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ABSTRACT

The objective of this research is to study the local heat transfer distribution
inside the cooling channel of the turbine blade with rib turbulators in order to give a uniform
heat transfer distribution under the rotations. In this research, there are two main parts of the
experiment, viz. the experiment in a stationary straight channel and a rotating serpentine
channel.

For the stationary straight channel, it has a height (H) and width (W) of 75 mm.
The rib height-to-hydraulic diameter ratio (e/Dy), the channel length-to-hydraulic diameter ratio
(L/Dp) and rib pitch-to-height ratio (p/e) were selected at 0.133, 8 and 10, respectively. Fifteen
different types of rib geometries used in this research, viz. 90°, 30°, 45° and 60° inclined ribs,
30°, 45° and 60° V-shaped ribs, 45° and 60° A-shaped ribs, 60° inclined ribs with different gap
positions, and 60° V-shaped ribs with a gap, which these rib types were installed on two side
walls. All experimental tests were carried out in the range of Reynolds number (Re) of 10,000
to 30,000. The local heat transfer coefficient distributions were conducted by using steady
thermochromic liquid crystals (TLC) method. The friction factor and thermal performance
factor were also performed to evaluate for each case. Furthermore, the commercial software,
ANSYS ver. 15.0 (Fluent) was utilized to reveal the flow structure and heat transfer
characteristic on the surface inside the stationary straight channel.

For the rotating serpentine channel, there are two methods to measure the local
heat transfer coefficient distribution on the surface, viz. the first method is steady
thermochromic liquid crystals (TLC) method. In this method, the rotating serpentine channel
has a height (H) and width (W) of 50 mm. The ratio of rib height-to-hydraulic diameter (e/Dy),
the channel length-to-hydraulic diameter ratio (L/Dn), radius ratio (r/Ds) and rib pitch-to-height
ratio (p/e) was selected at 0.1, 8, 5 and 10, respectively. Seven different types of rib geometries
conducted in this method, viz. 90°, 45°, 60° inclined ribs, 60° VV-shaped ribs (Case 1), 60° V-
shaped ribs by having 60° A-shaped ribs in the second-pass (Case 1), and 60° VV-shaped ribs by
having 60° inclined ribs in the second-pass (Case I1), and 60° V-shaped ribs with gap (Case

IV), which all rib geometries were compared with the smooth serpentine channel. Also, the
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friction factor and thermal performance factor were also carried out to evaluate for all rib cases.
For the second method is the naphthalene sublimation method. The rotating serpentine channel
has a height (H) and width (W) of 15 mm. The ratio of rib height-to-hydraulic diameter (e/Dy),
the channel length-to-hydraulic diameter ratio (L/Dn), radius ratio (r/Dy) and rib pitch-to-height
ratio (p/e) was selected at 0.133, 11.3, 22 and 10, respectively. Two different types of rib
geometries studied in this method, viz. 90° and 60° inclined ribs. Both two methods were
defined at the Reynolds number (Re) of 10,000 and rotation number (R,) were varied in ranges
from 0.0 to 0.3. Moreover, the 3D flow field structures inside the rotating serpentine channel
were revealed by using the commercial software, ANSYS ver. 15.0 (Fluent).

For the case of the stationary straight channel, it is found that the heat transfer
coefficient distributions on surface for the cases of 60° inclined ribs, 45°, 60° VV-shaped ribs and
60° V-shaped ribs with gap were significantly high about 19.3%, 23.5%, 32.6% and 38.7%
respectively when compared with the case of 90° ribs because effect of the secondary flow
induced by the inclination of rib, attaches on surface. This flow can help to reduce the boundary
layer thickness. As a result, the heat transfer rate increases. The highest average heat transfer
coefficient on the surface was achieved for the angle of 60° V-shaped ribs with a gap when
compared with other rib cases. Because the 60° V-shaped ribs generated the complex secondary
flow field that induced by the inclination of rib and effect of flow through a gap. Besides, it is
indicated that the case of 60° VV-shaped ribs with a gap gives the best thermal performance when
compared to the other rib cases.

For the case of the rotating serpentine channel, the results show that the trend
of the average heat transfer ratios (Nu/Nu,,) for all rib cases increases with increasing the
rotation number (R,). The average heat transfer ratios in the first-pass were highest on the TS
wall (Pressure side wall) followed by the LS wall (Suction side wall). This trend was similar in
the turn region as well. Whereas, the average heat transfer ratios in the second-pass was highest
for the LS wall followed by the TS wall. Furthermore, the average heat transfer ratios in the
cases of VV-60° rib having 60° inclined ribs in second pass (case Ill) and V-60° rib with a gap
(case 1V) are high about 21.8% and 25.4% when compared with a smooth wall case, and high
in range of 10-15% when compared with other rib cases. The friction factor (f/fo) in the case of
60° inclined rib gave the highest f/f, while the 60° VV-shaped ribs by having 60° inclined ribs in
the second-pass (Case I11), and 60° VV-shaped ribs with a gap (Case 1V) provide the best thermal
performance. Also, the flow field structure inside the serpentine channel due to rotation
condition gives the complex flow of secondary flow. It can help significantly to increase heat

transfer on the surface, especially on the first-pass TS surface and second-pass LS surface.
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Heat loss from radiation
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erLC

BTSRRI

0

Radius of rotation

Gas constant for naphthalene (=64.89)
Reynolds number

Rotation number

Schmidt number of naphthalene in air
Thickness of stainless foil

Thickness of TLC sheet

Duration of test run

Inlet temperature of air

Outlet temperature of air

Mean temperature of air

Wall temperature

Average wall temperature
Surrounding temperature

Inlet velocity of air

Electric potential difference

Channel width

Coordinate in the spanwise direction
Coordinate in wall normal direction

Coordinate in the streamwise direction

The inclination angle of the rib

Depth of naphthalene sublimation

Emissivity coefficient of TLC sheet (=0.9)
Thermal performance factor

Kinetic viscosity of air

Density of air

Density of solid naphthalene (=1175 at 20°C)

Angular velocity of the rotational channel (=nN/30)
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J/mol - K

°C
°C
°C
°C
°C
°C
m/s
Volt

m?/s
kg/m?®
kg/m?3

rad/s
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1. Introduction

1.1 Background

A simple gas turbine engine consists of three main components, viz.
compressor, combustor, and turbine as shown in Fig. 1. Firstly, the air passes through the
entrance and into the compressor where it is compressed. The compressed air flows into the
combustor where fuel is injected and then burned to heat up the air. After that, the high
temperature and high-pressure combustion gas are introduced into the turbine section where
mechanical power is achieved. Finally, the nozzle accelerates the exhaust gas in order to
increase the thrust of the aircraft.

GE90-115B 115,000 Ibs. thrust
HP compressor

LP compressor (booster)

Fan blades

- 2 ¥ =y ’ e -
- - T, R — = LP turbine

T ; HP turbine
Combustor

Fig. 1. Component of a gas turbine engine (Turbo fan GE90-115B) [1].

A recent trend in the modern gas turbine industries is seeking to increase the
power output and thermal efficiency, and decrease fossil fuel consumption and CO; emissions
of the gas turbine. One method of increasing both power output and thermal efficiency of the
engine is increasing of the turbine inlet temperature (TIT). Recent gas turbines, the turbine inlet
temperature can be as high as 1,700°C which exceeds the melting temperature of metal airfoils.
Therefore, it is essential that the gas turbine vanes and blades must be cooled to make it resist
the high temperatures. The temperature of hot gases and cooling air of the blades can be
decreased to around 1,000°C, which is acceptable for the operation of the gas turbine engine.

Fig. 2 shows a typical cooling method for the main body of a turbine rotor
blade using internal convection supplied by multi-serpentine channels. Han et al. [1] described
that many cooling techniques were normally used in various combinations to increase the life

of turbine blades such as film cooling, impingement cooling, and internal passage cooling, etc.



It is widely accepted that the lifetime of a turbine blade can be reduced by haft
if the predicting temperature of the metal blade decreases approximately 30°C. Thus, designers
must predict precisely the local heat transfer coefficient distributions and local airfoil metal
temperature. However, due to the complicated flow around the airfoils, it is difficult for
designers to predict the metal temperature of the turbine blades accurately.

Fig. 3 shows the variation of the heat transfer rate around a turbine blade. The
heat transfer distributions under the blades not film cooled are higher than those for cooled-
film blades at the same engine flow conditions. Heat transfer distribution at the leading surface
is very high and continuous decrease as the flow travels along the blade. On the trailing surface,
the flow transitions from laminar to turbulent, and the heat flux suddenly increases, the heat
transfer distribution on trailing surface increases as the flow accelerates around the turbine
blade, which is non-uniform heat flux on the surface of the blade.
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Fig. 3. Variation of heat transfer rate around a turbine blade [3].



Fig. 4 shows an overview of several modern techniques to cool a gas turbine
blade. An internal turbine blade consists of multi-serpentine cooling channels lined with rib
turbulators. Jet impingement is used to cool the leading edge of the blade, and short pin-fin is
utilized near the trailing edge due to space limitation and structural integration. The heat transfer
trends in vanes and blades of the gas turbine are very different because the blades are rotating
and the flow of the coolant in channels is changed. Hence, the effect of the rotation on the
internal heat transfer enhancement must be considered. Both Coriolis and centrifugal forces can
modify the flow fields and temperature profiles in the rotor coolant passage and affect their
surface heat transfer distributions.

Rib turbulators
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Tip cap Film cooling Y 1L ; Shaped internal cooling
Cooling holes . ) 7 S channel
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T T T Cooling air T
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Fig. 4. Overview of several techniques to cool a modern gas turbine blade [4].

1.2 Literature review

Rib turbulators are the most frequently used technique for enhancing the heat
transfer distribution in the internal cooling channels. It is typically placed on two opposite walls
of the cooling channel. The rib turbulators can generate separated and reattachment flows,
which can break the thermal boundary layer that acts as a barrier to heat transfer. In addition,
using rib turbulators induce the secondary flow to intensify flow turbulence, and increase the
surface area for convective heat transfer. Flow separation and reattachment due to the existence
of ribs are presented easily in Fig. 5, which can help to explain the mechanism of heat transfer

distribution in the internal cooling channel clearly.



In the last two decades, most experiments have only focused on non-rotating
models (stationary), which did not consider the effect of the Coriolis and centrifugal force.
Recently, heat transfer experiments in rotating turbine blades have been performed by many
researchers. Liou et al. [6] experimentally studied fluid flow and heat transfer in a rotating
serpentine square channel with 90° ribs at rib pitch-to-height ratio (p/e) of 10, using transient
thermochromic liquid crystals. The Reynolds number, based on channel hydraulic diameter and
mean velocity, was fixed at 10,000 whereas the rotational number (R,) varied from 0 to 0.2.
They found that heat transfer increases with increasing the rotation number. Likewise, Mayo et
al. [7] investigated heat transfer distribution of a rotating one-pass square channel with 90° ribs,
using steady thermochromic liquid crystals. The rib pitch-to-height ratio was 10. The Reynolds
number was varied from 15,000 to 40,000. The maximum rotation number values were ranging
between 0.12 (Re=40,000) and 0.30 (Re=15,000). They concluded that heat transfer, in the first
pass, on the trailing wall was higher than that heat transfer on the leading wall while heat
transfer, in the second pass, on the leading wall was larger than on trailing wall, especially at
high Ro.

Flow direction —>

Y
0 :Distorted large outer eddies

AbLe '4- Recirculation zone ;‘4- Boundary layer
development zone Front
p recirculation
zone

Fig. 5. Structure flow over a two-dimensional rib [5].

Lamont et al. [8] studied heat transfer characteristics of the rotating serpentine
square channel with 90° and W-shaped ribs, using transient thermochromic liquid crystals. The
rib pitch-to-height ratio, rotation number, and Reynolds number were fixed at 10, 0.08 and
16,000, respectively. They found that the W-shaped ribs enhance heat transfer in all cases
(stationary and rotating) around 1.75 times more than the 90° ribs. The overall thermal-
hydraulic performance of the W-shaped ribs still surpasses that define of the 90° ribs. Next
years, Singh et al. [9] experimentally and numerically investigated heat transfer inside the
serpentine rectangular channel (AR=1:2) under stationary and rotating conditions, featuring V-
shaped rib turbulators, using transient thermochromic liquid crystals. The rib pitch-to-height

ratio was 9.625 and the rib height-to-channel hydraulic diameter was 0.125. The Reynolds



number was varied from 20,000 to 70,000. The rotation experiments were conducted at 400
RPM (R,=0.036) and 700 RPM (R,=0.063). They found that high heat transfer enhancement
appeared on the first-pass trailing wall and the second-pass leading wall with an increase R,.

However, Parsons et al. [10] offered that the heat transfer coefficient of a
turbine blade actually depends on many other reasons other than the geometry or the only pitch-
to-height ratio of the rib turbulators. It has essential other factors include the Reynolds number
of main cooling air, the rotation number of the turbine blades, and flow directions inside the
turbine blades, etc. The rotation number (Ro) of the turbine blades is a very important factor
because it defines the rotation speed of the turbine blades. Actually, the rotation numbers for
the gas turbine engines are about 0.25 with Reynolds number of 50,000, which is difficult to
attain with larger hydraulic diameter. Additionally, the flow direction inside the turbine blades
is very important as it directly affects the heat transfer coefficient distribution of the surface
based on location inside the turbine blade.

Knowledge gap of literature review above, many studies have focused only on
the side wall of the rib-roughened channel under low rotational speed. Most of the rib
turbulators are solid rib without a gap. Besides, the heat transfer coefficient distributions on
both side walls in the second pass that are installed by different ribs are rarely studied in the
past. Therefore, this research is to study the local heat transfer coefficient distributions with rib
with a single gap, two side walls under high rotational speed both experiment and numerical
simulation.

1.3 Objectives

The aim of this research is to study the local heat transfer coefficient
distributions within the rotor coolant channel of the turbine blade and to provide a uniform heat
transfer distribution under the rotation conditions using the rib turbulators. In this research,
there are two techniques used to study the local heat transfer coefficient distributions, viz.
thermochromic Liquid Crystals (TLCs) and naphthalene sublimation techniques. Moreover,
flow structures inside a channel are predicted by using commercial software, ANSYS (Fluent)
ver.15.0.

2. Experimental details
2.1 Study model and parameters
2.1.1 Stationary straight channel by using TLC method
The stationary straight channel condition was conducted to determine the best
rib orientation. The details of the rib-roughened channel model and rib geometries used in this

research are shown in Figs. 6 and 7. The stationary straight channel has the height (H) and the



width (W) of 75 mm. The length (L) of measurement is equal to 300 mm. All ribs are made of
an acrylic plate with a square cross-section of 10 mm. The rib height-to-hydraulic diameter
(e/Dn) and rib pitch-to-height ratio (p/e) were selected at 0.133 and 10, respectively. The rib
was attached on the heat transfer surface and aligned to the mainstream. All experimental tests
were carried out for the Reynolds number (Re) based on the mainstream velocity and hydraulic
diameter of the wind tunnel in the range of 10,000-30,000. The parameters used in this work
are presented in Table 1. In this study, seven rows of ribs were positioned on both walls of the
wind tunnel, which the 4™ to 7" rows of ribs on one side were placed on the heated surface for
heat transfer measurement.

