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a b s t r a c t

Increasing the turbine inlet temperature can increase the gas turbine cycle efficiency. In order to increase
the turbine inlet temperature significantly, an advanced cooling system has to be essentially developed.
Injection of mist to the coolant fluid is considered a promising technique to protect the hot components
such as combustor liners, combustor transition pieces, and turbine vanes and blades. A series of experi-
ments conducted in the past proved the success of mist cooling technology in the laboratory environ-
ment. Favorable results from the numerical simulation further encourage continuous exploration of
employing mist-cooling technology in the actual gas turbine working environment in various applica-
tions. The present study focuses on applying mist cooling to the rotating mist/air internal cooling passage
with rib turbulators using numerical simulation.

In the first part, the computational fluid dynamics (CFD) models of smooth and ribbed channels with-
out mist and rotation are validated with the experimental results available in literature. The agreement
between the predicted and experimental values in the lower Reynolds number (Re) range is within 3%
deviation, and, at higher Re range, the deviation is about 10%. For the smooth channel, the agreement
with experimental result is good for the entire range of Re values. In the second part, the rotational effect
on the smooth and ribbed channels is predicted and analyzed. In the last part, the mist cooling enhance-
ment on the ribbed channel with rotation is simulated. The secondary flows created due to channel bend
and rotation are specifically analyzed. The results show that the mist cooling enhancement is about 30%
at the trailing surface and about 20% at the leading surface of the first passage with 2% mist injection. In
the second passage, 20% enhancement is predicted for both the surfaces.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Increasing the turbine inlet temperature is one of the major
means to increase the gas turbine (GT) efficiency. The increased
hot gas temperature typically exceeds the allowable material limit
for the blades and vanes. Hence, there is always demand for con-
tinuously developing new advanced cooling technologies to cool
the hot components in high-performance gas turbines. One of the
promising technologies to significantly enhance the heat transfer
is to inject water mist into the coolant flow. Each droplet acts as
a cooling sink and flies over a distance before it completely vapor-
izes. This ‘‘distributed cooling’’ characteristic allows controlled
cooling by manipulating different sizes of injected water droplets.
The mist/steam cooling scheme applicable to an Advanced Turbine
System (ATS) was introduced and verified with extensive basic
experiments under laboratory working conditions, in a horizontal

tube [1,2], a 180-degree curved tube [3], impingement jets on a flat
surface [4], and impingement jets on a curved surface [5]. Typi-
cally, an average cooling enhancement of 50–100% was achieved
by injecting 1–3% (wt.) mist into the steam flow. A very high local
cooling enhancement of 200–300% was observed in the tube and
on a flat surface, and local cooling enhancement above 500% was
observed when the steam flow passed the 180-degree bend.

The mist/air film cooling system applied to modern gas turbines
was simulated by Li and Wang [6,7] and showed that a small
amount of mist injection (2% of the coolant mass flow rate) could
increase the adiabatic film cooling effectiveness by about
30% � 50% under low temperature, velocity and pressure condi-
tions similar to those in the laboratory. They also investigated
the effects of different flow parameters, injection hole configura-
tion, and coolant supply plenum on the cooling effectiveness. In or-
der to simulate the actual GT operating conditions more closely, Li
and Wang [8] presented the mist/air film cooling heat transfer
coefficient under a conjugate wall condition by employing internal
channel cooling beneath the blade surface. The result of conjugated
2-D cases indicated that reverse heat conduction from downstream
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to upstream along the solid wall was strong within a distance of 5
slot widths. Li and Wang [9] studied the curvature effect on mist
film cooling, as well. They found that the magnitude of the mist
cooling enhancement was ordered as follows: flat surface > pres-
sure surface > suction surface > leading edge.

Their simulation showed that the film cooling effectiveness in-
creases approximately 40% at the leading edge, 60% on the concave
surface, and 30% on the convex surface with 2% mist concentration.
Their studies [6–9] on mist/air film cooling were conducted with
the turbine in a stationary condition. Recently, Dhanasekaran and
Wang [10] simulated the mist/air film cooling enhancement over
a rotating blade under gas turbine working conditions with ele-
vated pressure, heat flux, and Reynolds number. They predicted
an average of 35% mist cooling enhancement with an equivalent
blade surface temperature reduction of 100–125 K.

