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ABSTRACT

Modern High Pressure Turbine (HPT) blades operate at
high speed conditions. The Over-Tip-Leakage (OTL) flow can
be high-subsonic or even transonic. From the consideration of
problem simplification and cost reduction, the OTL flow has
been studied extensively in low speed experiments. It has been
assumed a redesigned low speed blade profile with a matched
blade loading should be sufficient to scale the high speed OTL
flow down to the low speed condition. In this paper, the validity
of this conventional scaling approach is computationally
examined. The CFD methodology was firstly validated by
experimental data conducted in both high and low speed
conditions. Detailed analyses on the OTL flows at high and low
speed conditions indicate that, only matching the loading
distribution with a redesigned blade cannot ensure the match of
the aerodynamic performance at the low speed condition with
that at the high-speed condition. Specifically, the discrepancy in
the peak tip leakage mass flux can be as high as 22%, and the
total pressure loss at the low speed condition is 6% higher than
the high speed case. An improved scaling method is proposed
hereof. As an additional dimension variable, the tip clearance
can also be “scaled” down from the high speed to low speed
case to match the cross-tip pressure gradient between pressure
and suction surfaces. The similarity in terms of the overall
aerodynamic loss and local leakage flow distribution can be
improved by adjusting the tip clearance, either uniformly or
locally.

INTRODUCTION
The Over-Tip-Leakage (OTL) flow has a significant
impact on the overall turbine aerodynamic performance. Many
experimental studies have been carried out to study its complex
flow physics and to validate various tip design concepts.
During the design process of these experiments, the key flow
conditions in the real engine have to be carefully scaled and
matched, although there has always been a compromise
between experimental accuracy and cost.
As a reasonable simplification which requires few
compromises to represent the real blade structure [1], low speed
linear cascades rigs have been widely used. The advantage of
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these rigs are relatively low experimentation costs and excellent
spatial resolution [1, 2]. In addition to match the Reynolds
number and key geometry parameters, the blade profile
employed in these low speed tests has to be redesigned to
compensate the influence of compressibility at the high speed
condition, so the blade loading could also be closely matched.
The scaling method related to the blade profile redesign
has been well-studied in the literature. Wisler [3-5] studied
pressure loss reduction in axial-flow compressors through Low-
Speed Model Testing (LSMT) of GE-E3. The idea is to modify
the incidence angles, the chordwise camber distributions, and
the thickness distributions of the low-speed airfoils until these
airfoils achieve the same normalized surface velocity
distributions as the high-speed airfoils. The low-speed airfoils
require leading edge camber line bending and somewhat thicker
shape in order to match the velocity distributions. Low speed
experiments by Lyes et al. [6-8] focused on the fourth stage of
a five-stage high pressure compressor C147. The low speed
blading was designed for same enthalpy rise across the rotor,
and same non-dimensional axial velocity and absolute flow
angle for the inlet to the rotor. A drawback is that the De Haller
number (the blade exit-to-inlet velocity ratio) cannot be
maintained. However, by designing the blade sections to
produce the same distributions of normalized local velocity, the
blade surface static pressure distributions is maintained. Vera
and Hodson [9] studied the LP turbine blade-wake interaction
at different conditions as low speed, high speed, steady and
unsteady flow. To design the low speed blade profile, they first
maintained the Reynolds number, and choose the exit angle and
the ratio of inlet to exit Mach number (velocity) as close as
possible to the corresponding high speed values in the engine.
The inlet angle and the shape of the blade were modified to
take into account of the compressibility effect as well as the
stream tube divergence. Gonzalez P. et al. [10] redesigned a
high-lift low-pressure turbine blade, and more attention was
paid to effect of blade thickness on the profile loss. Their low
speed experiment with the same Reynolds number aimed to
ensure the dynamic similarity. Gallimore et al. [11, 12]
conducted high-speed and low-speed testings of sweep and
dihedral technology on the multistage axial flow compressor of
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the Trent engine. Although the design point parameters were
not exactly the same as those for the high-speed compressor,
their results show that 3D blading was effective and promising.
Zhang et al. [13, 14] reported the separation and transition
control based on the high speed and low speed tests of the
HSU2 airfoil, especially for the effects of unsteadiness and
surface roughness. The low-speed and high-speed profiles were
redesigned to have the same normalized isentropic Mach
number distribution by reducing the inlet angle of the low-
speed profile. In the low speed test for the High-Lift LP turbine
airfoils, Michele et al. [15] modified the airfoil to match the
isentropic velocity ratio and isentropic Mach ratio for T106C at
the same Reynolds number by changing pitch to axial chord
ratio, the ideal incompressible Zweifel number, the diffusion
rate and outflow angle. From the modeling consideration, Wang
et al. [16-18] kept the same geometrical scaling principles
(consistence, aspect ratio and hub to tip ratio) and aerodynamic
principles (discharge coefficient, pressure rise coefficient,
vector graphics component, loss coefficient, reaction degree
and blade surface pressure coefficient) to model the high speed
flow field.