Fig. 6. Detail of study model.
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Fig. 7. Rib geometries studied.



Table 1 Values of parameters for stationary straight channel

Parameters Values

Channel height and width (H, W) 75 mm

Channel aspect ratio (AR) 1.0

Length of heat transfer measurement (L) 300 mm

Rib height (e) 10 mm

Rib pitch to height ratio (p/e) 10

Rib height-to-hydraulic diameter ratio (e/Dn)  0.133

Reynolds number (Re) 10,000, 15,000, 20,000, 25,000 and 30,000

2.1.2 Rotating serpentine channel by using TLC method

The geometry of the study model and rib geometries are illustrated in Figs. 8
and 9. The essential coordinates X, y, z are represented by the spanwise, normal and streamwise
directions respectively, where the clockwise around the x-axis direction of a ribbed serpentine
channel is concurrently defined. The ribbed serpentine channel has seven rows of in-line rib
turbulators that were installed on both leading and trailing sides of the first and second passes,
which the 3" to 7" rows of ribs were placed on heat transfer surface for heat transfer
measurement. In addition, there are the 90° ribs in the middle of the bends. During the rotation
of the ribbed serpentine channel, the direction of the Coriolis force (Fco) will act towards trailing
side for the first pass and leading sides for the second pass. Whereas, the centrifugal force has
direction out of the rotating axis both the first and second passes.

The test section was made of the acrylic plate that has a cross-sectional area
(WxH) of a ribbed serpentine channel of 50 mm with a hydraulic diameter (Dn) of 50 mm. The
length (L) of the test section was 400 mm having the radius of rotation (r) of 250 mm. The
distance (a) between the first and second passes was equivalent to 30 mm. The length of the
heat transfer surface was 300 mm. The rib height (e) was equal to 5 mm. The rib height-to-
hydraulic diameter ratio (e/Dn) and the rib pitch-to-height ratio (p/e) were fixed at 0.1 and 10,
respectively. There were seven rib arrangements studied and then compared to the case of a
smooth wall as shown in Fig. 9. The rotation numbers (Ro) were performed in the range of 0.0
to 0.3 corresponding to first stage blade of the real rotating engine in the range of 0.2 to 0.4
with Re of 10,000-40,000 [11]. Furthermore, all experimental tests were carried out at the
Reynolds number (Re) of 10,000, based on the mainstream velocity and hydraulic diameter of

the channel. The parameters used for this experiment are shown in Table 2.
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Table 2 Values of parameters for rotating serpentine channel by using TLC

Parameters Values

Channel height and width (H, W) 50 mm

Channel aspect ratio (AR) 1.0

Rib height (e) 5mm

Rib pitch ratio (p/e) 10

Rib height ratio (e/Dn) 0.1

Channel length ratio (L/Dn) 8

Radius ratio (r/Dp) 5

Rotation humber (Ro) 0.00, 0.10, 0.15, 0.20, 0.25 and 0.30

Reynolds number (Re) 10,000
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Fig. 9. Rib geometries tested for rotating serpentine channel.

2.1.3 Rotating serpentine channel by using naphthalene method

A 3D geometry of a test section and meshed test-pieces is clearly demonstrated
in Fig. 10. The coordinates X, y, z for this section are the same as a previous section. Eight rows
of in-line rib turbulators were installed on both side walls of the flow channel, and there were
the 90° ribs in the middle of the bends. To study local heat transfer distributions of each rib,
two removable test pieces (green region) made of lightweight duralumin metal (see a
photograph in Fig. 10), were placed on both the first and second passes of the leading side at a
distance of L/2 or between the 4™ and 5" rows of ribs of the serpentine square channel. Each
meshed test-piece was covered by stainless steel wire mesh of 150 mesh/inch which easies to
cast the naphthalene on a test piece.

The test section has a cross-sectional area (WxH) of a ribbed serpentine square
channel of 15 mm with a hydraulic diameter (Dn) of 15 mm. The length (L) of the test section
was about 170 mm having the radius of rotation (r) of 330 mm. The distance (a) between the

first and second passes was equal to the channel width (W) and channel height (H). The rib
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height (e) was equivalent to 2 mm. The rib height-to-hydraulic diameter ratio (/D) and the rib
pitch-to-height ratio (p/e) were fixed at 0.133 and 10, respectively. The angles of rib inclinations
() of 60° and 90° were examined. The rotation numbers (R,) were performed in the range of
0.0 to 0.3, which are corresponding to the first stage blade of the real rotating engine in the
range of 0.2 to 0.4. Likewise, all experimental tests were conducted at Reynolds number (Re)
of 10,000, based on the mainstream velocity and hydraulic diameter of the channel. The
parameters used for this experiment are illustrated in Table 3.

Meshed test-pieces
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mm) Coriolis force (F,)
=> Centrifugal force (F,)
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Side view
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I k—1p—
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Fig. 10. Schematic diagram of the test section and meshed test-pieces.
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Table 3 Test conditions and geometries of rotating serpentine channel by using naphthalene

Parameters Values
Channel height and width (H, W) 15 mm
Channel aspect ratio (AR) 1.0

Rib height (e) 2mm

Rib pitch ratio (p/e) 10

Rib height ratio (e/Dn) 0.13
Channel length ratio (L/Dn) 11.3
Radius ratio (r/Dp) 22

Rib angled of attack («) 90° and 60°
Rotation number (Ro) 0.00, 0.10, 0.20 and 0.30
Reynolds number (Re) 10,000

2.2 Experimental setup

Two techniques for rotating facilities used to study heat transfer characteristics
are thermochromic liquid crystals (TLC) and naphthalene sublimation method. A brief
discussion on both the facilities is given below.

2.2.1 Facility for stationary straight channel

An experimental facility was set up to study the effect of gap positions for
inclined ribs on the convective heat transfer coefficient and friction factor of the rib-roughened
channel. The experiments were conducted in the wind tunnel for heat transfer measurement as
presented in Fig. 11. The wind tunnel was operated in open-loop flow with the suction mode.
The length of the upstream section, the test section, and the downstream section were set at 650
mm, 300 mm and 150 mm, respectively. The wind tunnel was made of an acrylic plate which
has a square cross section of 75 mm and 1,100 mm long. During the experiment, the
surrounding air was induced through a heater chamber to preheat the air in order to control the
internal temperature of 25°C. Then, the air was directed to a straight honeycomb prior to
entering the wind tunnel. A calibrated orifice plate connected with an inclined manometer was
used to measure the flow rates of air, which it was located between the plenum and the blower.
Furthermore, two T-type thermocouples were placed at the center of a wind tunnel before and

after heat transfer surface for temperature measurement.
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Fig. 11. A schematic diagram of the experimental setup.

Fig. 12 presents details in the test section. The heat transfer surface was made
of stainless steel foil (SUS304) with a width of 95 mm, a length of 320 mm and a thickness of
0.03 mm. In order to achieve constant heat flux on the heat transfer surface, electrical current
was supplied to stainless steel foil from a power supply unit via two copper bus bars which
were placed on both ends of stainless steel foil and acrylic plate (see in Fig. 12). A
thermochromic liquid crystals (TLC, Omega LCS-95) sheet was attached on the rear side of the
heat transfer surface to measure the temperature distributions. The TLC sheet changed colors
in the temperature range of 30°C to 35°C. The relationship between color and temperature
information of the TLC sheet was calibrated at the same condition with experiment [12, 13].

When the color pattern or temperature of the TLC sheet on the rear side reached
steady state, the color pattern was recorded via a CCD camera. Subsequently, the recorded
thermal image was systematically converted from RGB (Red, Green, and Blue) to HSI (Hue,
Saturation, and Intensity) color domain. The hue distribution was converted to surface
temperature via a calibration curve between the hue and the temperature. Correlation of the
curve was then received by calibration against the thermocouples. When a constant color on
TLC sheet corresponded to temperature, all of the colors on the TLC sheet were analyzed by
evaluation of heat transfer coefficients under a constant heat flux boundary condition via image

processing technique by using commercial software, MATLAB ver. 2016(a).
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2.2.2 Facility for rotating serpentine channel by using TLC

An experimental facility was conducted to investigate the effect of rotations on
heat transfer coefficient distribution inside the ribbed serpentine channel. The schematic
diagram of a rotating facility in this study is schematically shown in Fig. 13. The rotating
facility consists of three main parts; rotating part, heat flux generation part and coolant part.
For the rotating part, the rotating arm was installed with a hollow main shaft that had outside
diameter (OD) of 70 mm and inner diameter (ID) of 50 mm. The hollow main shaft was held
by three bearing supports and two rotor seals (SHOWA GIKEN-KCL50A RH). The one end of
a hollow main shaft had a small pulley that was connected with the encoder (Primus PR-01N)
to measure the rotational speed. The 5-hp motor that is rotationally controlled by a frequency
inverter, was used to drive the rotating arm via a VV-belt and a pulley. For heat flux generation
part, there is a 2-pole slip ring that was mounted on a hollow main shaft between the 2" bearing
and rotating arm. The 2-pole slip ring had outside diameter and width about 100 mm and 70
mm, respectively. The two contacts of slip ring were made of the copper that had a width of 20
mm. The outer part of the slip ring was in continuous sliding contact with two stationary carbon
conductors which connected to a DC power supply via the electrical cables to generate constant
heat flux. For the coolant part, a 3-hp blower that is controlled by a frequency inverter was
placed beside the rotating facility and connected with suction mode to induce the air entering
the test section. In order to measure local heat transfer distributions, the coolant air under
ambient pressure was induced through a heater chamber, controlled by SCR, to preheat the air

and retained the internal temperature about 26°C. Then, it passed through the orifice plate flow
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meter (FLOWTECH KF600-50), located between the heater chamber and rotating facility, to
measure the flow rate of air. After that, it was directed to the 1 rotor seal prior to entering the
hollow main shaft and passed into the test section which was placed on one end of the rotating
arm, and there was a counterweight positioned on another side to ensure the balance of the
rotating system. Then, the air flow passed through the 2™ rotor seal into the 3-hp blower and
blowing to the laboratory ambient. During the air into a rotating facility, two K-type
thermocouples were located at the inlet (T;) and outlet (T,) of the rotating facility for
temperature measurement, which was connected with a digital data logger (GRAPHTEC-
GL840) with a measurement accuracy of 0.1°C. The maximum rotational speed of this rotating
facility was up to about 800 rpm.
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Fig. 13. A schematic diagram of rotation experimental facilities.

The schematic diagram presented in Fig. 14 describes the procedure of the
coolant entrance into the serpentine channel. The distance from the centerline of the hollow
main shaft to the end of the test section is about 13Dx. Flange A is the inlet part. The main flow
turns in the flange A by 90° (circular channel zone) and travels a distance of 5Dy before the
circular channel merges into the square channel. A distance from flange A to measurement area
(without heat flux) is approximately 2Dx. In this test section, there are two pressure tap located

before and after entering the serpentine channel, to measure the pressure drop.
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Fig. 14. Detail of coolant flow prior to entering the test section.

Fig. 15 demonstrates the details in the test section. The test section made of the
clear acrylic plate (photograph in Fig. 15) had the total length (L;) of 440 mm, the total width
(Wy) of 200 mm and the total height (H;) of 70 mm. A heat transfer surface was placed on one
side of the test section. A serpentine window was punched into the heat transfer surface part.
The serpentine window was used to support the heat transfer surface. The heat transfer surface
was made of stainless-steel foil (SUS304) with a width of 150 mm, a length of 350 mm and a
thickness of 0.03 mm. To attain constant heat flux about 860 W/m? on the heat transfer surface,
46A electric current from a DC power supply was delivered to stainless-steel foil via 2-pole
slip ring and two copper bus bars which were positioned on both ends of stainless-steel foil and
acrylic plate. These copper bus bars had a length of 480 mm, a width of 10 mm and a thickness
of 5 mm. A steady thermochromic liquid crystals (TLC, Omega LCS-95) sheet was cut
according to the window of the serpentine channel and then attached on the rear side of the heat
transfer surface to measure the temperature distributions. The temperature range in changing
colors of this TLC sheet was 30°C to 35°C. The relation between temperature and color data of
the TLC sheet was calibrated to ensure the accuracy, which the relationship of the recorded
temperature versus the hue value from the color changed observations is plotted in Fig. 16.
Calibration information was recorded in 0.2°C decremented steps as average temperature until
it approached 26°C. During image keeping, LED strip light was modified to illuminate on the
test section (see in Fig. 13). When the liquid crystal color pattern or temperature of TLC sheet
on the rear side reached steady state, the liquid crystal color pattern was recorded via a CCD
camera. Then, the recorded thermal image on the TLC sheet was converted from RGB (Red,
Green, and Blue) system to HSI (Hue, Saturation, and Intensity) system. The Hue (H) value

was converted to surface temperature via a calibration curve (see in Fig. 16) between the Hue
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and the temperature. The correlation of curve was also received by calibration against the K-
type thermocouple. All of the colors on the TLC sheet were analyzed by evaluation of heat
transfer coefficient when a constant color on TLC sheet corresponded to the temperature. The
image processing technique was used to analyze the heat transfer coefficient by using
commercial software, MATLAB ver. 2016(a).
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Fig. 15. Details of heat transfer measurement wall.
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Fig. 16. A typical calibration curve relating the hue of the liquid crystal color versus the wall

temperature.
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2.2.3 Facility for rotating serpentine channel by using naphthalene

An experimental facility was performed to study the heat transfer coefficient
distribution inside the ribbed serpentine square channel. The schematic diagram of a rotating
facility in this study is shown in Fig. 17. The rotating arm was installed with a hollow main
shaft that had an outside diameter (OD) of 60 mm and inner diameter (ID) of 25 mm. The
hollow main shaft was held by three bearing supports and two rotor seal (Fawick AS-1). The
one end of a hollow main shaft had a small pulley that was connected to the encoder (Omron
E6B2-C) to measure the rotational speed. The 5-hp motor, rotationally controlled by a
frequency inverter, was used to drive the rotating arm via a VV-belt and a pulley. Finally, the 1-
MPa compressor was used to generate the air towards the rotating facility via a receiver tank.
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Fig. 17. Schematic diagram of a rotating facility.