As a continuation of mist cooling technology developments, the
present study employs computational fluid dynamics (CFD) simu-
lations to investigate the cooling performance of applying mist in a
gas turbine internal blade with riblets under both stationary and
rotating conditions. The early investigations of enhancing turbine
airfoil internal cooling under rotating conditions were performed
with straight, smooth, circular tubes [11–13]. Han et al. (for exam-
ple Ref. [14,15]) have conducted several experimental studies on
straight rib-roughened, non-rotating and rotating channels to
investigate the effect of turbulator configurations (such as rib
height, spacing and angle), the flow channel aspect ratio, and the
flow Reynolds number on the distributions of the local heat trans-
fer and pressure drop. Recently, as CFD schemes became more
sophisticated and powerful, numerical studies of heat transfer in
ribbed channels have become popular. Chang and Mills [16] em-
ployed a low Reynolds number turbulence model for a two-dimen-
sional situation involving flow in a stationary circular tube with
repeated rectangular ribs. Arman and Rabas [17] subsequently pre-
dicted the flow field and heat transfer in a stationary circular tube
with repeated ribs using a two-layer model. Prakash and Zerkle
[18] have used the standard k-e model with wall functions to pre-
dict the heat transfer in rotating rib ducts with the assumption of
periodic, fully developed flow situations.

In the present study, a mist/air computational model is devel-
oped to predict the mist cooling enhancement on the rotating,
ribbed, rectangular channel. Initially, the air-only computational
model is validated with the experimental results available in open
literature. The effects of rotational force on the flow physics and
heat transfer in the channel with riblets are investigated. Finally,
the mist cooling enhancement is simulated using the validated
computational model.

2. Numerical method

A feasible method to simulate the air/mist flow is to consider
the droplets as a discrete phase since the volume fraction of the li-
quid is small (less than 0.1%) in this study. The trajectories of the
dispersed phase (droplets) are calculated by the Lagrangian meth-
od. The impacts of the droplets on the continuous phase are con-
sidered as source terms to the governing equations of mass,
momentum, energy, and species. The continuous phase, including
air and water vapor, is formulated with the Eulerian method. The
mist cooling computational model has been established and vali-
dated within 3% to 15% deviation from the experimental data for
various configurations including: mist/steam impingement on a
flat surface [19], on a curved surface [20], in a horizontal tube
[21], and in a 180 degree bend tube [22]. The detailed description
of CFD mist flow modeling is referred to Dhanasekaran and Wang’s
other studies [19,21] and is not repeated here. A summary of the
CFD model is presented below.

2.1. Continuous Phase

The time-averaged governing equations of mass, momentum,
energy, and species are:
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where sij is the symmetric stress tensor. The source terms (Sm, Fj

and Sh) are used to include the contributions from the dispersed
phase. lU is the viscous dissipation and k is the thermal conductiv-
ity. Cj is the mass fraction of species j in the mixture, and Sj is the
source term for this species. Dj is the diffusion coefficient of species
j. The diffusion term is used for bi-diffusion between the water va-
por and air mass. When the liquid evaporates, the vapor produced
surrounds the liquid droplet. Then, this vapor will be transported
away through convection and mass diffusion. Three species (oxy-
gen, nitrogen and water vapor) are simulated in the paper.

The terms of qu0iu
0

j; q cpu0i T0 and qu0iC
0

j in the equations above
represent the Reynolds stresses, turbulent heat fluxes, and turbu-
lent concentration (or mass) fluxes, which should be modeled

Nomenclature

Ap surface area of droplet
b slot width (m)
C concentration (kg/m3)
Dh channel hydraulic diameter
GT gas turbine
h convective heat transfer coefficient (W/m2-K)
H height of channel (m)
k turbulent kinetic energy (m2/s2)
K thermophoretic coefficient
Nu local Nusselt number, hDh/kc
m mass (kg)
q00 wall heat flux (W/m2)
Re Reynolds number (q Vj d/ l )
Ro rotational number, X Dh/ V
Tw wall temperature (�C)

V inlet bulk velocity (m/s)
W width of channel (m)

Greek
e turbulence dissipation (m2/s3)
k thermal conductivity (W/m-K)
X rotational speed (rad/s)

Subscript
p, d particle or droplet
r riblet
s smooth.
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