
Experimental and numerical investigation of heat transfer and friction
performance for turbine blade tip cap with combined pin-fin-dimple/
protrusion structure

Yonghui Xie ⇑, Dongbo Shi, Zhongyang Shen
Key Laboratory of Thermo-Fluid Science and Engineering, Ministry of Education, School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi Province
710049, China

a r t i c l e i n f o

Article history:
Received 30 March 2016
Received in revised form 12 September
2016
Accepted 12 September 2016

Keywords:
Dimple
Heat transfer
Turbine blade
Tip cap
Cooling

a b s t r a c t

The blade-tip region of turbine blade exposes to gas with high temperature and high velocity. So the cool-
ing in this area has significant influence on turbine blade safety. The U-shaped cooling channel with 180�
turning bend is common in internal cooling of turbine blades, which improves the heat transfer coeffi-
cient. Special attention should be paid to the impingement cooling at bend area which is important to
the cooling of the blade tip region. Dimples, protrusions and pins which are placed on the bend area
are well recognized to enhance the heat transfer in the area. In this paper, the heat transfer and friction
performance of the tip-cap are predicted numerically and experimentally. Pin-fin-dimple/protrusion is
arranged as the heat transfer augmentation structure at the bend region. It is concluded that, the temper-
ature of solid surface decreases obviously when dimple/protrusion or pin-fin-dimple/protrusion struc-
ture is arranged. The area-averaged Nu of impingement surface with pin-fin-dimple/protrusion
increases by 31.2–127.3%, which implies that the heat transfer performance is prominently better than
that on the smooth tip wall. The additional pressure penalty of pin-fin-dimple/protrusion is 16.2% at
most. In summary, the arrangement of dimple/protrusion and pin-fin-dimple/protrusion on the blade-
tip surface inside the blade can enhance the heat transfer with little increase of friction, indicating an effi-
cient cooling structure.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The blade-tip region of a turbine is in contact with gas with high
temperature and high velocity. Hence, the cooling in this area is of
significance for the safety of a turbine blade. Generally, the cooling
of blade-tip adopts the combination of internal convection cooling
and external film cooling. However, some turbine blades only con-
tain internal cooling channel without external methods such as
film cooling. Thus the cooling of blade-tip completely depends on
internal convection. A cooling channel of U shape with 180� bend
region is more common in internal cooling of a turbine blade.
The bend region not only improves the heat transfer coefficient
of two channel columns but also achieves better cooling perfor-
mance of blade-tip on the basis of the impingement cooling around
the corner, which deserves special attention by researchers in
related area. In common turbine blades, a smooth surface without
enhanced structure is employed around the corner. Bunker [1]

proposed a pin-fin placed on the bending surface, which obviously
enhanced the heat transfer in the area. While Xie et al. [2] pre-
sented a structure with large dimples, protrusions achieving the
same effect. Van [3], Metzger et al. [4–6] and Chyu et al. [7,8]
revealed that the pin height-to-diameter ratio, array orientation
(in-line or staggered) and fin cross-sectional shape, etc., are crucial
parameters in determining the heat transfer and friction factor.
Ligrani et al. [9–11] conducted experimental researches on the
transient vortex structure inside dimples and also studied the com-
bined effect of dimples and protrusions on the opposite wall. With
the combination heat transfer method presented in this paper, the
combination of pin-fin and dimple/protrusion is applied in the
bend region as cooling configuration. Detailed heat transfer perfor-
mance as well as friction of the structure are discussed in detail.