During the local heat transfer test, the coolant air under high-pressure
conditions was supplied by a compressor through a receiver tank into a pressure regulator which
was used to control pressure about 0.4 MPa. After that, the air passes into a water heat
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exchanger in order to control the temperature of the air (about 20°C) via a water cooling bath
and then passes through a mass flow controller (Alicat MCR-500SLPM-D). The mass flow
controller was connected to a computer to record the flow rate. Then, the pressure was measured
by pressure gauges. Two K-type thermocouples were located at the inlet and outlet of the
rotating facility to measure air temperature, which was connected with a digital data logger.
Then, the coolant air passes through the hollow main shaft into the test section that was placed
on one end of the rotating arm. Whereas, a counterweight was located on another side to ensure
the balance of the rotating system. After that, before the air flow was routed to the laboratory
ambient via a pressure gauge, a valve, and a silencer. The pressure was maintained at 0.4 MPa.
The maximum rotational speed of a rotating facility was up to about 1,000 rpm.

Fig. 18 shows the casting technique of naphthalene to make about a 0.1 mm
thick naphthalene layer on a meshed test-piece. The naphthalene layer on a test piece was
necessary to be smooth and low air gap on a test-layer surface. In order to reduce the error from
the measurement process. Therefore, the series of steps were operated to make a smooth
naphthalene surface in a timely and economical method. First, the white naphthalene crystals
were pounded with an estimated dimension about 1.0 zm and melted on a heated pan until they
boiled rapidly, which had naphthalene temperature about 107°C. Second, they were poured on
the test piece in mold preheated at 57°C and were cooled to room temperature and naphthalene
was solidified. Finally, a cover plate of the mold was struck from the side from a hammer to be
removed.

The casting naphthalene surface on a test piece before and after experiments
was measured by using a laser displacement sensor (Keyence LT-9030M) with a resolution of
0.1 um and a linearity error of 0.3% and using a piece of two-axis auto-transverse equipment

to control the movement of a test piece.

Press
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ap \a € Mesh ‘ "ZVIOId +0.1 min
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Test piece

Fig. 18. A casting technique of naphthalene in meshed test-piece.
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3. Method

3.1 Heat transfer measurement

For TLC method, all experimental tests of the ribbed serpentine channel under
rotations were carried out at Reynolds number based on the mean velocity and hydraulic

diameter of the wind tunnel.

Re = YuDs (1)

1%

where Dy, is the hydraulic diameter of a wind tunnel, Vi, is mean velocity and v is kinematic

viscosity of air.

The local heat transfer coefficient (h) on the rib-roughened channel for the

heated surface can be evaluated from the Eq. (2).

Qin qtotal losses
h=-—-0 "oa,0%es 2
Iw I m ( )

where g, is the generated heat flux from Ohm’s effected on stainless-steel foil, which can be
evaluated from the Eq. (3), and g, ; ;s 1S the total heat losses from the rear side of the heat

transfer surface to surrounding caused by radiation ¢, , and natural convection g

conv’

respectively which are given by Eq. (4). The Ty is the wall temperature on a heat transfer surface
of the TLC sheet and Ty, is mean air temperature between the inlet (T;) and outlet (T,) of the test
section which can be calculated from T = (Ti+To)/2.

Vi
G =" d)
qtotal,loses = qrad + qconv (4)

From Eq. (4), the whole heat transfer losses on the heated surface are given by,

—4
qrad = oz‘TLC (Tw _Tsjrr ) (5)

QConv = hc (T_w _Tsurr ) (6)

where o is the Stefan-Boltzmann constant, &, is the emissivity coefficient for TLC sheet

which was 0.9 [14], h_is the average natural convective heat transfer coefficient from the

4
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horizontal surface to the surrounding based on the empirical equation [15], T,

. 1s average wall
temperature, Tsurr iS surrounding temperature.
For naphthalene sublimation method, the local mass transfer coefficient at each

measurement point is given by

RT
h, =i’ = ™)
%)

where m" is the local mass flux of naphthalene, which can be calculated from rri”=(pS5)/Atwhen
p,» 6, and Az were the density of solid naphthalene, the depth of naphthalene sublimation, and
the duration of the test run, respectively. R is the gas constant, T is the naphthalene surface
temperature, and py is the saturated vapor pressure of naphthalene in air. The thermal-physical
properties of naphthalene were achieved from Goldstein and Cho [16].

The local heat transfer coefficient is converted from Eq. (7) using the analogy

between heat and mass transfer. Hence, the correlation of h is given by

Sc 1-n
h=h — 8

mpCp(Pr) ( )
where p is the density of air, C, is the specific heat at constant pressure, Sc is the Schmidt
number of naphthalene in air, Pr is the Prandtl number, and n is the experimental constant of
naphthalene sublimation method, which is equal to 0.4 with turbulent flow.

The rotation number (R,) is defined as

0D,
R = h 9
v ©)

where €2 is the rotating speed of a serpentine channel.

The local Nusselt number on the rib-roughened walls can be determined from

hD,
k

Nu =

(10)

where Kk is the thermal conductivity of air. The average Nusselt number on the heat transfer

surface can be calculated from:

Nu=S"_"0 (11)
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where Nui; is the local Nusselt number and N is the number of points in the considered region.
The normalized Nusselt number can be used the correlation of the standard Dittus and Boelter

equation (Nu,) [17] for turbulent flow in a smooth channel.
Nu, =0.023Re"® Pr** (12)

where Pr is Prandtl number of air, which the thermal properties of air are evaluated from the
mean air temperature of the fluid.

The friction factor (f) in a flow channel is calculated using the differential
pressure between the measured inlet and outlet pressures as shown in Eq. (13).

f = (Pln — Poutz)Dh (13)

2|—pvin
where Pin and Po,: are the inlet and outlet pressures respectively, and L is total length along the
centerline of a test section. The turbulent friction factor (f,=0.079Re?°) against a smooth
channel (without rib) as given by Blasius equation was used in this research to find correlation

of the friction factor ratio (f/f,).
The thermal performance (7) is given by
Nu/ Nu,

n= (f / f0)1/3 (14)

3.2 Numerical simulation
A numerical simulation was performed prior to the experimental test for
verification of the effect of the rotation number (R,). The flow simulation can give detailed
information about 3D flow field inside the serpentine square channel clearly.
All numerical simulations were established with the experimental conditions.
Three dimensional Reynolds averaged Navier-Stokes (RANS) equations and energy equation

was used to solve the flow fields. These equations in the Cartesian tensor system are written as:
Reynolds averaged continuity equation:
V-(pU)=0 (15)
Reynolds-averaged momentum equation:

V- (pUU) =-VP+Vr, - p|(202xU) +(2x 2xr)] (16)
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Energy equation:
V- (pUH) =V (kVT +7;-U) 17)

There are two additional acceleration rotation terms in Eq. (16). The first term

is the Coriolis acceleration (2(2xU), and the second term is the centrifugal acceleration
(2x 2xr) and its direction is radially outward, and r is the radius of rotation.

The Reynolds stress model (RSM) [18-22] was closed for this work, which is
good for accurately predicting complex flows. The RSM model was utilized to solve the

individual Reynolds stress, ryzpu}uji, using differential transport equations. The exact transport

equations for the transport of the Reynolds stresses can be written as follows:

ot
E”+Cij =-D;;+D ;P -G, +¢,—¢&,-F,+S (18)

where 0z;;/0t is the local time derivative term, Cj is the convection term, Dr,jis the turbulent
diffusion term, Dy is the molecular diffusion term, Pj; is the stress production term, Gj; is the

buoyancy production term, ¢ij is the pressure term, ¢; is the dissipation term, Fj is the

production by system rotation term, and S is the source term. The various terms in these exact
equations, Cjj, Dvjj, Pij, and Fjj do not require any modeling. However, there are four terms, viz.

Driij, Gij, ¢ij’ and &jj that need to be modeled to close the equations.

The SIMPLE algorithm was used for the pressure-velocity coupling to
calculate the steady-incompressible viscous fluid flow. A second-order upwind scheme was
applied to discretize for all equations. The convergence criteria for the continue equation and
energy equation is about 10 and 107, respectively [23, 24].

The numerical grid detail of ribbed square channel, used for this study both
stationary straight channel and rotating serpentine channel is shown in Fig. 19. Structured
hexahedral elements were used for all computational domains. In all cases, grid spacing of the
near walls had y* values below 1.0. In order to evaluate grid suitability for turbulent flow
through the ribbed serpentine square channel under rotation, a grid dependence study is
demonstrated in Table 4. There are four values of numerical grid points; 264,843 elements,
451,840 elements, 602,178 elements and 752,516 elements. The numerical results of the
average Nusselt number ratio (Nu/Nu,) on the first-pass leading surface at R,=0.10 show a
difference within 4.803% of 602,178 elements when compared to the highest element study

(Baseline). Therefore, it can be acceptable to predict the flow fields.



3D view

Front view

Top view

(b) Grid model of rotating the serpentine channel
Fig. 19. Detail of computational grid.

Table 4 Validations of element size on numerical simulation and experiment results
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Numerical grid validations

Grid points 264,843 451,840 602,178 752,516
Nu/Nu, 1.95 2.06 2.18 2.29
Difference, % 14.847 10.044 4.803 Baseline
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4. Results and discussion
4.1 Stationary straight channel

4.1.1 Heat transfer characteristics

Before the discussion, a comparison of the normalized Nusselt number
contours (Nu/Nu,), where Nu, is the Nusselt number of a smooth channel, between the 5" and
6™ ribs for 60° inclined continuous ribs at Reynolds number of 30,000, is noticeably exhibited
in Fig. 20. The heat transfer coefficient increases near the upstream edge of a rib while it
decreases by the downstream edge of the rib. The qualitative characteristics in the heat transfer
distribution are replicated well by the numerical simulation. There is a good match in the heat
transfer distribution pattern in the upstream edge and downstream edge of ribs between
experimental and CFD results. The high heat transfer region in experimental results is slightly
larger by area than in the CFD results. However, the heat transfer distribution pattern between
CFD and experimental results is overall acceptable.

zle

250 7 Q0 ° ‘I

4 5 6 7 8 9 10 11 12 13 1415/1617 18 19 20 21 22 23 24 25 26 27
X/e

Fig. 20. Comparison of Nusselt number distribution between experiment and CFD
simulations at «=60° and Re=30,000.

Distributions of normalized Nusselt number (Nu/Nu,) on the heat transfer
surface with different rib arrangements at p/e=10 and Re=30,000 are presented in Fig. 20. The
case of rib angle 90° (Fig. 21(a)), it is clearly indicated that the heat transfer coefficient is higher
in the middle area between two adjacent solid ribs. Further downstream, the heat transfer is
decaying gradually because of the growth of a new boundary layer. However, the heat transfer

coefficient is enhancing in the area of the downstream rib (see in the front of 6" rib). When the
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angle inclination of ribs are 60° 45° and 30° (Figs. 21(b)-21(d)), respectively. Heat transfer
coefficient significantly increases near the upstream edge of each rib and decrease as going to
the downstream edge of the ribs. On the other hand, in the case of the V-shaped ribs with angle
inclination of 30°, 45° and 60° (see in Figs. 21(e)-21(g)), heat transfer coefficient augmentations
in spanwise direction are much more uniform behind the ribs especially in the case of 60° V-
shaped rib due to the symmetric of the secondary flow. Whereas, the heat transfer enhancement
near the downstream edge of each rib decreases in the streamwise direction because of flow
separation and boundary layer development, which these behaviors will be explained in the
next section. In the case of the A-shape ribs with angle inclination of 45° and 60° in Figs. 21(h)
and 21(i), the heat transfer coefficient is slightly high near the upstream edge of ribs and very
low in the downstream edge region. In addition, it is found that the heat transfer rate is higher
for 60° VV-shaped ribs and covers for the large area behind the rib when compared to all cases
of rib-roughened walls.

In order to increase heat transfer distributions better, the 60° V-shaped rib with
a gap (or broken rib) was used to modify low heat transfer region in the case of 60° V-shaped
ribs (Fig. 21(g)), which is demonstrated in Fig. 21(j). It is indicated that in the case of 60° V-
shaped ribs with the gap, there are double peaks of heat transfer coefficient behind the ribs and
also gives a high heat transfer rate between a gap of each rib, which becomes higher heat
transfer than in the case of 60° V-shaped ribs. This may be caused by the flow mixing between
the mainstream and the fluid that flow passes through a gap.

As aforementioned above, in the case of angle inclination of rib with 60° (Fig.
21(b)) is also renovated to increase heat transfer at the downstream edge of the rib by adding
the gap. More details of this section have been written in the publication as attached in

Appendix A.
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Fig. 21. Comparisons of Nusselt number distributions on measurement surface with different
rib arrangements at p/e=10 and Re=30,000.
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Fig. 21. Comparisons of Nusselt number distributions on measurement surface with different
rib arrangements at p/e=10 and Re=30,000. (cont.)
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4.1.2 Thermal enhancement evaluation

Fig. 22 shows the effect of Reynolds number (Re) on average Nusselt number
ratio (Nu/Nu,) between 5" and 6" ribs and friction factor ratio (f/f,) with different rib
arrangements, at p/e=10. It is found that the Nu/Nu, (Fig. 22(a)) decreases with increasing of
the Re. Whereas, the f/f, (Fig. 22(b)) tends to increase with increasing of the Re caused by the
increasing of turbulent intensity. Also, the results demonstrate that the maximum heat transfer
is achieved in the case of the 60° V-shaped ribs with a gap. It increases by an average about
2.3-2.7 times when compared to a smooth case. On the other hand, the friction factor in the
case of the 60° V-shaped ribs with the gap is lower than the case of 60° VV-shaped ribs without
the gap. This may be due to the gap effect. It can reduce friction losses and increase turbulent

mixing between two adjacent solid ribs in the flow channel.

5.0 T T T T T T T T T T T T T T T T T T T T T T T T T
[ @ 90-deg —-%- V60-deg
[ O 60-deg —%— \V45-deg ]
404+ A 45-deg -%— V30-deg .
| & 30-deg -4— A60-deg ]
= —-0- A45-deg ]
é 30+ —4#-  BKV60-deg 1

[ e/D,=0.133, p/e=10
1oy

10000 15000 20000 25000 30000
Re
(a) Average Nusselt number ratio
1.0 +—r/—7/—r—"/"—"—"7"7"—"7F"—""""""T""T"""T"——TTTT"
| ® 90-deg -%- V60-deg —-0- A45-deg ]
gol O 60-deg —-%- V45-deg —+- BKV60-deg |
A 45-deg -%- V30-deg
¢ 30-deg -&- A60-deg

f/f,
[e2]
o
:
encast
i |
i
0
1
W
]
g |
|
|
|
Il
I
Il
!l |
1
Wi
n
i
LN
([}
!lll
(R}
L
Lun
i
L
(1]
(R
[ =
1

e/D,=0.133, p/e=10
] I I

0.0 L
10000 15000 20000 25000 30000
Re
(b) Friction factor ratio
Fig. 22 Variation of (a) average Nusselt number ratio and (b) friction factor ratio with

Reynolds number at different rib arrangements.
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Fig. 23 shows the effect of Reynolds number (Re) on thermal performance
factors (i) with different rib arrangements, at p/e=10. Thermal performance factor decreases
according to the increasing of Re for all rib arrangements and the maximum value of thermal
performance factor increases about 1.3-1.6 times for the case of 60° V-shaped ribs with a gap
when compared to a smooth case. Although, the minimum value of thermal performance factor

appears in the case of 90° ribs, which reduce about 1.4 times lower than in the case of 60° V-

shaped ribs with a gap.
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Fig. 23. Thermal performance factors with Reynolds number at different rib arrangements.

