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Heat Transfer Characteristics on Blade Tip with
Unsteady Wake
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Abstract— Present study investigates the effect of unsteady wakes
on heat transfer in blade tip. Heat/mass transfer was measured in blade
tip region depending on a variety of strouhal number by naphthalene
sublimation technique. Naphthalene sublimation technique measures
heat transfer using a heat/mass transfer analogy. Experiments are
performed in linear cascade which is composed of five turbine blades
and rotating rods. Strouhal number of inlet flow are changed ranging
from 0 to 0.22. Reynolds number is 100,000 based on 11.4 m/s of
outlet flow and axial chord length. Three different squealer tip
geometries such as base squealer tip, vertical rib squealer tip, and
camber line squealer tip are used to study how unsteady wakes affect
heat transfer on a blade tip. Depending on squealer tip geometry,
different flow patterns occur on a blade tip. Also, unsteady wakes
cause reduced tip leakage flow and turbulent flow. As a result, as
strouhal number increases, heat/mass transfer coefficients decrease
due to the reduced leakage flow. As strouhal number increases, heat/
mass transfer coefficients on a blade tip increase in vertical rib
squealer tip.
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I. INTRODUCTION

AS turbine is one of the reliable and efficient thermal

power systems due to its high efficiency and specific
work. In order to maximize efficiency and output of the gas
turbine, operating temperature in gas turbine is exposed to
extremely high temperature condition.

Due to the high operating temperature, thermal damages in
turbine blade occur frequently. Especially, gas turbine blade tip
is one of parts that are vulnerable to thermal damages in turbine
blade. This is because tip leakage flow has negative influences
on the rotors. There should be clearance between shroud and
rotating rotors. Therefore, strong tip leakage flow pass by the
tip clearance making blade loading loss and causing thermal
damage on blade tip. Furthermore, inlet flow condition in stator
is different from inlet flow condition in rotor. Unsteady wakes
derived by the relative motion of stator and rotor make different
inlet condition in rotor. Unsteady wakes from trailing edge of
stator has an effect on heat transfer coefficients distribution of
blade ranging from endwall to tip.

A lot of researchers investigated heat transfer coefficient
distribution in blade tip region considering various design
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variables. Bunker [1] and Sunden [2] reviewed a variety of
papers about blade tip. They reported general knowledge
concerning turbine blade tip heat transfer and flow
characteristics ranging from fundamental things to current
papers. Chyu et al. [3] experimentally investigated convective
heat transfer at the grooved blade tip. They conducted various
heat transfer experiments varying depth-to-width ratios and tip
gap-to width ratios It is reported that average heat transfer in
overall blade tip region decreases as cavity depth increases.
Also, viewing from a standpoint considering heat transfer
design, it is not recommendable to make overly deep cavity.
Cho et al. [4] investigated local heat/mass transfer on the
shroud according to the blade tip clearance. It is reported that
the heat/mass transfer characteristics on the shroud changed a
lot with various blade tip clearances. Rhee and Cho [5]
experimentally  measured local  heat/mass transfer
characteristics on the near tip region and tip, shroud with
rotating turbine blade. Many heat/mass transfer measurements
are conducted with various rotational speed ranging from 154.5
rpm to 384.2 rpm. Heat/mass transfer in off design conditions
has different distributions of heat/mass transfer coefficients due
to changed tip gap flow and incidence angle. Moreover, Rhee
and Cho [6] experimentally measured heat /mass transfer
distribution on tip, shroud, and blade surface with various
vane/blade relative positions. Heat/mass transfer on the tip,
shroud and blade surfaces are largely influenced due to the
blockage effect by relative blade positions. There are also many
researches about heat transfer characteristics in turbine blade
using various squealer tip configurations. Kwak and Han [7]
investigated heat transfer measurements on the squealer tip and
tip near region using transient liquid crystals technique. It is
reported that the heat transfer coefficients on the tip and shroud
are reduced in turbine blade applied squealer tip. Azad et al [8]
experimentally measured heat transfer coefficients on various
squealer tip geometries ranging from one-sided squealer
geometries to two-sided squealer geometries. They concluded
that a single squealer tip has lower heat transfer coefficients
than a double squealer tip. Saxena et al. [9], [10] investigated
the effects of squealer tip geometries and unsteady wake on
heat transfer in blade tip using hue-based liquid crystal
measurement technique. However, it is difficult to clearly
compare heat transfer distribution on various blade tip
configurations.

In the present study, heat/mass transfer of a turbine blade tip
in linear cascade varying squealer tip geometries and unsteady
wakes. Detailed heat/mass transfer distribution on the blade tip
are measured using naphthalene sublimation method. The
objectives of the research are: (1) to find out flow patterns in
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various tip geometries; (2) to measure local heat/mass transfer
coefficients on blade tip depending on tip geometries and
unsteady wakes.