The exhausting structures such as film cooling and slot film
cooling are always arranged around leading edge (LE) and trailing
edge (TE) of a turbine blade. Usually, the gas flows into leakage
chamber by side impingement in the cooling channel near the LE
and the TE, and then forms a gas film. The impact on the leakage
chamber wall enormously promotes the cooling effect in this area.
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Taslim et al. [12] analyzed the side impingement structure near the
LE/TE of a turbine blade and concluded that the position of side
hole, the staggered arrangement method, the angle of side groove
etc. all greatly influenced the cooling effect. Taslim et al. [13,14]
also reported the results of a series of investigations on internal
impingement on the leading-edge cavity walls. In consideration
of the impingement cooling characteristics of dimple/protrusion
structure as target surface, the impingement of dimple/protrusion
structure is arranged on the exhausting chamber wall of the tur-
bine blade LE/TE to study the heat transfer performance and fric-
tion of the structure. Xie et al. [15] discussed the cooling effect of
pins/dimples/protrusions/on turbine blade tip wall at high Rey-
nolds numbers. Rhee et al. [16,17] investigated the effect of
vane/blade relative position on heat transfer performance of sta-
tionary turbine blade. Varun et al. [18] experimentally investigated
combination geometries viz. transverse and inclined discrete ribs,
which gives better heat transfer enhancement compared to single
roughened geometry. Sahu and Bhagoria [19] conducted the exper-
imental investigation on the effect of 90� broken ribs as roughness
elements and found that thermal efficiency is 51–83.5%. Rao et al.
[20–22] conducted an experimental and numerical study to inves-
tigate the flow and heat transfer characteristics in a pin fin-dimple
channel.

Based on the research status mentioned above, the heat transfer
and friction performance of U shape cooling channel around the
turbine blade-tip are discussed in this paper. The combination of
pin-fin and dimple/protrusion is introduced in the bend region of
U shape cooling channel near blade-tip to study the enhancement
of heat transfer as well as friction feature and obtain the best struc-
ture parameter of dimple/protrusion.

2. Research object

As a type of commonly used internal cooling channel, the U
shape channel is adopted in this paper. The 180� bend region
increases the heat transfer rate and high heat transfer region is
formed on account of cooling gas impingement at the top of bend
region, which is of great importance to the blade-tip cooling and
deserves further study. The cooling channel inside blade-tip is
shown in Fig. 1, where it’s a representative cooling structure pro-
posed by Han [23] and it shows the inside blade-tip heat transfer
surface which this paper concentrates on.

The physical model adopted in this paper is based on the U
shape channel tested by Bunker [1], where the aspect ratio
(AR = W/H) of channel inlet and outlet section is 1:2. The

corresponding hydraulic diameter is Dh. The length of two cooling
column L1 is 10Dh and the gap at the bend region L2, L3 are 0.95 and
0.27. The main parameters are shown in Fig. 2. Bunker’s [1] study
adopted pin fin to enhance the heat transfer of bend region tip in
the channel, while in this paper, the heat transfer and friction per-
formance with combination of pin-fin and dimple/protrusion are
discussed.

It’s shown in Fig. 3 that dimple/protrusion or pin-fin-dimple/
protrusion is placed on tip region of channel bend region. In this
paper, different structures such as dimple/protrusion, dimple/pro-
trusion with different interval density and depth ratio, pin-fin-
dimple structure, pin-fin-protrusion structure, etc. are discussed.
The interval of sparse dimple/protrusion Pw and Ph are 25 mm.

Fig. 1. Representative cooling structure inside turbine blade.
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Fig. 2. Main parameters of U shape channel.

Nomenclature

D dimple/protrusion diameter
Dh hydraulic diameter
Dp fin diameter
f friction factor
hp fin height
H inlet height of the channel
k turbulent kinetic energy
L1 length of the channel
L2 width of the channel
L3 clearance width of the turning bend
Nu Nusselt number
Nu/Nu0 Heat transfer enhancement factor
Pw lateral spacing of the dimple/protrusion
Ph longitudinal spacing of the dimple/protrusion
q00 surface heat flux
Re Reynolds number

T temperature
W inlet width of the channel
y+ non-dimensional grid spacing at the wall

Greek symbols
d dimple/protrusion depth
Dp pressure drop
e rate of energy dissipation
k fluid thermal conductivity
l fluid dynamic viscosity
q fluid density
x specific dissipation rate

Subscripts
w wall
f fluid
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