4.1.3 Flow structures

In order to further understand the effects of rib configurations on the turbulent
flow field, coherent structures are numerically investigated in this section. The 3D flow
structures of each rib type in the flow channel are clearly presented in Figs. 24 to 28. All 3D
flow structures examined are illustrated in the region between the 5" rib and 6" rib at p/e=10
and Re=30,000.

In the case of 90° ribs channel as shown in Fig. 24, it is clearly indicated that
the obvious separation behind rib and the impingement on the front of the ribbed surface can
be observed by the separation lines (streamlines). The presence of the orthogonal ribs induces
a large recirculation flow between two adjacent solid ribs and try impingement on the walls at
the reattachment region (see in Fig. 24(a)). As a result, the heat transfer coefficient in this area
increases while the recirculation decreases. In addition, the normalized magnitude velocity
(U/Uj), (Ui is inlet velocity) inside the simulated channel is much higher in the middle of a
channel and gradually decreases near the top and bottom wall (see in Fig. 24(b)).

In the inclined ribs channel as shown in Fig. 25, it is interesting to note that for

the inclined ribs, there is a strong secondary flow between two adjacent solid ribs and it
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impinges on a surface near the upstream edge of ribs (see in Fig. 25(a)). Besides, the heat
transfer coefficient is higher near the upstream edge of ribs (see in Fig. 25(b)). This is because
of the organized large-scale secondary flows, which carry highly energetic turbulent eddies
from the core region of the channel to the ribbed wall and then rush into the sidewalls along the
angled ribs.

On the other hand, in the case of the V-shaped ribs channel as revealed in Fig.
26, it is found that the case of V-shaped rib, there are two double counter rotating vortices but
with opposite direction (see in Fig. 26(a)). The appearance of two double counter rotating
vortices can increase heat transfer on a surface at the central region between two adjacent solid
ribs (see in Fig. 26(b)). However, there are still some areas between the ribs where the heat
transfer coefficient is low due to a large recirculation flow caused by the flow of mainstream
through the V-shaped rib. Moreover, results show that the effect of a VV-shaped rib induces high
velocity at the middle of the channel and gradually decreases at two sidewalls (Left and right
walls).

Similarly, in the case of the A-shaped ribs channel as shown in Fig. 27, the
existence of the A-shaped rib creates two double counter rotating vortices between two adjacent
solid ribs but opposite direction with the case of V-shape rib (see in Fig. 27(a)). As a result,
high heat transfer enhancement occurs two peaks near the upstream edge of rib (Left and right
walls) and low heat transfer in the middle of a flow channel (see in Fig. 27(b)). Also, it is
obvious that the presence of A-shaped rib occurs the large recirculation flow behind the ribs,
which affects low heat transfer in this area.

In the case of the V-shaped ribs channel with a gap as exposed in Fig. 28, the
flow structure, in this case, is similar to in the case of V-shaped rib (Fig. 26). It can be seen that
there are two double counter rotating vortices induced by the V-shaped rib as well as the
swirling flow produces along the angle of attack of ribs (see in Fig. 28(a)). Though, the
recirculation zone is not appearing behind a gap of the rib because the flow through the rib is
accelerated immediately and the existence of a gap also reduces the boundary layer
development. Eventually, there are two peaks of heat transfer that appeared behind the rib
owing to flow behavior (see in Fig. 28(b)).

From numerical simulation for all cases of rib arrangement, it can be concluded
that angle inclination of rib induces the secondary flow while it has not appeared in the case of
orthogonal rib. The secondary flow can destroy the boundary layer and increase the heat transfer
coefficient. Conversely, not only the effect of angle inclination of rib but also the effect of a

gap can increase heat transfer between adjacent ribs.
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4.2 Rotating serpentine channel by using the TLC method

4.2.1 Heat transfer characteristics

To check the accuracy of flow structure inside a serpentine channel between
experiment and numerical simulation, comparison of the normalized Nusselt number contours
(Nu/Nuo), where Nu, is the Nusselt number of a smooth wall channel, inside a serpentine
channel for 90° continuous ribs at R,=0.0, Re=10,000, is presented in Fig. 29. The heat transfer
distributions have been reproduced well by the numerical simulation. The heat transfer
distribution pattern of each pass in the serpentine channel between experimental and CFD
results generates a good match, especially in the turn region. The maximum heat transfer region
in the CFD is a little larger by area than in the experiment. The numerical simulation prediction
in the 1 pass and the regions further downstream is good. However, the results of numerical
simulation prediction (CFD) can be acceptable when compared with the experimental results.

4.00
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2.50

1.75

1.00

10 05 0 05 10 10 05 0

‘ x/D;, ' ‘ x/Dy, '

Fig. 29. Comparison of Nusselt number distribution between experiment and CFD
at R,=0.0, =90° and Re=10,000.
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The rotation number (Ro) defined in Eq. (9) is used to describe the ratio of the
Coriolis force to the inertial force and can be obtained by various combinations of rotational
speed and mainstream flow velocity. In this section, eight-channel configurations were
examined. Each configuration will separately discuss the results for each rib case of the rotation.
The results both the trailing side (TS) and leading side (LS) of each rotation are clearly
illustrated and also compared with the stationary case. All ribbed cases are then compared to a
smooth case separately for the stationary, trailing, and leading cases. These results are presented
in Figs. 30—37. Furthermore, average heat transfer values are calculated in the regions labeled
1-10 in Fig. 38. The heat transfer rate over the ribs is not considered, therefore not included in
the average calculations. In Figs. 39-44, the effect of rotation on the Nu/Nu, ratio is offered as
a function of the rotation number at R,=0-0.3.

In the case of the smooth walls, Fig. 30 shows the Nu/Nu, ratio contours along
the length of the serpentine channel at different rotation for the stationary and rotating test. For
stationary case in Fig. 30(a), the results show that for both LS and TS walls give significantly
high heat transfer rate in the U-bend region owing to the geometry of the turn in test section;
sharp corners do not guide the flow, hence the inward flow from the first-pass channel will
impinge on the end cap. Besides, the turbulent flow created in the turn generates high heat
transfer rate at the beginning of the second-pass channel then begins to decrease and steady as
the flow develops. Whereas, the case of rotation as shown in Figs. 30(b)-30(f), it is found that
the heat transfer coefficient of LS and TS walls are significantly different. In the first pass, the
heat transfer coefficient is higher on the TS wall and slightly decrease on the LS wall, especially
in the entrance region of the channel. In the U-bend region, it is indicated that the heat transfer
coefficient on the LS wall is higher than on the TS wall. Because of flow impingement on the
end wall, flow separation at the U-bend edge and secondary flows induced by for both the
Coriolis and the centrifugal forces. In the second pass, the heat transfer coefficient decreases at
the TS wall and the LS wall, the heat transfer coefficient increases. This caused by the Coriolis
force acts away from the trailing side and into the leading side. Additionally, the experimental
results indicated that the heat transfer coefficient will increase with increasing of the rotation

number (Ro,) when compared with the stationary case.
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In the case of the 90° ribbed walls, Fig. 31 shows the Nu/Nu, ratio distributions
along the length of the serpentine channel at different rotating number. It is found that the heat
transfer coefficient in the case of 90° ribs tends to increase more than the smooth case (Fig. 30).
In Fig. 31(a), heat transfer coefficient for both the LS and TS walls is higher in the middle region
between two adjacent solid ribs, and very low suddenly before and after the ribs. The highest
heat transfer ratios appear in the first-pass channel caused by high recirculation flow. In the
turn region, the heat transfer coefficient enhances greatly, particularly in the region labeled (6).
This may be due to the combined effects of the U-bend and 90° ribs in the turn. In the second
pass, the existence of the bend and 90° ribs reduces slightly heat transfer coefficient in the
regions labeled (8) and (9), and then slightly increase near the inward flow in the regions labeled
(10). While the rotating test results in Figs. 31(b)-31(f), it is obvious that Nu/Nu, ratio
distributions of the LS and TS walls give clearly different because of effect the rotation. In the
first pass, the heat transfer coefficient at the TS wall is higher than at the LS wall. In the turn
region, the entrance region of the U-bend shows the same heat transfer distribution for the
stationary case (see in Fig. 31(a)). However, the higher heat transfer coefficient is at the TS
wall. The Coriolis force reducing the reattachment length behind the ribs. In the second pass, it
can be seen that the heat transfer coefficient on the TS wall decreases while an augmentation in
heat transfer is on the LS wall. Therefore, the presentation of ribs appears to break down the
turn effects in the second-pass more rapidly than the smooth wall case. In addition, the
experimental results showed that the heat transfer coefficient increases with an increase of the
rotation number (R,) when compared to the stationary case.

In the cases of the 45° and 60° ribbed walls, the Nu/Nu ratio distributions along
the length of the serpentine channel at different rotating number are illustrated in Figs. 32 and
33. The case of 45° and 60° ribbed walls in the first and the second passes is angled away from
the inner walls, and there are the 90° ribbed walls in the turn region. It is indicated that the heat
transfer coefficient in the case of 45° and 60° ribs is higher than in the case of 90° ribs and the
smooth wall. Most results showed that the heat transfer coefficient increases near the upstream
edge of each rib and decreases as going to the downstream edge of the ribs. For stationary case
in Fig. 32(a), it is found that the heat transfer coefficient in the second-pass channel is lower
than in the first-pass channel owing to combined effects of the U-bend and 90° rib in the turn.
In the turn region, both the LS and TS walls (in the region labeled (5)) show the highest heat
transfer at the upstream edge (near inner wall region) of rib and then very low immediately at
the downstream edge (outer wall or dividing wall) of rib. Whereas, in the region labeled (6),
the heat transfer coefficient increases behind the ribs. In the second pass, the heat transfer

coefficient for both the LS and TS walls decrease because of the effect of the U-bend and 90°
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ribs. In contrast, Figs. 32(b)-32(f) show the rotating test results for the differences of rotational
effect on the heat transfer coefficient on the LS and TS walls. In the first pass, the heat transfer
coefficient of the TS wall increases when increasing the rotation number (R,) and then decreases
slightly on the LS wall. In the turn region, the heat transfer coefficient is very high caused by
the combined effects of the U-bend and the 90° ribs in the turn. Also, the centrifugal effect
owing to the U-bend on the secondary flow has reduced the presence of the ribs. In the second
pass, the heat transfer coefficient increases near the outer wall and gradually decreases towards
the inner wall. Higher heat transfer on the LS wall gives significantly than on the TS wall
because of the effect of the Coriolis force, especially in the case of 60° ribbed walls (see in Fig.
33). Besides, it is indicated that trend of the overall heat transfer coefficient in the case of 60°
ribbed walls (Fig. 33) is a larger area than in the case of 45° ribbed walls (Fig. 32).

In the case of the 60° V-shape ribbed walls (case I), the Nu/Nu, ratio
distributions along the length of the serpentine channel at different rotating number are
presented in Fig. 34. For stationary case (Fig. 34(a)), it is observed that for both the LS and TS
walls in the first pass provide high heat transfer enhancement region along the centerline of the
channel. The heat transfer coefficient is lower immediately near the upstream and the
downstream of each rib in the first pass. This may be due to flow separation from the ribs,
forming two vortices between the ribs. These will be presented clearly in the section of flow
structure. In the turn region, very low heat transfer region is induced suddenly downstream of
the last VV-shape rib in the first-pass owing to the flow separation caused by the additional effect
of the U-bend. The 90° rib in the turn region produces high heat transfer enhancement behind
the ribs. In the second pass, results demonstrate that the heat transfer coefficient decreases
noticeably when compared to the first-pass because of the combined effect of the U-bend and
the 90° rib. Figs. 34(b)-34(f) demonstrate the rotating test results for overall heat transfer
distributions on the LS and TS walls. In the first-pass, heat transfer coefficient on the TS wall is
higher than on the LS wall, especially in the region labeled (3) and (4). In the turn region, the
heat transfer coefficient in the region labeled (5) is higher at the TS wall while heat transfer on
the LS wall slightly increases. Then, heat transfer in the region labeled (6) of the TS wall is
lower than heat transfer on the LS wall caused by the effect of the Coriolis force. In the second
pass, the results showed that both the U-bend and the 90° rib provide immediately low heat
transfer rate when compared to the first pass. However, the overall heat transfer coefficient on
the LS wall is higher than on the TS wall, particularly when increasing the rotation number (Ro).
Furthermore, it is observed that overall heat transfer coefficient in the case of 60° VV-shaped ribs
is higher than in the case of 90°, 45° and 60° ribbed channels, especially in the first-pass channel

for all cases.



41

-10-05 0 05 1.0 -1.0-05 0 05 10

x/Dj, ' ‘ x/D,,

Sy,

‘ x/D,,

-1.0-05 0 05 1.0 -10-05 0 05 1.0

xD, " 4

-10-05 0 05 1.0 -1.0-05 0 05 1.0
x/Dy, ' ‘ x/D, '

® | ©

U] 4)

®) ©)

©) O]

(10) @)

S |
Nu/Nu,

7.00

6.25

5.50

4.75

4.00

3.25

2.50

1.75

1.00

Fig. 31. Effect of rotation number on the Nusselt number distribution for 90° ribbed walls at
p/e=10 and Re=10,000.



42

(6) JL (5)

45N 450\ 7‘7 ‘ \ 7) (4)

4.01 4,01 % o

25 35N EN QME®
S30] S30f % 33,01

2.5] 25N ﬁ/ 5N 9) (2)

2.0] 2.01 / :

1.5¢ 15 ?]J , (10 (1)

1.01 1.01 / :

05 05

-1.0-05 0 05 1.0

§ o g ? 2 1

-1.0-05 0 05 1.0 -1.0-05 0 05 1.0

I R

=°

-1.0-05 0 05 1.0

-1.0-05 0 05 1.0

Nu/Nu,
7.00

6.25
5.50
4.75
%=3.0_ v/ T30 i : 3301 4.00

3.25

2.50

1.75

oD
- .
-1.0-05 0 05 1.0 -1.0-05 0 05 1.0 -1.0-05 0 05 1.0

R R I R

Fig. 32. Effect of rotation number on the Nusselt number distribution for 45° ribbed walls at
p/e=10 and Re=10,000.

1.00



~
/‘”
~
~
1
~

{ @
. ®] [©
Q30
{ @
(10) }
t

v

Q\) 4

ARRE

-
-1.0-05 0 05 1.0 -1.0-05 0

‘ X/D, ‘ XDy,

o
31
-
o

-,

N N

-1.0-05 0 05 1.0 -1.0-05 0 05 1.0 -1.0-05 0 05 1.0

IR R R A

Fig. 33. Effect of rotation number on the Nusselt number distribution for 60° ribbed walls at
p/e=10 and Re=10,000.