There have also been some very recent studies addressing
the three-dimensional blading redesign. The high-to-low speed
transformation  process involves both geometric and
aerodynamic considerations. For high-pressure compressor
blades, low speed testing models were redesigned and
implemented by Zhang et al. [19], Zhang et al. [20]. Their
designed LSMT was used to optimize the 3D blade for LSMT
[21]. Giovannini et al. [22] scaled the three-dimensional low-
pressure turbine blades for the low-speed testing. The 3D blade
loading distribution between the real engine environment and
their low speed facility was matched, which then led to a
comparable behavior of the boundary layer and hence the
profile losses.

The majority of previous blade tip aerodynamic studies
have been conducted at low speed conditions and similar
scaling method has been adopted. One default assumption was
that the major tip flow structures at high speed condition could
be reproduced by a redesigned low speed blade with a matched
loading. Wheeler et al. [23] reported different flow structures at
high and low speed conditions, especially when the tip flow
accelerates to a supersonic regime and involves shock
structures. However, even without the impact of shock waves
on the OTL, it still remains unclear if the conventional scaling
method would work for high subsonic conditions.

In this paper, the validity of the conventional scaling
method for studying the OTL flow will be studied. A low speed
blade profile was redesigned to match the blade loading at a
high speed condition. Detailed analyses, including the
aerodynamic loss, leakage mass flow rate, and the OTL flow
structure at high and low speeds are then presented. A more
practical scaling method is proposed for future low speed OTL
experimental studies.

NUMERICAL SETUP AND VALIDATION

A commercial CFD solver, ANSYS FLUENT 14.5, was
employed in the present numerical study. This software solves
the 3D, steady, turbulent form of the Reynolds-averaged
Navier—Stokes (RANS) equations with a finite volume method.
Two-equation turbulence model, K-Omega shear stress
transport (SST) was chosen for solving all the cases in the
present study. Figure 1 presents the 3D computational domain
and meshes employed in the present study. The computational
domain consists of one single HPT blade with periodic
boundary conditions. The same blade profile was employed by
Ma et al. [24] in a high speed experimental study. A commercial
meshing software, POINTWISE, was employed to generate 2D
and 3D structured meshes.

Grid-independence study was performed, and special
attention was paid on the grids density (near-wall grid
size/expansion ratio) in the tip gap. For all the cases, average y*
value on tip surfaces is less than 1 to resolve the near wall
boundary layer. The grid information and averaged results are
listed in Table 1. Figure 2 shows local OTL mass flux
distribution obtained with three density levels of grids (2.4
million, 3.8 million, and 5.2 million) at a location near the exit
of the tip region. The differences in the averaged OTL mass
flow rate are negligible between 3.8 million and 5.2 million
grids. Therefore, 3.8 million grids mesh was chosen for all the
3D calculations in this numerical study.

