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A B S T R A C T

An experimental study was conducted to investigate the effect of the injection angle for staggered array im-
pingement jets in a showerhead cooling system. We suggested the angled jets array to enhance heat transfer
performance, and heat transfer characteristics were compared to that on the normal jets array. The semicircle
test section was designed to consider the showerhead configuration, and the Reynolds number was changed from
3000 to 10,000. The naphthalene sublimation method was used to evaluate the heat transfer coefficients on
targeted plates, and the numerical simulations were carried out to analyze the characteristics of the flow fields.
The averaged heat transfer coefficient increased monotonically with increasing Red due to the enhanced flow
mixing by increasing mass flow rate. A low heat transfer coefficient was observed among the adjacent im-
pingement jets in the vicinity of the central row of holes due to staggered array pattern and curvature effect. To
overcome this disadvantage, the inclined jets were applied in present study. The heat/mass transfer coefficients
were larger for the inclined jets for all Red because an amount of wall jet is flowed toward the low heat transfer
region by flow imbalance. As applied inclined array impingement jets, averaged heat transfer was enhanced
about 9% in low Red compared to normal array impingement jets.

1. Introduction

The operating temperature of gas turbines has increased in recent
years to meet demand for higher thermal efficiencies and larger power
outputs. Especially, the turbine blades, which is installed in gas turbine,
are exposed directly to hot combustion gases, and the leading edge of
the turbine blades are under the high temperature gas. Therefore, the
development of advanced cooling techniques is required to protect
components of gas turbines from excessively high heat resistance tem-
perature. At the leading edge of the turbine blades, the most popular
cooling method is impingement jet cooling, an internal cooling method
to protect the hot component.

The heat transfer characteristics of impingement jet cooling are
dominated by turbulent transport of jets and vortices, as well as flow
interactions due to geometry. Thus, the configuration of the impinge-
ment jets is important, and many reports have been published on
geometry affecting impingement jet configuration as a variable to im-
prove the cooling performance. Previous researches considered the
various shapes of the hole [1–3], the pattern of the array of holes [4–7],
and the distance between the hole and plate [2,8,9] to obtain optimized

geometric condition. And investigation of the significance of crossflow
was progressed in point of heat transfer [10–12]. In addition, the stu-
dies on the heat transfer characteristics according to the various shaped
rib have been carried out recently [13,14]. In these studies, the fluid
flow and heat transfer characteristics were investigated using simplified
conditions. The correlations and optimal geometries of jets were eval-
uated experimentally.

The leading edge of a gas turbine blade has a concave surface, and
the fluid flow and heat transfer characteristics are mainly affected by
the geometry of the surface [15–18]. Gau and Chung [16], Yang et al.
[17], and Poitras et al. [18] investigated the fluid flow and heat transfer
characteristics of concave surfaces as a function of the Reynolds number
(Red), the distance between the hole and the plate, the ratio of the
diameter to the slot width and curvature of concave surface. They re-
ported that the heat transfer characteristics was larger for concave
surfaces due to an enhancement of the wall jet flow instability by
curvature effect. In addition, the heat transfer was enhanced at the
large curvature condition in the narrow confined duct. Kumar et al.
[19] and Hong et al. [20] reported numerical and experimental ana-
lyses of a concave surface using a single row arrangement of
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impingement jets. The heat transfer coefficient was larger for the con-
cave surface and increased with increasing distance in a spanwise di-
rection. The average heat transfer coefficient increased as the ratio of
the height to the plate spacing decreased. Patil et al. [21] showed ex-
perimental analysis of a concave surface using the confined singe row
impingement jet, and they obtained correlation for overall averaged Nu

with various geometric variables. However, a single row arrangement
of impingement jets exhibits a low heat transfer region between the
impingement jets and the outer region (s/d > 2), and crossflow leads
to a reduction in the heat transfer coefficient [22–24]. Therefore, it is
necessary to change the arrangement of the impingement jets to im-
prove the low heat transfer of a sing row arrangement of impingement

Nomenclature

d injection hole diameter
Dc diameter of semicircle in concave test duct
Dnaph mass diffusion coefficient of naphthalene vapor in air
hm local mass transfer coefficient
ṁ local naphthalene mass transfer per unit area and time
ρs density of solid naphthalene
ρv,w naphthalene vapor density on the surface
dy local sublimation depth of naphthalene
dτ runtime of experiment
H gap distance between injection hole and target surface

θ circumferential angle
x coordinate in test section
s coordinate in test section
Nu Nusselt number
Pr Prandtl number
Sc Schmidt number
Sh Sherwood number based on the hole diameter
Sh averaged Sherwood number
Red Reynolds number based on hole diameter and the average

velocity in the hole

Fig. 1. Schematic 3-D view of concave surface; (a) test
section and cross-section of normal jet, (b) hole arrange-
ment, (c) cross-section of inclined jet.
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