44

(6) (\L (®)
A KA
U] (4)

A
®) ©)
XA A
©) @
A
(10) @
XA KA
\ S |

Nu/Nu,
7.00

6.25
5.50
4.75
4.00

3.25

2.50

1.75

1.00

.0 -0. 5 1. -1.0-05 0 05 1.0 -1.0-05 0 05 1.0
D, ' ‘ x/Dy, ' ‘ x/Dy,

Fig. 34. Effect of rotation number on the Nusselt number distribution for V-60° ribbed walls
(case 1) at p/e=10 and Re=10,000.



45

In the case of the 60° V-shape ribbed walls (case Il), the Nu/Nu, ratio
distributions along the length of the serpentine channel at different rotating number are shown
in Fig. 35. The direction of the 60° V-shape ribs is shown in Fig. 9, which is different in case |
(only second-pass). There are the 90° ribs in the middle of the turn. For stationary case in Fig.
32(a), the heat transfer coefficient in the first-pass are similar to heat transfer in the case of 60°
V-shape ribbed walls (case I). Heat transfer coefficient both the LS and TS walls in the first-
pass is higher along the centerline of the channel, and lower immediately near the upstream and
the downstream of each rib. In the turn region, higher heat transfer coefficient in the region
labeled (5) occurs behind the ribs and low suddenly in the middle of the channel, and then
increase near the end cap. Whereas, in the region labeled (6), the heat transfer clearly increases
behind the ribs and then cover the large area near the dividing wall due to the turning effect.
For the second pass, it also obvious that the higher heat transfer region moves closer towards
the mid-channel region on both the LS and TS walls. Figs. 32(b)-35(f) illustrate the rotating test
results. In the first pass, the overall heat transfer coefficient on the TS wall significantly
increases when increasing the rotation number. While, in the turn region, the heat transfer
coefficient on the LS wall is higher than on the TS wall, especially in the region labeled 6. In
the second pass, the combined effects of the turn and the 90° rib are abruptly low heat transfer
when compared to the first pass. However, overall heat transfer enhancement on the LS and TS
walls depends on the rotational effect. General results show high heat transfer on the LS wall
better than heat transfer on the TS wall because of the Coriolis force. Additionally, it is indicated
that heat transfer enhancements in the case of 60° VV-shaped ribs (case Il) are higher than heat
transfer in the case of 60° VV-shaped ribs (case |), specifically in the second-pass for all R, cases.

In the case of the 60° VV-shape ribbed walls (case I11), Fig. 36 shows the Nu/Nu,
ratio distributions along the length of the serpentine channel under the rotational effect. For
stationary case (Fig. 36(a)), it is observed that heat transfer coefficient both the LS and TS walls
in the first-pass is higher along the centerline of the channel, and then lower immediately
towards upstream and downstream of ribs. In the turn region, low heat transfer region appears
near downstream of last V ribs of the first-pass and then high immediately behind the 90° rib.
In the second pass, the 60°inclined ribs are located on both the LS and TS walls to study heat
transfer characteristics on surface. The experimental results showed that the overall heat
transfer coefficient enhances near the outer wall and suddenly decreases near the inner wall.
For rotating test results (Figs. 36(b)-36(f)), it is indicated that the rotational effect of a
serpentine channel induced two important forces, the Coriolis and centrifugal forces which
produce the different heat transfer coefficient between the LS and TS walls. In the first pass, the

heat transfer coefficient on the TS wall is higher than on the LS wall for all rotating cases. In
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the turn region, heat transfer also significantly increase, especially in the region labeled (6) at
the LS wall. In the second pass, the Coriolis force induced by rotation generates higher heat
transfer on the LS wall than the TS wall. The overall heat transfer coefficient in the second-pass
channel slightly decreases when compared to the first-pass channel because of the centrifugal
force drop suddenly. Besides, it is found that the heat transfer coefficient in the second-pass
modified with the new shape rib is well achieved when compared to the other rib cases.

In the case of the 60° VV-shape ribbed walls with a gap (case V), the Nu/Nu,
ratio distributions along the length of the serpentine channel at different rotating number are
illustrated in Fig. 37. For stationary case (Fig. 37(a)), the heat transfer enhancement in the first-
pass is limited to the mid-channel region. The highest heat transfer enhancement is upstream of
each rib along the direction of the rib. The effect of gap induced complex flow along the broken
V ribs also occurs double heat transfer behind the ribs. The rib arrangement used in this present
study makes the secondary flow and reduces boundary layer development. In the turn region,
the heat transfer coefficient enhances greatly because of the 90° ribs in the U-bend. The heat
transfer coefficient in the second-pass after-turn region is lower than the enhancement in the
first pass. Heat transfer is higher near the outer wall and then reduces near the inner wall.
Conversely, in the case of rotation (Figs. 37(b)-37(f)), in the first pass, the heat transfer
coefficient on the TS wall is similar to enhancement on the LS wall. Because the secondary flow
inside a serpentine channel is uniform. The existence of a gap may affect the Coriolis force
where act on each surface. In the turn region, it is obvious that the heat transfer coefficient on
the TS wall is higher than enhancement on the LS wall. However, heat transfer on the LS wall
in the second-pass increases clearly when increasing Ro. Most heat transfer increases near the

outer wall more than on the inner wall. Because of the effect of a gap and U-bend.
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4.2.2 Average Nusselt number

Effect of rib arrangements on average Nusselt number ratios (Nu/Nu,) is
revealed in Figs. 38 and 39. Also, the effects of rotation on average Nusselt number ratios of
each section in the channel are presented clearly in Fig. 40.

In the stationary case, the local Nusselt number ratios are regionally averaged
on the heat transfer surface between two adjacent solid ribs in the serpentine channel. Fig. 38
shows the effect of rib arrangements on regionally average Nusselt number ratios (Nu/Nu,)
along the length of the serpentine channel at R,=0.0, p/e=10 and Re=10,000. It is found that
average heat transfer in the first-pass for all rib cases is higher than in the case of a smooth wall.
Whereas, all cases of the 60° V-shaped rib in the first-pass show the highest average heat
transfer. In the turn region, average heat transfer ratios increase clearly in all cases caused by
the turn effects which generate high turbulent flow while the average heat transfer in the second-
pass decreases when compared to the turn region. However, when compared to the first pass,
the average heat transfer ratios in the second-pass is higher, except for all cases of the 60° V-
shaped rib. Moreover, it is indicated that average heat transfer in the second-pass with 60°
inclined rib gives the highest heat transfer when compared with the other rib cases.

In the case of rotation at R,=0.2, p/e=10 and Re=10,000, Fig. 39 shows the
comparisons of average Nusselt number ratios (Nu/Nu,) on the surface between the ribs of each
regional index inside a serpentine channel with different rib arrangements. Average heat
transfer on both LS and TS walls is considered in this work. A comparison of average heat
transfer on the LS wall for all rib cases is plotted in Fig. 39(a). Results show that average heat
transfer in all cases of V-60° ribs increases significantly in the first-pass while average heat
transfer in the turn and second-pass region gradually decreases. In the case of inclined rib at
45°, 60° and 90° is higher heat transfer in the turn region. On the other hand, average heat
transfer in the case of a smooth wall is higher both the turn and second-pass when compared to
the first pass. Besides, it is observed that average heat transfer in the case of V-60° rib (case 1)
shows the highest heat transfer in the first-pass while average heat transfer in the case of V-60°
rib (case 1) is the highest heat transfer in the second pass. For average heat transfer on the TS
wall in Fig. 39(b), the average heat transfer ratios for all rib cases are similar to average heat
transfer on the LS wall. The V-60° rib (case I) in the first-pass shows the highest average heat
transfer. However, the case of 60° inclined rib in the second-pass demonstrates the highest

average heat transfer when compared to other rib cases.
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Fig. 39. Comparison of average Nusselt number ratios along the length of a serpentine
channel for all rib cases at R,=0.2, p/e=10 and Re=10,000.
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(b) Regionally average Nusselt number ratios on the TS walls
Fig. 39. Comparison of average Nusselt number ratios along the length of a serpentine
channel for all rib cases at R,=0.2, p/e=10 and Re=10,000. (Cont.)

Fig. 40 displays the effect of R, on average Nusselt number ratios (Nu/Nu,) of
each region inside the serpentine channel. For average heat transfer in the first-pass as shown
in Fig. 40(a), it is found that average heat transfer increases with the increasing of R, both the
LS and TS walls. However, average heat transfer on the TS wall in the first-pass of each rib
types is higher than heat transfer on the LS wall for all R, owing to the Coriolis force. Likewise,
results showed that the value of average heat transfer in the case of V-60° rib (Case I) on the
TS wall becomes the highest average heat transfer when compared to the other rib cases. The
lowest average heat transfer in the case of a smooth wall for both the LS and TS walls of all R,
clearly appears. For average heat transfer in the turn region as presented in Fig. 40(b), the heat
transfer is similar to in first-pass, which increases with increasing of the R,. Average heat
transfer on the TS wall in the turn region of each rib types is also higher than heat transfer on
the LS wall for all R. For average heat transfer in the second-pass as demonstrated in Fig. 40(c),
average heat transfer increases with increasing of the R, both the LS and TS walls as well.
Nevertheless, average heat transfer on the LS wall in the first-pass of each rib types is higher
than heat transfer on the TS wall for all Ro. In addition, it is obvious that all cases of the VV-60°

rib on the LS wall show the highest average heat transfer when compared to the other cases.
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4.2.3 Thermal enhancement evaluation

Fig. 41 shows the effect of R, on friction factor ratios (f/f,) of each rib type
inside the serpentine channel. The results clearly show that the friction factor tends to increase
with the rotation number (R,). Additionally, the maximum friction factor is found in the case
of the 60° ribs, and at the relative rotation number R,=0.3 for which also the maximum heat
transfer is observed.

It is essential to consider the overall thermal performance factor of the
serpentine channel to evaluate the optimum value. The overall thermal performance factors at
different rotation numbers, both at LS and TS walls, are compared in Fig. 42. The results show
overall thermal performance matches best thermal performance, because of the combined
effects of Coriolis-induced secondary flow and rib orientation. The thermal performance factors
increase with increasing of the Ro. The case of V-60° rib (Case I, 11l and 1V) becomes the best
thermal performance when compared with the other rib configurations.
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(a) Average Nusselt number in the first-pass
Fig. 40. Effect of R, on average Nusselt number ratios of each section of a serpentine channel
at p/e=10 and Re=10,000.
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(c) Average Nusselt number in the second-pass
Fig. 40. Effect of R, on average Nusselt number ratios of each section of a serpentine channel
at p/e=10 and Re=10,000. (Cont.)
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4.3 Rotating serpentine channel by using naphthalene sublimation method

4.3.1 Heat transfer characteristics

In the case of 90° ribbed walls at p/e=10, R,=0.0 and Re=10,000, Fig. 43
presents the Nu/Nu, ratio distributions in the region between 4" and 5% ribs of the first pass and
the second pass inside a serpentine channel under the stationary case. It is found that the heat
transfer coefficient for both the LS and TS walls in the first pass is higher in the middle region
between two adjacent solid ribs, and very low before and after the ribs. Meanwhile, the heat
transfer coefficient in the second pass is higher in the middle region between two adjacent solid
ribs toward the outer wall, and then very low suddenly behind the ribs.

In the case of 90° ribbed walls at p/e=10, R,=0.2 and Re=10,000, Fig. 44 shows
the Nu/Nu, ratio distributions in the region between 4" and 5™ ribs of the first-pass and the
second pass inside a serpentine channel under the rotating case. The results reveal that the effect
of rotation shows different heat transfer coefficient on the LS and TS walls, both the first and
second passes. In the first pass, the heat transfer coefficient on the TS wall is significantly higher
than heat transfer on the LS wall. On the other hand, the direction of the mainstream is changed
suddenly in the turn region toward the second pass, resulting in heat transfer augmentations.
The heat transfer coefficient on the LS wall in the second pass is clearly higher than heat transfer
on the TS wall. Most heat transfer enhancements in the second pass are larger area towards the
outer wall than heat transfer near the inner wall.

In the case of 60° inclined ribbed walls at p/e=10, R,=0.0 and Re=10,000, Fig.
45 demonstrates the Nu/Nu, ratio distributions in the region between the 4" rib and 5% rib of
the first-pass and the second-pass inside a serpentine channel under the stationary case.
Experimental results demonstrate that overall heat transfer coefficient for both LS and TS walls
in the first pass as same as the second pass increases near the upstream edge of each rib and
decreases as going to the downstream edge of the ribs. Heat transfer coefficient in the first pass
is higher than heat transfer in the second pass owing to the turning effect.

In the case of 60° inclined ribbed walls at p/e=10, R,=0.2 and Re=10,000, Fig.
46 illustrates the Nu/Nu, ratio distributions in the region between 4" and 5" ribs of the first pass
and the second pass inside a serpentine channel under the rotating case. The results reveal that
the heat transfer coefficient on the TS wall in the first pass enhances clearly when compared to
the LS wall. Because the rotation induced the Coriolis force in the first pass pushes the high
momentum core fluid toward the TS wall, and then low momentum fluid near the inner and
outer walls toward the LS wall. In contrast, the heat transfer coefficient on the LS wall in the
second pass is much higher than heat transfer on the TS wall caused by the Coriolis force acts

in the opposite direction with the first pass. Furthermore, experimental results show that the
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overall heat transfer coefficient on the LS wall in the second pass shows a large area more than
the TS wall in the first pass. This may be due to the turning effect and the 90° ribs. Most notably,
the heat transfer coefficient in the case of the 60° ribs is higher than heat transfer in the case of
the 90° ribs.

4.3.2 Average Nusselt number

To examine the effect of rotation, the rotational speed is varied while the main
flow rate is constant. The average Nusselt number ratios (Nu/Nu,) for the angle of rib inclination
of 60° and 90° at different rotation numbers, both at LS and TS walls, are compared in Fig. 47.
The results show that overall heat transfer enhancement because rotation occurs on the first
pass TS and the second pass LS walls of where the Nusselt number ratio is about 10-15% higher
than the stationary case. While, heat transfer ratio on the first pass LS and the second pass TS
walls decreases significantly with increasing of the rotation number. Moreover, the first pass
TS and the second pass LS walls at R,=0.3 show maximum average Nusselt number ratio,
elevated by approximately 15-25 % beyond the other rotation number cases. On the other hand,
the Nusselt number ratio of first pass LS and second pass TS walls with R,=0.3 decreases by
around 10-20 % because of the effects of Coriolis and centrifugal forces. Most notably, the
average Nusselt number ratio in the case of 60° inclined ribbed walls, both at LS and TS walls,

it appeared clearly when compared to the 90° ribs.