II. EXPERIMENTAL SETUP

Fig. 1 shows overall experimental apparatus. The linear
cascade is the same as the experimental apparatus [11]. Each
blade span is 196.2 mm and tip clearance is 3.8 mm (2.8% of
axial chord length). Pitch of blades is 135.5 mm and blade
turning angle is 119°. Experiments are conducted on third blade
tip and periodicity of blades is satisfied through adjustable
guide plates. Flow velocity is set to 11.4m/s at the end of blades
and controlled by changing blower frequency inverter. Reynold
is 100,000 based on exit velocity and axial chord length.

During experiments, temperature of the air should be kept
constant. This is because naphthalene vapor pressure is very
sensitive to room temperature [12]. 1°C variation of room
temperature makes 10% variation of naphthalene vapor
pressure.

Unsteady wakes from trailing edge of vane/blade could be
modeled as wakes from passing rod bundle. Pitch of rod is 80
mm, and rod diameter is 5 mm. Rod bundle is rotated by two
belts tied with pulleys. By controlling the rpm of pulleys, rod
passing frequency is changed ranging from 19.6Hz to 78.5Hz.
Also, rod passing strouhal number is varied ranging from 0 to
0.22 and defined as (1):

2nfd

St = o (1)

Heat/mass transfer coefficients are measured by naphthalene
sublimation method. Naphthalene sublimation method
calculates heat transfer coefficients using heat and mass
transfer analogy. During naphthalene sublimation method, wall
conduction and radiation errors are eliminated. The local
naphthalene sublimation depth was measured through linear
variable differential transformer and automated positioning
table.

The mass transfer coefficient is defined as (2):

m ps(Az/At)

by = = @

Pv,w=Pv,c0 Pv,w~Pv,00

Sherwood number which is a non-dimensional form of mass
transfer coefficient is expressed as (3):

hnC
Sh =—"T— 3
Dnaph ( )
Using heat/mass transfer analogy, Nusselt number which is a
non-dimensional form of heat transfer coefficient is expressed
as (4):

Nu _ (Pr)0'4' (4)
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Fig. 1 Linear cascade experimental apparatus [11]

III. RESULTS

Fig. 2 shows Sherwood number distribution on blade tip
surface depending on strouhal number. Fig. 2 (a) is the case that
unsteady wake effect is not considered. It clearly shows that the
leading edge and the region along the suction side rim have a
higher heat transfer coefficient. This is because after tip leakage
flow was separated from the pressure side rim, leakage flow
reattached the tip surface and formed a swirling flow along the
suction side rim. Due to the flow patterns, high heat/mass
transfer coefficients appear. Fig. 2 (b) is the case that unsteady
wake is considered. Strouhal number is set as 0.22 and makes
difference in inlet flow condition. There is lower heat/mass
transfer distribution than steady case. Unsteady wake effect
makes high turbulence intensity of inlet flow and protects tip
leakage flow from getting into the tip clearance. Therefore,
compared to the steady case, lower heat/mass transfer
distribution appears.

Fig. 3 represents the area-averaged Sherwood number on tip
surface. Similar to the result from Fig. 2, the case that unsteady
wake effect is considered has lower area-averaged heat/mass
transfer coefficients. The case that strouhal number is 0.22 is
19.8% lower heat transfer that the steady case. This is because
unsteady wake effect makes tip leakage flow reduced. Despite
of high turbulence intensity of inlet flow, reduced leakage flow
makes momentum in flow patterns such as flow reattachment
and swirling flow weakened.
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Fig. 2 Sherwood number distribution on blade tip surface:(a) St=0, (b)
St=0.22
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Fig. 3 Area-averaged Sherwood number in tip surface varying
Strouhal number

IV. CONCLUSION

This study measured detailed heat/mass transfer
characteristics on blade tip surface varying strouhal number 22
to investigate the effect of unsteady wake on blade tip region.
Experiments are performed in linear cascade which is
composed of five turbine blades and rotating rods, and Strouhal
number that is independent variable in the present investigation
is changed from 0 to 0.22 depending on changing rod passing
frequency. Results showed that there is a difference in
heat/mass transfer coefficient distribution with increasing
Strouhal number. To be more specific, in the case that strouhal
number is 0.22, heat/mass transfer distribution on the blade tip
surface has a different aspect compared to steady case. As
strouhal number increases, sherwood number in blade tip
region monotonically decreases. Compared quantitatively to
steady case, the case that strouhal number is 0.22 has 19.8%
lower area-averaged Sherwood number. This is because tip
leakage flow is reduced due to the unsteady wake effect and this
makes lower heat/mass transfer on the tip surface. Therefore,
this results should be considered in turbine blade cooling
design.
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