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ABSTRACT

In order to enhance the performance of a gas turbine
and to maintain the blade material within operating
temperature range, cooling channels are made
within the blade materials that extract the heat. The
walls of these cooling channels are usually
enhanced with some sort of turbulence generators —
ribs and dimples being the most common. While
both the geometries provide improvement in
enhancing the heat transfer, dimples usually have a
lower pressure drop. It is essential to improve the
heat transfer rate with a minimal pressure loss. In
this study, the heat transfer and pressure loss are
determined numerically and combined to show the
effect of both in channels with ribs and dimples on
one wall of the channel. Similar geometric and
boundary conditions are used for both the
turbulators. Reynolds numbers of 12,500 and
28,500, based on the hydraulic diameter are used for
the study. The Reynolds-Stress Model was used for
all the computations as a turbulence model by
employing Fluent.
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NOMENCLATURE

Cp - Specific heat at const. pressure

Dy - Hydraulic Diameter

e - Height of the ribs

f - Friction factor

fo - Friction factor calculated from
empirical relations

h - Convection heat transfer coefficient

Kiherm- Thermal Conductivity

ky - Turbulent Kinetic Energy at node
point next to the wall ‘p’

Nu - Nusselt Number

Nu, - Nusselt Number of smooth wall

P - P-Function [3]

‘- This is the node point next to the
wall

q, - Rate of heat flux at the wall

Rep - = (U-Dy /v) Reynolds number

T - Temperature

U - Free stream velocity

U, - Mean velocity at node ‘P’

vV oo Kinematic viscosity
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Greek Symbols
p - Density
c - Prandtl Number
or - Turbulent Prandtl number
Ty - Wall shear stress
Subscripts
D - Based on Hydraulic Diameter
woo- Parameters at the wall
INTRODUCTION

Increasing inlet temperatures in gas turbine engines
is possible due to the internal cooling technology.
Cooling channels made within the blade material
circulate coolant (air, water, steam etc.) to extract
the heat and keep the blade material within
operating range. Different geometries have been
developed in order to enhance turbulence within the
channel and thereby increase the heat transfer.
Turbulence enhancers such as ribs and dimples have
been placed on one wall of the channel to achieve
higher heat transfer rate.

Bunker [1] reported the effect of different
turbulence generators such as ribs, dimples and
trenches and also discussed film cooling. He also
investigated the effect of inline and staggered
Chevron strips to improve the heat transfer
compared to smooth walls. Full length pins and
short pins were also discussed in the report. It was
concluded that the full length pins provided higher
heat transfer which might be attributed to the
increased surface area.

lacovides et al. [2] studied experimentally heat
transfer rate in U-Bend channels with smooth walls
and some turbulence generators. They studied both
stationary and rotating channels for different
geometries such as square, rectangular and a
combination of both. They also reported about
numerical computation of heat transfer in cooling
channels using various turbulence models.
Computational results of rib roughened channels of
varying angles were reported in the paper [2].

Ekkad et al. [3] reported experimental measurement
of wall Nusselt number distributions for various rib
configurations in a U-bend square channel, with
bleed holes. 60° standard ribs, 60° V-shaped ribs

and 60° inverted V-shaped ribs were studied by
them. Based on the results they recommended using
V-shaped ribs in the first pass and inverted V-
shaped ribs in the second pass for the highest heat
transfer rate.

Kim et al. [4] studied mass transfer characteristics
in channel with 90° and 45° ribs in a square single
pass channel with bleed holes. Naphthalene
sublimation was used to measure mass transfer
characteristics and thereby calculated the heat
transfer by using the heat/mass transfer analogy.
The case with 45° ribs did not show much change in
heat/mass transfer compared to 90° ribs in a
stationary channel. However, rotation induced
secondary flows cause changes in turbulence and
hence in heat/mass transfer.

Dimples are another widely wused turbulence
generators. Concave dimples on the channel walls
provide turbulence while minimizing the frictional
loss. Han and Ekkad [5] studied the effect of
dimples in a high aspect ratio channel, with bleed
holes. Nusselt number distributions for different
Reynolds numbers were reported.

Zhou and Acharya [6] compared mass transfer by
naphthalene sublimation of dimpled channel at
different Reynolds numbers. It is concluded in their
study that heat transfer was enhanced by a factor of
2 compared to a smooth channel.

Moon et al. [7] reported heat transfer and flow
characteristics in a square channel with dimples,
with varying channel height.