4.4 Flow structures of the rotating serpentine channel

To understand clearly the mechanisms associated with the vortex structures
because of the rotation, Figs. 48 to 61 show the 3D flow field and velocity streamlines with
different rib configurations inside the serpentine channel both stationary and rotating
conditions, which were predicted by the commercial software ANSYS (Fluent) ver. 15.0. A
total of five planes have been drawn including the first pass, the turn region and the second
pass, which were located in the middle between two adjacent solid ribs along of the serpentine
channel. P1 and P2 are drawn in the first pass, P3 is drawn to study the fluid flow characteristic
in the turn region. P4 and P5 are drawn in the second-pass after flow through the turn region.
The reason behind drawing planes in the middle between two adjacent solid ribs was to identify

the changes in the fluid flow characteristic caused by the introduction of rib turbulators.
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Fig. 43. Detailed Nusselt number enhancement contours on the surface between the 90° ribs
of each pass under the stationary condition at R,=0.0, p/e=10 and Re=10,000.

m=)> Coriolis force
> Centrifugal force
mmp Flow direction

Fig. 44. Detailed Nusselt number enhancement contours on the surface between the 90° ribs
of each pass under rotation condition at R,=0.2, p/e=10 and Re=10,000.
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Fig. 45. Detailed Nusselt number enhancement contours on the surface between the 60° ribs
of each pass under the stationary condition at R,=0.0, p/e=10 and Re=10,000.
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Fig. 46. Detailed Nusselt number enhancement contours on the surface between the 60° ribs
of each pass under the rotating condition at R,=0.2, p/e=10 and Re=10,000.
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(b) Average Nusselt number ratios in the second-pass
Fig. 47. Effect of R, on average Nusselt number ratios on the surface between the ribs under
rotation condition at p/e=10 and Re=10,000.

Fig. 48 shows 3D flow field and velocity vector contour of each plane inside
the serpentine channel with smooth wall at R,=0.0 and Re=10,000. In the first pass, the velocity
streamlines and vector contour (P1) show high velocity in the middle of a channel and low near
the wall while velocity vector contour (P2) near the inner wall is higher than the outer wall. In
the turn region, the turn and end cap generate the secondary flow. The direction of the velocity
vector (P3) acts towards the inner wall more than the outer wall. However, the corner edge of
the turn region gives low velocity and also appears the reverse flow because the main flow
impinges on the end cap. In the second-pass, turn effect produces the secondary flow on plane
P4 after the turn region and creates high velocity streamline near the outer wall more than the

inner wall caused by the edge of the turn. As a result, the area after the turn region becomes
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higher heat transfer. However, the velocity streamlines gradually decrease along the flow
channel in the second pass results in a low heat transfer rate. Also, the flow away the turn region
induces the single vortex flow on plane P5.

Fig. 49 illustrates the 3D flow field and velocity vector contour of each plane
inside the serpentine channel with smooth wall at R,=0.2 and Re=10,000. In the first pass, the
small secondary flow is gradually formed on plane P1 near the LS wall and then gradually
increase on plane P2 while the direction of the velocity vector of both plane P1 and P2 acts
towards the TS wall. All planes in the first pass show high velocity near the TS wall caused by
the Coriolis force (Fco). In the turn region, the complex flow of secondary flow occurs on plane
P3 because of the rotation and turn effect. The velocity near the inner wall is higher than the
outer wall when compared to the stationary case. In the second pass, the effect of rotation and
180° turn shows large secondary flow on planes P4 and P5 near the LS wall. Thus, the heat
transfer coefficient on the LS wall is higher than on the TS wall.

Fig. 50 demonstrates 3D flow field and velocity vector contour of each plane
inside the serpentine channel with 90° rib wall at R,=0.0, p/e=10 and Re=10,000. In the first
pass, it is found that the obvious separation behind the rib and the impingement on the front of
the rib surface can be observed by the separation lines (streamlines). The existence of 90° ribs
induces a large recirculation flow between two adjacent solid ribs and then impinges on the
walls at the reattachment region. As a result, the heat transfer coefficient in this area increases
while the recirculation decreases. Furthermore, the velocity on plane P1 and P2 in the first pass
is a much higher ratio in the middle of a channel and lower near the top and bottom walls. In
the turn region, the complex flow of secondary flow appears on the turn region. The velocity
on plane P3 is higher near the edge of ribs and low velocity in the middle between two adjacent
solid ribs. In the second pass, the turn and 90° rib create high-velocity streamlines near the outer
wall more than the inner wall clearly. Consequently, velocity on plane P4 and P5 increases near
the outer wall. These behavior affect the heat transfer rate.

Fig. 51 demonstrates 3D flow field and velocity vector contour of each plane
inside the serpentine channel with 90° rib wall at R,=0.2, p/e=10 and Re=10,000. In the first
pass, the rotation induces the secondary flow on plane P1 and P2. The direction of velocity
streamline and velocity vector acts from the LS wall towards the TS wall. Eventually, heat
transfer on the TS wall is higher than in heat transfer on the LS wall. In the turn region, the
effect of rotation generates a complex flow of secondary flow while the velocity on plane P3 is
higher near the inner wall towards the TS wall. This is due to the flow effect that impinges on

the end cap. In the second pass, the turn shows high velocity near the outer wall more than the
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inner wall. Additionally, the effect of rotation also generates a complex flow of secondary flow
on plane P4 and P5 towards the LS wall.

Fig. 52 exhibits 3D flow field and velocity vector contour of each plane inside
the serpentine channel with 60° rib wall at R,=0.0, p/e=10 and Re=10,000. In the first pass, it
is observed that the velocity streamlines because main fluid flow produces the flow separation
at the end face of the rib, and makes the longitudinal vortex flow by beginning from the
upstream edge of rib towards the downstream edge of the rib. The longitudinal vortex flow
appears owing to the effect of the inclination of rib. After that, the flow separation will reattach
on the heat transfer surface immediately. As a result, the heat transfer coefficient in this area
increases because the thermal boundary layer is destroyed. In addition, the inclination of rib
produces the secondary flow between the ribs (see in plane P1 and P2). It is another reason to
increase heat transfer on the surface. In the turn region, it is found that the velocity on plane P3
is higher near the inner wall while another wall is low velocity. This is due to the flow effect
that passes the upstream edge of the last rib in the first pass. In the second pass, the turn and
the first rib in the second pass produces high-velocity streamlines towards the outer wall, which
is similar to previous rib case. This behavior creates a complex flow of secondary flow behind
the rib on plane P4 while plane P5 occurs clearly the secondary flow as same as plane P1 and
P2 in the first pass. Therefore, the heat transfer rate increases.

Fig. 53 exhibits 3D flow field and velocity vector contour of each plane inside
the serpentine channel with 60° rib wall at R,=0.2, p/e=10 and Re=10,000. In the first pass, it
is found that the velocity streamlines acts from the LS wall towards the TS wall. The rotational
effect also generates the complex flow of secondary flow on both plane P1 and P2 in the first
pass. Most of the longitudinal vortex line occurs near the TS wall more than the LS wall. For
this reason, heat transfer on the TS wall increases because the thermal boundary layer is
destroyed. In the turn region, the effect of rotation is higher velocity on plane P3 near the TS
wall more than the LS wall. Furthermore, the 90° rib in the turn creates a complex flow of
secondary flow between the ribs more than the stationary case. In the second pass, both rotation
and 180° turn generate the complex flow towards the outer side near the LS wall. As a result,
heat transfer on the LS wall increases significantly. Similarly, it is observed that the velocity on
plane P4 and P5 in the second pass is higher near the LS wall clearly when compared to

stationary case.
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Fig. 48. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with smooth wall at R,=0.0 and Re=10,000.
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Fig. 49. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with smooth wall at R,=0.2 and Re=10,000.
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Fig. 50. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with 90° ribbed walls at R,=0.0, p/e=10 and Re=10,000.

Complex flow due to the turn
effect and 90° ribs o ri

90° ribs Complex flow of

secondary flow

due to turn effect

U/,
3 ; 2.8
4th row e % S P \ g ” - 2.1
o e o 17
: 2 X Recirculation 14
[t b (1) e’ flow 1.0
< ‘« ( 5 RN - =) Feo 0.7
y - = Fe 0.3
X2 Secondary flow due to rotation 0.0

Fig. 51. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with 90° ribbed walls at R,=0.2, p/e=10 and Re=10,000.
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Fig. 52. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with 60° ribbed walls at R,=0.0, p/e=10 and Re=10,000.
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Fig. 53. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with 60° ribbed walls at R,=0.2, p/e=10 and Re=10,000.
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Fig. 54 shows 3D flow field and velocity vector contour of each plane inside
the serpentine channel with VV-60° ribbed wall (Case 1) at R,=0.0, p/e=10 and Re=10,000. In the
first pass, it is indicated that the case of V-shape rib induces the double secondary flow between
the ribs as shown in plane P1 and P2. The velocity is high in the middle of the flow channel
and low velocity near the wall. In the turn region, the turn induces the secondary flow between
the ribs on plane P3. The velocity near the inner wall is higher than the outer wall. This is due
to the flow effect that impinges on the end cap. In the second pass, both rib orientation and 180°
turn create high velocity streamlines near the outer wall more than the inner wall. In addition,
it is found that the velocity on plane P4 increases in the middle of the channel towards the outer
wall while the velocity near the LS and TS walls decreases. On the other hand, the velocity on
plane P5 increases near the outer and inner wall and gradually decreases near the LS and TS
walls. Moreover, it is indicated that the second pass on plane P5 occurs double secondary flow
but the direction of velocity vector opposite with the first pass on plane P1 and P2. Thus, heat
transfer in the second pass differs with heat transfer in the first pass.

Fig. 55 presents 3D flow field and velocity vector contour of each plane inside
the serpentine channel with V-60° ribbed wall (Case I) at R,=0.2, p/e=10 and Re=10,000. The
results show that the effect of the rotation induces the complex flow of secondary flow in the
first pass on plane P1 and P2. The velocity increases near the TS wall and gradually decreases
near the LS wall. As a result, the heat transfer rate on the TS wall increases significantly.
Besides, the V-shape rib generates the longitudinal vortex flow behind the rib. In the turn
region, the velocity on plane P3 increases near the TS wall towards the inner wall. This may be
due to flow effect from the rotation. In the second pass, both the rotation and turn makes the
complex flow of secondary flow between the ribs. Whereas, the velocity on plane P4 and P5
significantly increases near the outer wall more than the inner wall. However, when compared
to the case of 60° inclined rib, this case gives higher turbulent flow mixing between the ribs.
Effect of rotation induces the direction of velocity vector towards the LS wall more than the TS
wall.

Figs. 56 to 59 illustrate the 3D flow field and velocity vector contour of each
plane inside the serpentine channel with VV-shape ribbed wall (Case 11 and I11) at both stationary
and rotation conditions, p/e=10 and Re=10,000. These cases are modified the rib configuration
in the second pass in order to improve the heat transfer coefficient better. The first case as
shown in Figs. 56 and 57, these cases use the 60° V-shaped rib to place on the second pass
having reverse direction. For stationary case (Fig. 56), it is found that the velocity on plane P4
increases clearly near the outer wall, which gives larger than the previous case. Effect of this

rib orientation gives double secondary flow which is similar to the first pass. Eventually, heat
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transfer rate increase behind the rib better than previous V-shape rib case. For rotation case
(Fig. 57), it is observed that the velocity on plane P4 and P5 in the second pass is similar to the
first pass. However, the velocity increases near the outer wall towards the LS wall. The second
case as shown in Figs. 58 and 59, these cases use the 60° inclined rib to locate on the second
pass. For stationary case (Fig. 58), it is observed that the velocity on plane P4 in the second
pass increases near the outer wall and decreases near the inner wall owing to the turning effect.
As aresult, heat transfer increases near the upstream edge of the rib towards the outer wall more
than the inner wall. Moreover, the turning effect induces the complex flow of secondary flow
between the ribs on plane P4 while plane P5 occurs single vortex flow. For rotation case (Fig.
59), both the rotation and 180° turn in the second pass makes the complex flow towards the
outer side near the LS wall. Hence, heat transfer on the LS wall significantly increases because
the thermal boundary layer is destroyed. Furthermore, it is observed that velocity on plane P4
and P5 in the second pass is high near the LS wall clearly when compared to stationary case.

Fig. 60 demonstrates 3D flow field and velocity vector contour of each plane
inside the serpentine channel with broken V-60° ribbed wall (Case IV) at R,=0.0, p/e=10 and
Re=10,000. In the first pass, it is indicated that two double counter-rotating vortices in plane
P1 and P2 are made by the broken V-shaped rib as well as the swirling flow induces along the
angle of attack of ribs. However, the recirculation zone is not appearing behind a gap of the rib
because the flow through the rib is accelerated immediately and the presence of a gap also
reduces the boundary layer development. As a result, there are two peaks of heat transfer
coefficient that appeared behind the rib. In the turn region, the turn creates the strong secondary
flow (see in plane P3) towards the inner wall as well. On the other hand, in the second pass,
reverse double counter-rotating vortices in plane P4 and P5 are generated by broken V-shaped
rib and also show high velocity near the outer wall.

Fig. 61 shows 3D flow field and velocity vector contour of each plane inside
the serpentine channel with broken V-60° ribbed wall (Case IV) at R,=0.2, p/e=10 and
Re=10,000. It is found that effect of rotation induced the secondary flow in the first pass acts
from the LS wall towards the TS wall while the secondary flow in the second pass acts from the
TS wall towards the LS wall. Consequently, the heat transfer coefficient differs significantly.
Besides, it is observed that the velocity in the turn region on plane P3 is high near the inner side

towards the TS wall clearly.
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Fig. 54. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case 1) at R,=0.0, p/e=10 and Re=10,000.
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Fig. 55. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case 1) at R,=0.2, p/e=10 and Re=10,000.
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Fig. 56. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case I1) at R,=0.0, p/e=10 and Re=10,000.
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Fig. 57. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case Il) at R,=0.2, p/e=10 and Re=10,000.
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Fig. 58. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case I11) at R,=0.0, p/e=10 and Re=10,000.
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Fig. 59. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case I11) at R,=0.2, p/e=10 and Re=10,000.
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Fig. 60. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case IV) at R,=0.0, p/e=10 and Re=10,000.
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Fig. 61. 3D flow field and velocity vector contour of each plane inside the serpentine channel
with V-60° ribbed walls (case IV) at R,=0.2, p/e=10 and Re=10,000.
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5. Concluding remarks

The aim of this research is to study the local heat transfer distribution within
the serpentine channel of the turbine blade with the rib turbulators in order to get the uniform
heat transfer distribution on the surface under the rotations. Based on the previous discussion,

the two main results can be summarized as follow:

5.1 Stationary straight channel

1. The heat transfer coefficient distributions on the rib-roughened walls for the
angle of 60° inclined ribs, 45° 60° V-shaped ribs and 60° V-shaped ribs with gap are
significantly high about 19.3%, 23.5%, 32.6% and 38.7% respectively when compared with the
angle of 90° inclined ribs due to the stronger rotational momentum of the secondary flow which
impinges the upstream edge enhances the heat transfer.