With the computational setup mentioned above, satisfactory
agreements between experimental and CFD results have been
reported by previous tip studies by Ma et al. [25,26]. Further
validations of the CFD performance on tip heat transfer at the
high speed (exit Mach number 0.86) and a low speed condition
(exit Mach number 0.45) are presented in Fig. 3. The
experimental tip HTC contour shown in Fig 3a was produced
with the same experimental data by Ma et al [24] in a high
speed condition. The experimental methods and uncertainty
analysis were detailed by Ma et al. [24] and Ma et al [25]. The
overall trend and local variations are very different between
high speed flow (Fig. 3a) and low speed flow (Fig. 3b). Higher
heat transfer regions are located in the frontal region of the tip
surface and the pressure side edge (due to a flow reattachment
and cross-flow diffusion).
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Fig. 1: Setup of the computational domain and mesh.

Table 1 Mesh Independence Study

Grid Size 2.4 million | 3.8 million | 5.2 million
Grid Points
within Tip Gap 20 40 70
Non-dimensional |, 445 0.0408 0.0409
Mass flow rate
3 4~ — 24 million
—_— 3 8 million
& 5.2 million | # *&K
=831 i >
E
"-:_i ________
=5
E1
0 | |
0 02 04 0.6 0.8 1

s/8
Fig. 2: Convergence of the non-dimensional radially
averaged OTL mass flux distribution on the suction side
edge with different grid points.
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Fig. 3 Contours of HTC (a) high speed case, Pg1/Ps,=1.8,
M,=0.86, (b) low speed case, Py 1/Ps,=1.2, M,=0.45.

HIGH-TO-LOW SPEED BLADE REDESIGN TO MATCH
LOADING

To obtain the dynamic similarity of high speed and low
speed flow, the Reynolds number, inlet flow angle, pitch to
axial chord ratio and span to axial chord ratio are kept invariant
in the scaling process. For the high speed case the outlet Mach
number is about 0.60, while for the low speed case the outlet
Mach number is about 0.09. For both cases the same Reynolds
number is set as Re=6.4x10°. For baseline case of high speed
flow investigated in the present study, the tip clearance height
(G) is equivalent to 1% of the blade span (a typical engine
design value).

The redesigned low speed blade profile and the original
high speed one are shown in Fig. 4, respectively. The profile
scaling process involves shape parameterization with multiple
control points on spline curve. An increase in blade thickness
and modification in blade camber line are also involved. The
trailing edge thickness-to-chord ratio was kept as constant to
ensure no significant increase in the trailing-edge loss. The
detailed profile scaling process is presented in Fig. 5. The
objective function to the relative root mean square error with
respect to the averaged high speed blade load:
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where N is the number of control points, f =Mg/M..

Figure 6a presents mid-span normalized isentropic Mach
number My/M, distributions for the high and low speed cases.
The high speed blade becomes front-loaded if running at low
speed without redesign. The relative error of high speed profile
between high speed and low speed conditions can reach 14%,
while the high speed profile and low speed profile have load
discrepancy of less than 1% after the redesign. Figure 6b also
indicates the difference of relative Mach number M/M,
distribution in middle span is negligible.

RRMS =

1)

— High Speed
Low Speed

yICx

0

0 O:2 O:4 Oj6 O:S 1
. x/Cx

Fig. 4 Original high speed blade profile and redesigned low
speed blade profile.

speed airfoil profile
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| Generate grid (POINTWISE) |

[Linear amplification of high]

| Move control points l

| CFD solver (FLUENT) |

Airfoil load error
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Fig. 5 Profile scaling process.
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Fig. 6 Normalized Mach number distribution at middle
span, (a) isentropic Mach number along blade surface, (b)
Mach number contour.

