero will lead to the occurrence
of secondary flow field. The same conclusion has drawn for the velocity
component, v. The secondary flow components range near the suction side are
between -12 and -16 m/s for blowing ratio 1.58 and -10 and -13 m/s and -8 and
-11 m/s for blowing ratio 1.667 and 1.935 respectively. Recalling the subject of
momentum transfer between layers having highest potential energy and zero
kinetic energy, the exchange of momentum rate among former mentioned regions
will continue to reveal the same trend of wake flow formation due to this rate of
exchange. The results of the secondary flow contours of the present investigation
agreed well with the results obtained by Charley [15].
Moving forward to the downstream the life distance exceeded the chord
length. In this region there was a harmonization of secondary flow field in
comparison to their values in the primary flow field (Fig. 15). This harmonization
occurred at the stagnation flow (i.e., u ~ 0 m/s) showed a high limit of secondary
flow component and this consolidates the vision of wake propagation downstream
of blade cascade which possess more than one dimensional flow field component.
These results agree well with results obtained by [17].

Fig. 12. Secondary Flow (A), and Velocity Vectors (B), (BR=1.58).
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Fig. 13. Secondary Flow (A), and Velocity Vectors (B), (BR=1.667).

Fig. 14. Secondary Flow (A), and Velocity Vectors (B), (BR=1.935).
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BR (1.58)

BR (1.667)

BR (1.935)

Fig. 15. Primary Flow, U, Contours.

5. Kinetic Energy Contours
The kinetic energy of primary and secondary flow is represented by equations
shown below. These quantities considered per unit mass as:
2
Total Flow Energy = U
2
2
Secondary Flow = V 2 − xavg

(5)
(6)

Figures 16 to 18 show the turbulence kinetic energy with three blowing ratios.
These figures show two regions of high-energy dissipation, one close to the
suction side and this is quite obvious due to the generation of surface vortex and
flow circulation, while the other region is located behind the blade trailing edge.
These two regions life distances depend on the values of the blowing ratios and
may be occurred due to the generation of the trailing edge vortex. In addition, any
slight increase in vortex dissipation for accelerated flow associated with very
strong random kinetic energy behaviour supports the previous conclusion about
the generation of high mixing losses at high blowing ratio and therefore the wake
life travels longer distance before the kinetic energies are dissipated. Also it can
be noticed that the regions of maximum turbulent kinetic energies are located near
the suction side of blade. In addition to that there is traces line in the downstream
direction due to the effect of wake and vortices propagation. However, there is a
lack of representation for the area lie below and above midpitch line, in which
there is a disagreement with results obtained by [17] since at the present
investigation there is no large quantities of turbulent kinetic energies appear
between the traces of suction and the pressure sides.
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Fig. 16. Turbulence Kinetic Energy Contours and Kinetic Energy
Distribution in Downstream and Pitchwise Directions, (BR=1.58).

Fig. 17. Turbulence Kinetic Energy Contours and Kinetic Energy
Distribution in Downstream and Pitchwise Directions, (BR=1.667).
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In general, the existence of two adjacent regimes one with high and other with
low turbulent kinetic energies will lead to the conclusion that these regimes
exchange momentum because of wake convection as the flow progresses in
downstream direction.

Fig. 18. Turbulence Kinetic Energy Contours and Kinetic Energy
Distribution in Downstream and Pitchwise Directions, (BR=1.935).

6. Conclusions
An adequate solution to noise and vibration characteristics of turbomachinery
cannot be found unless the mechanisms of the mixing losses process are to be
cleared. From the work presented the wake mixing losses mechanisms of trailing
edge cold jets issued into the hot cross flow may be understood according to the
obtained experimental results.
 It is found that there is a certain harmonization between the secondary flow
fields in comparison to their values in the primary flow field. This
harmonization can be observed in the region of small primary flow or
stagnation flow (i.e., u ~ 0 m/s).
 Flow structure in the wake is dominated by very strong random vortices close
to the suction side and the trailing edge. The wake regions decrease in life
distance with decreasing in blowing ratio.
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 The core of the passage vortex may be dominated by any of the following
three criteria, location of the maximum total pressure losses coefficient,
location of the minimum static pressure losses coefficient and location of
nominal centre of rotation of the secondary velocity vectors.
 The maximum total pressure loss coefficient reflects the concentration of
wake region on three distinct regions of high losses.
 The pitchwise variation of static pressure coefficient contours was found to
be much revealed in areas below midpitch. Therefore the rapid decay of the
wake is conducted in the region lying below midpitch line due to the effect of
inviscid core and trailing edge vortices. In addition, the static pressure
coefficient contours are increased and have larger vortex core close to the
suction surface, wherein the blowing ratio decreases.
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