2. The highest average heat transfer coefficient on the rib-roughened walls is
achieved for the angle of 60° VV-shaped ribs with a gap when compared with other rib cases due
to the complex secondary flow field induced by the inclined angle of ribs and flow through a
gap.

3. Thermal performance is also evaluated for the considered the effect of
inclined angle of ribs. All the rib arrangements studied, the angle of 60° VV-shaped ribs with gap

gives the best thermal performance.

5.2 Rotating serpentine channel

1. The heat transfer coefficient for all rib cases under the stationary condition
in the first pass is higher than in the second pass. Whereas, the heat transfer coefficient in the
case of a smooth wall is lowest.

2. Under the rotation, the heat transfer coefficient for all rib cases in the first
pass is high on the TS wall followed by the LS wall. This trend is similar to the turn region as
well. The heat transfer coefficient in the second pass is high on the LS wall followed by the TS
wall. Furthermore, the heat transfer coefficient for all rib cases increases with increasing of the
Ro.

3. The average heat transfer ratio (Nu/Nu,) for all rib cases increases with
increasing of the Ro. The Nu/Nu, in the first pass is highest on the TS wall followed by the LS
wall, which was similar in the turn region as well. The Nu/Nu, in the second pass is highest for
the LS wall followed by the TS wall. Moreover, the average heat transfer ratios in the cases of

V-60° rib having 60° inclined ribs in second pass (case 111) and VV-60° rib with gap (case V) are
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high about 21.8% and 25.4% when compared with a smooth wall case, and high in range of 10-
15% when compared with other rib cases.

4. Effect of rotation induced two forces is the Coriolis and centrifugal forces.
In the first pass (radially outward flow), the Coriolis force acts from LS to TS side walls while
the centrifugal force has the same direction with the mainstream flow. The mainstream flow
will cooperate with these forces. As a result, the heat transfer coefficient on the TS wall is higher
than the LS wall. In the second pass (radially inward flow), heat transfer coefficient on the LS
wall is higher than the TS wall because of the Coriolis effect. However, the overall heat transfer
coefficient in the second pass is lower than in the first pass. This may be due to the opposite
direction between the mainstream flow and the centrifugal force.

5. Under the rotation, the friction and thermal performance factors as a function
of Ro in all rib cases differ totally when compared to the smooth wall case. These factors tend
to increase with the Ro. The friction factor in the case of 60° inclined ribs is highest while in the
cases of V-60° rib having 60° inclined ribs in the second pass (case Il1) and VV-60° rib with a
gap (case V) give the best thermal performance when compared with other rib cases.

6. Under the rotation, flow field structure inside the serpentine channel appears
the complex flow of secondary flow. It can help significantly to enhance the heat transfer
coefficient on the surface, especially on the first pass TS surface and second pass LS surface.

7. Results of heat transfer characteristic for both TLC and naphthalene
sublimation methods under the rotations show not different. It depends on the effect of Coriolis

and centrifugal forces.

6. Recommendations for further research

Recommendations for further research and development are as follow:

1. A study of the rotating serpentine channel for further research may be used
the impinging jet system between the first and second passes of a serpentine channel.

2. The coolant system of the rotating serpentine channel for future work may
be conducted by using the pulsating flow system.

3. A study of the heat transfer distributions inside a rotating serpentine channel
in the future research may be used the pin-fin turbulators to join with rib turbulators in order to

increase the thermal performance.
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Appendix A

The publications of the rib turbulators inside the stationary straight channel
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Abstract

The main objective of this research is to study heat transfer characteristic for
inclined ribs on heat transfer surface. The rib turbulators which having height of rib e
=10 mm were placed on heat transfer surface in the flow channel. The rib height-to-
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surface when compared with 90° inclined rib. Furthermore, the heat transfer coefficient
distribution on surface with 60° inclined rib is significantly higher than 20-30% when

compare to the other inclined ribs.
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Abstract

The main objective of this research is to study heat transfer characteristic for ribs
with angle 90° to the mainstream on heat transfer surface. The rib turbulators which
having height of rib e =10 mm were placed on heat transfer surface in the flow channel.
The rib height-to-duct height ratio (e/H) is equal to 0.133 and the rib pitch-to-height
(p/e) ratio is varied at 4, 6, 8 and 10, respectively. The Reynolds number (Re) is fixed
at 30,000. The results found that the effects of pitch-to-height ratio p/e=4, 6 and 8 can
be enhanced the average heat transfer distribution on surface about 15-25% when
compared with pitch-to-height ratio p/e=10. In addition, the heat transfer coefficient on
the surface with pitch-to-height ratio p/e=8 is significantly higher than 15-20% when

compare to the other cases.

Keywords: Transverse ribs, Heat transfer characteristic, Square duct
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Appendix A3
Conference Paper (Thai)

T. Nontula, N. Kaewchoothong, K. Maliwan, and C. Nuntadusit, Effect of pitch ratios on heat

transfer characteristic in a square channel with U-ribs. The 18" Heat and Mass Transfer in

Thermal Equipment and Process, 20-21 March 2019, 151-157, Krabi, Thailand.
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Abstract

The main objective of this research is to study heat transfer
characteristic on surface with U-ribs. The rib turbulators which having
height of rib e=10 mm were placed on heat transfer surface in the flow
channel. The rib height-to-hydraulic diameter ratio (e/D;) was equal to
0.133, and the rib pitch-to-height (p/e) ratio were equal to 5, 10 and 15,
respectively. The rib angle of attack (« ) is equal to 60°. The Reynolds
number (Re) is fixed at 15,000. The results found that the highest average
heat transfer coefficient on surface with U-ribs occurs at p/e=10 when
compared to p/e=5 and 15 about 9.74% and 8.08%, respectively. In
addition, thermal performance at a pitch-to-height ratio of 10 are better
than about 4-17% when compared to the other pitch ratio cases.

Keywords: U-ribs, Heat transfer characteristic, Square channel, Pitch ratio
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Abstract: The main objective of this research is to study the effect of rib arrangement on the distributions of the
local heat transfer coefficient in a stationary channel. In this study, the ribs with square cross section were used to
place on two side walls for study. The rib height-to-hydraulic diameter ratio (e/Dy) and the rib pitch-to-height (p/e)
ratio were fixed at 0.133 and 10, respectively. Three different types of rib arrangement for inclined ribs, V-shaped
ribs and inverted V-shaped ribs were investigated. The rib angle of attack (& ) was varied from 30° to 90° for inclined
ribs and 45° and 60° for both V-shaped and inverted V-shaped ribs, and compared at constant Reynolds number
Re=30,000. Thermal Liquid Crystal sheet was applied for evaluating the heat transfer distributions. The results
showed that the average Nusselt number on surface with rib inclined angle at 60°, 45° and 60° V-shaped ribs was
improved up to about 20%, 25% and 30% higher than case of angle 90° and the rib inclined angle at 60° V-shaped
ribs provided the highest Nusselt number covering largest area when compared to the other cases.
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I. INTRODUCTION

The demand for gas turbine engines with higher thermal efficiency and power output is required to cut fossil fuel
consumption and CO; emissions. One of the general ways is by increasing the turbine inlet temperature (TIT) which
current advanced gas turbines operate at TIT up to about 1700°C. Hence, it need effective cooling technologies to enhance
heat transfer distribution with small amount of cooling air, such as rib-roughened passage flow cooling, impingement
cooling, film cooling and pin-fin cooling shown in Fig. 1.

Ribs are generally installed on cooling channel for internal cooling of gas turbine blades. Many researchers have studied
both flow and heat transfer characteristics for rib attachment for different rib arrangements in different aspect ratio of
channel. For example, Han et al. [1, 2] studied the effect of rib inclined angle (« ) and rib pitch-to-height (p/e) on the heat
transfer coefficient and pressure drop in a rectangular channel with rib attachment on two opposite side walls. They found
that the maximum heat transfer distribution and friction factor occur at the pitch-to-height ratio of 10 with rib inclined
angle of 60° when compared to the other rib arrangement case. One of the earlier studied on the heat transfer distribution
and friction factor for case of rib angle of 90° and 45° V-shaped ribs with a fixed pitch-to-height ratio p/e=10 in a square
channel was carried out by Taslim et al. [3]. They explained that the heat transfer enhancement and friction losses with
inclined rib at angle 45° and V-shaped ribs larger than case of angle 90° ribs. Lee et al. [4] and Ekkad and Han [5]
experimentally studied the heat transfer characteristic in a high aspect ratio ribbed channel with V-shaped and inclined
ribs. They found that V-shaped ribs provide higher heat transfer enhancement than the inclined ribs. Furthermore, Rau et
al. [6] presented heat transfer distributions inside a square channel with ribbed walls for various pitch-to-height ratios by
using liquid crystal technique. They found that the heat transfer enhancement was highest for pitch-to-height ratio from 6
to 12 when compared to all other ratios. Lau et al. [7] experimentally studied the heat transfer coefficient in a square
channel with V-shaped ribs at pitch-to-height ratio of 10 using thermocouple technique to measure the wall temperature.
They indicated that the heat transfer rate for 60° V-shaped ribs was higher than other rib cases.

Rib turbulators
Shaped internal cooling

Tl
Film cooling ,'_‘I!L.»’

Hot air

Tip cap cooling  Trailing edge

1‘?? ? 1: ejection

0
[ s !
8 £t
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cooling [f |
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=

Cooling air

FIG. 1. Complicated cooling technologies inside turbine blade.

Recently, Maurer et al. [8] investigated the heat transfer and pressure drop characteristics of V-shaped and W-shaped
ribs for different rib pitch-to-height ratios. They found that the thermal performance of V-shaped ribs was better than M-
shaped ribs with a pitch-to-height ratio of 10. SriHarsha et al. [9] experimentally investigated the effect of rib height on
the local heat transfer characteristic in a square channel with the angle of 90° ribs and 60° V-shaped ribs by using infrared
thermography technique. They observed that the heat transfer enhancement of 60° V-shaped ribs was higher than 90° ribs.
In addition, Ravi et al. [10] investigated the effect of inclined angle inside a flow channel with rib inclined angle of 45°,
W-shaped ribs, M-shaped ribs and V-shaped ribs, respectively on flow and heat transfer. They reported that the heat transfer
distribution on surface with V-shaped ribs was higher than another rib cases.
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From the review of obtainable literature on internal flow and heat transfer rate under stationary conditions, it can noted
that the heat transfer characteristics should be investigated more deeply in order to design more effective gas turbine blade
cooling. Furthermore, few researchers experimentally studied both flow characteristics and full surface heat transfer rate
in the test channel. Hence, the present study focusses on the detailed examination of the effect of rib-roughened walls on
the flow behavior and local heat transfer distributions inside the square passage where the ribs are attached on the two
opposite walls. Three different types of rib-roughened walls for inclined ribs, V-shaped ribs and inverted V-shaped ribs are
performed to study the heat transfer rate on surface using Thermal Liquid Crystal sheet technique to measure a surface
temperature. This technique allows full surface heat transfer coefficient measurements on all the walls. In addition, the
detailed flow visualizations using the commercial software ANSYS (Fluent) v.15.0 are conducted to explain the heat
transfer mechanism on surface which all cases are carried out only under stationary conditions.

II. EXPERIMENTAL SETUP

A schematic diagram of the experimental setup for heat transfer analysis on ribbed surface is illustrated in Fig. 2(a). The
ambient air was introduced to the wind tunnel, passing heater chamber mesh plate and honeycomb, then passing through
the test section with rib attachment on two side of the wall channel which this measurement was conducted in open-loop
flow with suction mode. During the test, the fresh air that induced air to the wind tunnel was performed under the constant
temperature of approximately 25°C which it was controlled by the temperature controller unit. The internal cross section
(Wx H) of a flow channel is square of 75 x 75 mm? with aspect ratio AR=1.0, which is according to experimental set-up of
Takeishi et al. [11]. The length (L) of the rib-roughened region is about 800 mm (10.67D;) which the ribs were installed
on the top and bottom surfaces of the wind tunnel. The temperature distribution on heat transfer surface (top surface of
wind tunnel) was measured by using Thermal Liquid Crystal sheet. Two thermocouples (T-type) for temperature
measurement to find the properties of fluid were located at the center of wind tunnel before and after a heat transfer surface.
Moreover, static pressure taps of 1.0 mm were drilled on the side wall of the wind tunnel to measure the pressure drop due
to the ribbed wall. The distance between the two pressure taps is about 600 mm.

The important detail of heat transfer measurement area is shown in Fig. 2(b). The heat transfer measurement surface is
made of a stainless-steel foil (SUS304) with a width of 75 mm, a length of 300 mm and a thickness of 0.03 mm which a
TLC sheet is placed on the top side of heat transfer surface, and the supplied electrical current to obtain constant heat flux
with a power supply via two copper bus bars, which were embedded in acrylic plate to stretch both ends of stainless steel
foil plate (see Fig. 2(b)). The color of TLC sheet was recorded with CCD camera which temperature range of TLC sheet
used to study the color systematically between 30°C to 35°C. Before being measured, the TLC sheet for this measurement
was calibrated between temperature and color distributions [12]. After that, the image processing was applied for analyzing
the temperature distribution on heat transfer surface. The average emissivity of TLC sheet is found to be 0.9. The
uncertainty of room temperature measurement is not over than +0.1°C.

In this study, the rib with square cross section are used and made of acrylic plate shown in Fig. 3. The rib height-to-
hydraulic diameter ratio (e/Dy) is equal 0.13. The pitch-to-height ratio (p/e) is fixed at 10. Eight differences of rib inclined
angles () of 30°, 45°, 60°, 90°, 45° and 60° V-shaped, and inverted V-shaped ribs are investigated.
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FIG. 2. Experimental setup.
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FIG. 3. Types of rib arrangement to measure on heat transfer surface.

III. DATA REDUCTION

The fresh air with constant temperature is induced by centrifugal blower via the test section to cooling of the heated
surface with the ribbed walls which all experimental measurements were conducted at constant Reynolds number based
on free stream velocity at the center of the wind tunnel and hydraulic diameter of the wind tunnel Re=VD, /v =30000.
The hydraulic diameter of wind tunnel can be calculated from D, =2WH /(W + H) where W and H are the height and
the width of wind tunnel. The local heat transfer coefficient on the ribbed walls for heated surface is calculated from the
Eq. (1) [13].

i input ~ Yitoss.convection ~ Gioss.radiation ~ Yoss conduction (1)

Tn' B T/

where ¢, is the uniform heat flux boundary condition supplied by DC power supply unit, which the uniform heat flux
on the ribbed surface can be calculated from the electrical current and the voltage per the area of heat transfer wall.
Gross comvecrion AN G radiarion ar€ the heat losses due to the natural convection heat transfer and the natural radiation from
rear side of the heat transfer surface to surroundings. ¢, .ouueion 15 the heat loss from the thermal conduction due to the
temperature gradient within the TLC sheet and the stainless foil. 7, is the wall temperature on heated surface of TLC

w

sheetand 7, is mean air temperature of fresh air calculated from the Eq. (2).