SCALING ISSUE WITH TIP LEAKAGE FLOW

The scaling performance particularly in tip leakage flow is
the focus of this section’s discussions. Normalized mass flux
contour on a curved cut plane at the tip gap exit is illustrated in
Fig. 7. For both high and low speed cases, higher leakage flow
occurs over the rear half of the blade tip surface. Compared
with the original high speed condition, the low speed case
shows a much higher amount leakage flow, with a same tip gap
to span ratio and blade mid-span loading. Figure 8 shows the
distribution of non-dimensional leakage mass flow rate
Myiplocal, Which is defined as local leakage mass flow rate
relative to the passage flow rate,

G

mtip,local = Sf rv,dz /mpassage )
0

Consistently the leakage flow of low speed redesigned blade is
more intense than the high speed case, especially at s/S=0.6~1.
The maximum difference, which is about 22%, appears in
s/S=0.52. Radially-averaged leakage mass flow vectors are
further illustrated in Fig. 9.
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The OTL flow is driven by the pressure difference across
the tip region from the pressure side to suction side. The
magnitude of leakage flow rate is determined by the pressure
gradient across the tip. Fig. 10 presents the pressure coefficient
Cp contour on a streamwise cut plane at s/S=0.6. Relative
speaking, the pressure gradient over the low speed blade is

much larger than the high speed blade. Considerable larger

separation bubble can be observed in the low speed condition.
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Fig. 9 Radially-averaged leakage mass flow vecto

rs.
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* 88 - - |
(b) Low Speed 0 02 04 L 06 0.8 1.0
. S . . Fig. 10 Pressure coefficient Cp contours in the tip gap on
Fig. 7 Mass flux ratio distribution at tip region above the the cut plane at s/S=0.6 (as indicated).
suction side edge, (a) High Speed, (b) Low Speed.
The difference in the OTL mass flow between high speed
0.08 and low speed cases will inevitably influences the total
/- -_"“"'---.\ aerodynamic loss. Here, a normalized local total pressure-loss
—0.06 coefficient & is defined as
FT T\ &
.f:il}.l}-t rd N cp _P01_Po 3
0 / —Low Speed £ = CP,
0 | | ﬁo,passage (4)
] 02 04 04 0.8 1
s/S
Fig. 8 Comparison of normalized local tip leakage mass
flow rate along suction-side curve length for the high
speed and low speed cases.

where CP, is the local total pressure loss normalized by the
exit dynamic head, and ﬁo,passage is the overall mass-
averaged total pressure loss for the whole passage. Figure 11

shows the distribution of ¢ in the entire passage. At the low

speed condition, the tip leakage loss core is larger in size and
the relative tip leakage loss is much higher.

An OTL loss coefficient is defined as,
ﬁOtip = WOpassage
_WOpassage

(®)
withoutgap
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For each case, an extra zero tip gap case was calculated to
account for the aerodynamic loss without leakage flow. Table 2
lists the loss breakdown. The normalized OTL average loss
coefficient for low speed condition is 6 percent higher than the
original high speed case.

(b) Low Speed
1

z's

‘1__91[}} 13 - 20
Fig. 11 Normalized local total pressure loss coefficient
contour at 2 Cx cut plane (a) High Speed, (b)Low Speed.

Table 2 Averaged aerodynamic losses for High Speed and

Low Speed
High Speed Low Speed
CPopassage 0.1932 0.1743
CPopassage ,outgap 0.0966 0.0851
CPotip 0.0966 0.0892
&rip = CPorip/ CPopassage 0.499 0.512

A PRACTICAL METHOD: SCALING THE TIP GAP

It seems low speed tip experimental research faces a
scaling dilemma: a matched blade loading and tip leakage flow
cannot be achieved at the same time. However, if the blade
profile could be altered for matching loading, the tip gap height
should also be allowed to be scaled for matching the pressure
gradient which drives the leakage flow. Results shown in Figs.
6-10 indicate the low speed version of a “redesigned tip gap”
should be smaller than the original high speed case.

Results for two more low speed case with smaller tip gap
heights are shown in Figs. 12-15. The geometry information is
shown in Fig. 12. One case has a uniformly reduced tip gap
ratio (from 1% to 0.8%), the other one has a variable height
along the axial direction.

‘ 1% ‘ ‘ 0.8% 1%+0.8%

Fig 12 “Scaled down” low speed tip gap height.