Although it is an established fact that dimples
provide a lower frictional loss, there is not much
literature quantitatively comparing dimples with
ribs in similar flow conditions. In this study,
computational result from a rib configuration is
compared with the experimental results obtained
from Ekkad et al. [3] to validate turbulence models.
From previous publications by the authors [9-11],
the RSM model was reported to predict results
closer to the experimental data compared to k- and
k- turbulence models and hence the RSM is
chosen for this study. Using the RSM as the
turbulence model, same heat transfer surface area
and the same inlet and boundary conditions, Nusselt
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number and friction factor distributions between the velocity profile)

ribbed channels and the dimpled channels are Height of the ribs (e) 0.22cm

compared. This shows a quantitative difference

between dimples and ribs. Pitch of the ribs 10e
Angle of the ribs 60°
GEOMETRIC MODELS
Diameter of the bleed holes 1.26 cm
Figure 1 shows the different geometries used in this Diameter of the dimples 126 cm

study and Table 1 gives the geometric dimensions.

Table 2 has the flow conditions used for the Number of dimples 16 per pitch length

numerical analysis. The dimensions and the
boundary conditions are set to be the same for the

experimental study of Ekkad et al. [3]. An inlet L < < < < < \

channel was used to calculate the fully developed (\| , / : — (a)
flow velocity, as done for the experiment [3]. The =
velocity at the inlet to this channel was calculated X

based on the Reynolds number and the hydraulic
diameter of the channel.

Dimensions for the dimpled channel are obtained (b)
such that the ratio of the total areas of modified wall
to the plane wall is the same as that of the ribbed
channel. This includes the three surfaces of each rib
and the surface area of the rectangular wall. The (©
number of dimples is calculated to correspond to the
same total area for the ribbed channel. Details are
given in Eq (1) and (2).

For one pitch length (rib to rib),

Areaof ribbed wall —=32.04+3(0.63x5.08) (d)
=41.64cm’
Area of dimpled wall = Areaof ribbed wall —(1)
N(%M’rzj =41.64cm’ -(2)
Taking the radius of the dimple to be the same as
that of the bleed hole, i.e., r = 0.63 cm, and we get,
N=16.34 ~ 16 per one pitch (6.3cm)
Table 1: Dimensions of the geometry (e)
Cross section of the channel | 5.08cm x 5.08 cm
Hydraulic Diameter (Dy) 5.08 cm
Length of the channel 11Dy,
Length of the inlet channel 10Dy, Figure 1: Schematic of different channel
(not shown here, used to geometries and meshes used in this study
calculate fully developed
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(a) V-shape ribs, (b) dimples inline, (c) dimples
in staggered array, (d) meshes for ribbed
channel, (e) meshes for dimpled shape.

16 dimples (per pitch length) are distributed
uniformly over the surface. Two different dimpled
channels are used, one with a straight dimple-array
and the other with a staggered dimple arrangement
as shown in Figs. 1(b) and 1(c). The staggered
arrangement has the adjacent line of dimples one
diameter offset from the previous line.

Table 2: Flow conditions used

Reynolds Number 12,500 28,500
Inlet Velocity 3.59m/s 8.20m/s
Inlet Temperature 200°C 200°C

Constant wall

27°C 27°C
temperature

The mesh used for the simulations was achieved
after grid independence tests. For the dimples, mesh
1, mesh 2 and mesh 3 with 1.2, 1.7 and 1.9 million
grid points, respectively, were used and tested for a
grid independence based on both the mean velocity
and the mean Nusselt number. Less than 2% change
was observed in the results from mesh 2 and mesh
3. Therefore, mesh 2 was selected, having 1.7
million grid points. Similarly, 1.0, 1.2 and 1.5
million grid points were tested in the ribbed
channel. Having less than 2% change compared to
the grid with 1.5 million, the second mesh with 1.2
million grid points was selected. The average y+ for
this mesh is 25 due to the adoption of the standard
wall function rather than the use of a low-Reynolds
number model.

RESULTS AND DISCUSSION

The Nusselt number distribution shown here is
calculated based on the shear stress as opposed to
calculating from the energy equation (available in
Fluent). From previous study [12], the shear stress
calculation predicted results closer to the

experimental values compared to the energy
equation. This comparison is shown in Fig. 3.

The shear-stress method was proposed by Amano
[13] and is briefly reproduced here.

The near-wall variation in temperature and the
local heat flux adopted are related as

) 1
pe, =T (U
9, z,/p

where P is the P-Function given by Jayatilleke [3].
The p-function is defined as

P=9.24|(c/5, " ~1]1+0.28exp(~0.0075/5, )] @

Comparing Fluent Data with Shear Stress Data
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Figure 3: Comparison of shear stress calculation
against energy equation [12]

In Eq. (3), the term, (T —7,,)/ 4, is to be recognized

as the inverse of ‘h’, the convective heat transfer
coefficient.

And the Nusselt number can be calculated as

Nu = —:Dh ------ 5)

therm

where, Dy, is the hydraulic diameter and ke 1S the
thermal conductivity of the fluid (air in this case).

Shear stress values at the wall and velocity
values at a distance of 6e-4D from the wall were
obtained from the simulations. Then, the Nusselt
number was calculated using Eqgs. (3), (4) and (5) at
each point. In the vicinity of the dimples, very low
velocities are recorded due to flow circulations.
This causes a very high Nusselt number in those
areas. As only the Nusselt number distributions are
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available from the experiment, only trends were
observed rather than the actual distribution. For
comparison, Nusselt number was normalized with
the Dittus-Boelter relation [9].

Nu, =0.023Re?’ o**

Figure 4 shows the Nusselt number distribution for
the three channels at Rep=12,500. Figure 5 shows
the same at Rep=28,500. It is evident from these
figures, that Nusselt number distributions for all
three configurations are similar. The heat transfer is
noticeably increasing after the turn, X/D =0. The
channel with ribs shows slightly increased overall
heat transfer compared to the channels with
dimples.

Normalized Nusselt Number, Re=12,500

Nu/Nuo
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|— Staggared Dimple — Inline Dimples —V Ribs\

Figure 4: Normalized Nusselt Number distribution
along the length of the channel for the three
geometric configurations, at Re=12,500

Figures 6 and 7 show the normalized skin friction
coefficient for the various channels at Re = 12,500
and Re = 28,500, respectively. It is quite evident
that the ribbed channel has much higher skin
friction as expected. On an average, the friction in
ribbed channel is about five times higher than that
from the dimpled channel. All the channels show
lower skin friction downstream of the bend
compared upstream. This might be due to increased
turbulence. The Coriolis forces acting in the bend
section push the flow outward. The distributions
show periodic peaks which are due to the periodic
nature of the geometry for both ribs and dimples.

Normalized Nusselt Number, Re=28,500
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Figure 5: Normalized Nusselt Number distribution
along the length of the channel for the three
geometric configurations, at Re=28,500

Normalized Skin Friction, Re=12,500
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Figure 6: Normalized Skin Friction distribution
along the length of the channel for the three
geometric configurations, at Re=12,500

Normalized Skin Friction, Re=28,500
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— Staggared Dimple — Inline Dimples —V Ribs

Figure 7: Normalized Skin Friction distribution
along the length of the channel for the three
geometric configurations, at Re=28,500

To better understand the effect of both heat transfer

and friction loss, the ratio of normalized Nusselt
number to normalized skin friction factor is
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calculated for all the three channels and is referred
to as the “channel effectiveness”.

_ Nu/Nu,
channel (f/fo )1/3

Channel Effectivenss, €

(6)

Channel Effectiveness, Re=12,500
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Figure 8: Channel Effectiveness distribution along
the length of the channel for the three geometric
configurations, at Re=12,500

Channel Effectiveness, Re=28,500
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Figure 9: Channel Effectiveness distribution along
the length of the channel for the three geometric
configurations, at Re=28,500

Higher heat transfer and lower friction coefficient is
desired in any channel and this translates to higher
channel effectiveness. Figures 8 and 9 show the
distribution of channel effectiveness for the three
channels along the length. The effectiveness is very
small in the upstream section of the bend compared
to the downstream. This is because the heat transfer
is much higher in the downstream section, owing to
a higher turbulence caused by the flow bend. Unlike
the heat transfer, the friction reduces in the
downstream section due to a flow separation and the
resulting recirculation of the flow. Comparing the
different turbulators, the staggered dimpled channel
performs better than the inline dimpled channel and

both the dimpled channel perform better than the
ribbed channel. Also, at higher Reynolds number,
channel effectiveness improves, for the inline
dimple case but not ribbed and staggered dimples.

Comparing the dimpled channels alone, the poor
performance of the staggered channel can be
attributed to the increase in friction without much
gain in the heat transfer.

CONCLUSIONS

From this study, the following conclusions
emerged:

(1) The dimpled channel performs better
cooling effectiveness when compared with
the V-ribbed channel. However, if the
friction is reduced in ribbed channels, the
ribbed channel is better suited.

(2) Comparing the channel effectiveness, both
the ribbed channel and the staggered
dimpled channel perform equally and the
inline channel performs better than the other
two, at higher Reynolds number.

(3) For Rep = 12,500, the V-ribs perform
marginally better that the dimpled channel in
the upstream side and all three channels
perform similarly in the downstream side.

To better understand the performance, more studies
need to be performed through both experimental
and computational studies for various possible
geometries. Some of the geometric configurations
that need to be studied are the ribs at different
angles, depressed ribs, convex dimples and circular
ribs.
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