0.08
0.06 /
3 \
Q
= 0.04
E‘ ’ y —High Speed
‘& =T ow Speed
0.02 .
——Low Speed reduced tip gap
=L ow Speed variable tip gap
0
0 0.2 0.4 0.6 0.8 1

s/S

Fig. 13 Comparison of normalized local tip leakage mass
flow rate along suction-side curve length for High Speed
and Low Speed reduced tip gap.

(a)1

/s

0.75

(b),

7/

0.75

0 0.5 1.5 2.0

1.0
y/p

Fig. 14 Normalized local total pressure loss coefficient
contour (a) High Speed, (b) Low Speed variable tip gap
heights.

Distributions of local leakage mass flow rate ratio are
shown in Fig. 13. A uniformly reduced gap height reduces the
leakage flow in both frontal and rear regions. The undesired
mismatching issue at the frontal region can be further improved
by a variable height design. The overall averaged OTL mass
flow rate ratio could be closely matched between high and low
speed cases (0.0402 for reduced tip gap case and 0.0408 for
high speed case).

Figure 14 shows normalized local total pressure loss
coefficient contours. Scaling down the tip gap height reduces
the tip leakage vortex in general, although the size and shape of
the loss core are still not well matched due to the interactions
between passage secondary flow and leakage flow. Normalized
Mach number distributions shown in Fig 15 also illustrate
different behviours for separation bubbles in high and low
speed flows. The high speed OTL flow is associated with a
smaller separation bubble. It is still not an easy scaling process
to obtain a full aerodynamic similarity.
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Fig. 15 Mach number distribution of cut plane s/S=0.52 (a)
High Speed, (b) Low Speed reduced tip gap.

However, the results in the present study indicate that it is
hopeful to improve the conventional tip gap scaling process
with further efforts on optimization. With the same logical
reasons for blade profile redesign, the tip gap height does not
have to be uniformly scaled down. Variable tip gap height could
achieve an improved matching performance with shape
parameterization technique employed in profile matching
process.

CONCLUSIONS

The conventional scaling method to study high speed OTL
flow in low speed experimental condition was numerically
assessed in this study. Aerodynamic performance of a low
speed redesigned blade was analyzed and compared with the
results from the original high speed condition. The results from
the present study demonstrate consistently that the blade mid-
span loading and leakage flow structure cannot be both
matched. Large discrepancies in the local leakage flow rate
distribution and the overall aerodynamic loss were identified.

This study proposes a practical method: the tip gap height
could also be scaled “down” in addition to redesigning the
blade profile. An improved performance is observed with
variable gap height scaling.

It is noted that the proposed method is still limited in
resolving the dilemma in the high-to-low speed scaling. It could
be hopeful to apply this method to study the aerodynamics of
high subsonic OTL flow. However, it would be far more
challenging, even if possible, to mimic complex transonic flow
phenomena in the real engine condition, especially in terms of
tip heat transfer studies.

NOMENCLATURE
C = blade chord (m)
Cy = axial chord (m)
Cp = pressure coefficient, Cp= (Po1-P)/(Po1-P2)
CP, = local total pressure loss coefficient, Cps=  (Pos-
Po)/0.5pV?
'CP, = mass-averaged total pressure loss coefficient
G = tip gap height (m)
M = Mach number
P = Pressure (Pa)

Re = axial chord and outlet velocity based Reynolds
number
RRMS = relative root mean square error
S = total surface curve length (m)
Tu = turbulence intensity
V = velocity magnitude (m/s)
m" = mass flux (kg/m?)
m = mass flow rate (kg/s)
m = mass flow rate ratio
s = curve length(m) , blade span (m), isentropic
value
v = dynamic viscosity (kg/ms™)
X,y,z = Cartesian coordinates
y+ = non-dimensional wall distance
¢ = normalized local total pressure loss coefficient,
CPO/CPO,passage
o1 = inflowangle (°)
p = density (kg/m°)
SUBSCRIPTS
s = static
0 = total
1 = inlet
2 = outlet
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