T,+T,
T- il o0 2
/ > (2)
where 7, and 7, are the before and after air temperature entrance of the test section.
From equation (1) and (2), the Nusselt number on the ribbed surface can be evaluated from the Eq. (3).
Nu=HDn 3)

k

where £ is the thermal conductivity of air.

The normalized Nusselt number can be used the correlation of the standard Dittus and Boelter equation (Nu,) [14] for
fully developed turbulent flow in a smooth duct.

Nu, =0.023Re"* Pr™ (4)

where Pr is Prandtl number of air about (0.71), which the thermal properties of air are evaluated at the mean air temperature
of the fluid.

The friction losses in the cooling channel is determined by the measuring the pressure drop, AP across the test section
length, between two points located 0.6 m apart.
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. — )

)7)

where L and V are length of the test section and velocity air inlet, p is density of air.

The friction factor can be calculated by dividing the friction losses Eq. (5) by the turbulent friction loss in smooth wall
as given by Blasius equation (f;) So, this equation ratio is determined as below.

f /
S — 6
£, 0.079Re™* ©
The thermal hydraulic performance factor of ribbed channel can be computed by using the correlation between the
normalized heat transfer distribution and pressure losses as follow:

Nu/
- /Nu )

(72.)

The experimental uncertainty was determined by using the calculated technique suggested by Kline and McClintock
[15] The Nusselt number uncertainty was about 1.42%, and the uncertainty in the calculation of friction factor was 2.41.%

==

IV. RESULTS AND DISCUSSION
A. Validations of experimental data

The effects of an artificially rib-roughened duct are studied on heat transfer and friction characteristics of the channel.
The values of Nusselt number and friction factor of a smooth duct under each Reynolds number are compared with other
researches under similar experimental conditions (see Fig. 4(a) and (b)). The results show that of the values of the
comparison between experiment data and other researches of a smooth wall provide approximately 2.5% and 3.2% for
Nusselt number and friction factor characteristics respectively which the trend of the two values can be acceptable.

100 T T T T T 14.0 T T T T T
—— Dittus-Boelter equation [14] 12.04 Blasius equation 4
g4 X Chaube et al. [16] x J X  Chaube etal.[16]
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FIG. 4. Comparisons of experimental and estimated values of Nusselt number and friction factor of smooth duct.

B. Heat transfer measurement

The detailed contours of the normalized Nusselt number (Nu/Nu,) with Dittus-Boelter correlation for fully developed
turbulent flow in a smooth duct are presented in Fig. 5. Here, Nu, is local Nusselt number for smooth square channel (no
rib). Under different rib-roughened wall, heat transfer measurements are conducted at pitch-to-height and Reynolds
number of 10 and 30,000, respectively. For case of rib angle 90° (Fig. 5(a)), it is observed that the heat transfer distribution
is high in the middle region between the ribs, and it is very low immediately in front of and behind the ribs. Whereas, the
Nusselt number ratios for case of rib inclined angle 60°, 45° and 30° (Fig. 5(b), 5(c) and 5(d)) are increasing near the
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upstream edge of rib due to the secondary flow brings core air to the heat transfer surface and decreases as going to
downstream edge of the rib. On the other hand, the heat transfer coefficient distributions on test surface in the spanwise
direction with 45° and 60° V-shaped ribs (Fig. 5(e) and 5(f)) are significantly much more uniform than other cases except
for 60° inclined rib conditions. Because of the symmetric secondary flow induced by the V-shaped ribs. Whereas, the heat
transfer enhancement near the upstream and downstream region of ribs decreases in streamwise direction due to the
boundary layer development and flow separation. For case of the inverted 45° and 60° V-shaped ribs (Fig. 5(g) and (h)),
the heat transfer distributions on the test surface are slightly high near the downstream edge of behind ribs and very low
directly in front of the ribs (Upstream rib). Furthermore, it also is noted that the heat transfer enhancement for case with
60° V-shaped ribs gives higher heat transfer and covers for large area behind the rib when compared with other rib cases.

Nuw/Nu,
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FIG. 5. Comparisons of the Nusselt number distributions on measurement surface with eight differences of rib
inclined angles at p/e=10 and Re=30,000.

Figure 6 shows the average Nusselt number distribution (Nu/Nu,) of entire test surface with the rib-roughened wall,
which are performed at the same conditions. For cases of the inclined ribs, the results found that the average heat transfer
enhancements on test surface for case of 30° and 90° inclined ribs are slightly increased up to about 19.5% and 18.7%
respectively when compared with the smooth wall (no rib). While, the average heat transfer coefficients on surface with
45°and 60° inclined ribs are significantly enhanced around 11.8% and 19.3% when compared to the angle of 90° inclined
ribs. In the V-shaped rib cases, the average Nusselt number distributions with the angle of 45° and 60° V-shaped ribs can
be significantly enhanced approximately 23.5% and 32.6%, respectively when compared to the angle of 90° inclined ribs.
Whereas, for cases of the inverted V-shaped ribs, the average heat transfer rates on surface with the angle of 45° and 60°
inverted V-shaped ribs are enhanced about 8.6% and 12.3% which provide the heat transfer rate on the test surface lower
than the angle of 60° V-shaped ribs in the range of 0.80 to 0.85 times.

The general trends of heat transfer enhancement of the different rib-roughened walls are immediately increased in range
of 1.80 to 2.50 times when compared with the smooth wall due to the effect of the secondary flow induced by inclined



108

The 14th Asian Symposium on Visualization

angle of ribs. Moreover, it also is noted that the rib arrangement for case of 60° V-shaped ribs provides highest average
heat transfer coefficient distribution on surface when compared to other cases.
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FIG. 6. Comparisons of the average Nusselt number enhancement on measurement surface with eight
differences of rib-roughened wall at p/e=10 and Re=30,000.

C. Flow structure

The comparisons of three-dimensional streamlines and crosswise velocity vector contours inside rib-roughened walls
for four different types under the same conditions are illustrated in Fig. 7. For the continuous ribs (Fig. 7(a)), the results
show that the velocity streamline structure occurs the separated flow between the ribs and impinges on the wall, which it
is induced by the effect of ribs. While, for case of the inclined angle ribs (Fig. 7(b)), it is found that the velocity vector
contour within the flow channel appears the strong secondary flow between the ribs and the high recirculation flow
impinges on the ribbed test surface near the upstream flow of ribs, which is affected the heat transfer enhancement on a
surface. On the other hand, for cases of both V-shaped ribs and inverted V-shaped ribs (Fig. 7(c) and (d)), it is reveal that
the inclination of ribs generates the complex secondary flow along the ribs joins the main stream direction to accelerate it
which is significantly affected to increase the heat transfer distributions on the rib-roughened walls and also creates the
vortex region behind the ribs.

The conceptual details of three-dimensional flow structures for cases of inclined angle ribs and V-shaped ribs within
rib-roughened walls are depicted in Fig. 8. For the inclined angle ribs (Fig. 8(a)), it is clear that the flow-field structure
occurs the two stronger secondary flow between the ribs which induced by the effect of inclined angle ribs, and also
provides maximum heat transfer enhancement near the downstream edge (leading edge) of the ribs due to the reattachment
flow of main stream to accelerate the small vortex between rib promoters. While, the trailing edge of downstream flow
gives minimum heat transfer distribution due to the boundary layer development. In case of V-shaped ribs (Fig. 8(b)), it is
found that the inclination of ribs creates the four-secondary flow along the ribs joins the main flow to accelerate it which
provides a high heat transfer region at downstream surface and slightly low heat transfer distribution at upstream surface
of trailing edge of ribs. Because of the strength of the secondary flow may be not enough to energize the main flow
direction through the ribs.
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FIG. 7. Schematic of 3-D streamlines and velocity vector contours inside rib-roughened walls of each rib
configurations.
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FIG. 8. Conceptual 3-D flow pattern inside rib-roughened walls induced by inclined angle and V-shaped ribs.

D. Friction factor and thermal performance

Experimental values of friction factor ration (f/f;,) due to the effect of the ribbed wall at p/e=10 and Re=30,000 are
presented in Fig. 9. Here, f; is local friction factor due to the smooth duct suggested by Blasius correlation. It is observed
that for all the cases studied, the normalized friction factor for case of 30° inclined ribs is slightly augmented around
31.49% when compared to standard friction factor of the smooth wall which it can be affected heat transfer enhancement
on test wall (see Fig. 5(d)). Whereas, the friction factor ratio with the angle of 90° inclined ribs is higher approximately
72.47% than the angle of 30° inclined ribs which it provides low heat transfer coefficient (see Fig. 5(a) and (d)) due to the
effect of inclined angle of ribs. As shown, the enhancements of friction factor for three different cases of the inclined
angle, V-shaped and inverted V-shaped ribs in the range of 3.0 to 8.0, 8.8 to 9.0 and 7.5 to 8.0 times respectively that of a
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smooth wall (without ribs), and also found that the friction factor characteristics with the angle of 60° V-shaped rib
condition can be highest when compared with other rib conditions. In addition, the maximum enhancement on friction
factor ratio for case of 60° V-shaped ribs is very similar to 45° V-shaped rib case owing to the complicated secondary flow
induced by the effect of inclined angle of ribs inside the flow channel.

12 , r ' ’
AR, &/D,0.13, p/e=10 ]
8858  8.967 ]
—e
5431 i
30 45 60 90  V-45 V-60 Inverted Inverted
a (degree) V-45 V-60

FIG. 9. Comparisons of the normalized friction factor with eight differences of rib-roughened wall at p/e=10 and
Re=30,000.

The overall thermal hydraulic performance (7 ) of eight different rib-roughened walls within the flow channel is
reported in Fig. 10. The result show that the enhancements of thermal performance characteristic for case of 90° inclined
and 45° inverted V-shaped ribs give slightly high when compared to the standard smooth wall by using Dittus-Boelter
correlation [14]. While, thermal performance of the angle of 30°, 45° and 60° inclined ribs, 45° and 60° V-shaped ribs, and
60° inverted V-shaped ribs can be interestingly enhanced about 1.34, 1.22, 1.15, 1.12, 1.20 and 1.10 times, respectively.
Furthermore, it is also seen that the trend of thermal performance characteristic for case of 60° V-shaped ribs provides
significantly high thermal hydraulic performance when compared with other ribs except the angle of 30° and 45° inclined
ribs which are low about 1.1 and 1.0 times, respectively. Because of the secondary vortex pair induced by the inclined
angle of ribs, and high reattachment flow inside a wind tunnel.

2.00 . . v .
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{
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< 100
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FIG. 10. Comparisons of the thermal hydraulic performance with eight differences of rib-roughened wall at
p/e=10 and Re=30,000.

V. CONCLUSIONS

In the present study, the detail of local heat transfer coefficient measurement was performed in order to investigate the

effect of rib inclined angles on heat transfer characteristics in the wind tunnel. The main results of this research are
summarized as follows.
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(1) The heat transfer coefficient distributions on the test surface for the angle of 60° inclined ribs, 45° and 60° V-shaped
ribs are significantly high about 19.3%, 23.5% and 32.6% respectively when compared with the angle of 90°
inclined ribs due to the stronger rotational momentum of the secondary flow which impinges the upstream edge
enhances the heat transfer.

(2) The highest average heat transfer distributions on the rib-roughened walls is achieved for the angle of 60° V-shaped
ribs when compared with other rib cases due to the complex secondary flow field induced by the inclined angle of

ribs.
(3) Thermal hydraulic performance is also evaluated for the considered the effect of inclined angle of ribs. All the rib
arrangements studied, the angle of 30°, 45° inclined and 60° V-shaped ribs provide the best thermal performance.
(4) The results which obtained in this study can be applied to design broken ribs for heat transfer enhancement in the
future work.
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NOMENCLATURE
AR : Channel aspect ratio (-)
D, : Hydraulic diameter (m)
f : Friction factor (-)
£, : Friction factor of a smooth duct (-)
e : Rib height (m)
H : Channel height (m)
h : Heat transfer coefficient (W/m? K)
k : Thermal conductivity (W/m K)
L : Channel length (m)
Nu : Nusselt number (-)
Nu, : Nusselt number from Dittus-Boelter equation (-)
Nu : Average Nusselt number (m)
P : Rib pitch (m)
AP : Pressure drop in duct (Pa)
T : Generated heat flux (W/m?)
[ n—— : Heat loss from conduction (W/m?)
@ joss,convestion : Heat loss from convection (W/m?)
Re : Reynolds number (-)
T, : Mean temperature of air (°C)
T : Inlet temperature of air (°C)
T, : Outlet temperature of air (°C)
7 : Wall temperature (°C)
14 : Velocity of air (m/s)
w : Channel width
X, ),z : Spanwise, Vertical, Streamwise directions (m)
Greek symbols
a : Rib angle of attack (°)

v : Kinematic viscosity (m?s)
n : Thermal performance (-)
P : Density of air (kg/m?®)
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e Three types of ribs for inclined ribs, V-shaped ribs and inverted V-shaped ribs were investigated.
e The average Nusselt number for 60° V-shaped ribs was enhanced up to 30% compared to conventional ribs.
e The 60° V-shaped ribs provided the highest Nusselt number covering large area when compared to the other cases.

ARTICLE INFO ABSTRACT

Article history:

Received 24 August 2017

Accepted 5 September 2017

Available online 2 December 2017

*This article belongs to the Fluid Mechanics

The main objective of this research is to study the effect of rib arrangement on the distributions of the local
heat transfer coefficient in a stationary channel. In this study, the ribs with square cross section were used
to place on two side walls for study. The rib height-to-hydraulic diameter ratio (e/Dy) and the rib pitch-
to-height (p/e) ratio were fixed at 0.133 and 10, respectively. Three different types of rib arrangement
for inclined ribs, V-shaped ribs and inverted V-shaped ribs were investigated. The rib angle of attack («)
was varied from 30° to 90° for inclined ribs and 45° and 60° for both V-shaped and inverted V-shaped
ribs, and compared at constant Reynolds number Re =30000. Thermal Liquid Crystal sheet was applied for
evaluating the heat transfer distributions. The results showed that the average Nusselt number on surface
with rib inclined angle at 60°, 45°, and 60° V-shaped ribs was improved up to about 20%, 25% and 30%
higher than case of angle 90° and the rib inclined angle at 60° V-shaped ribs provided the highest Nusselt
number covering largest area when compared to the other cases.
© 2017 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The demand for gas turbine engines with higher thermal effi-
ciency and power output is required to cut fossil fuel consumption
and CO, emissions. One of the general ways is by increasing the
turbine inlet temperature (TIT) which current advanced gas tur-
bines operate at TIT up to about 1700°C. Hence, it need effective
cooling technologies to enhance heat transfer distribution with
small amount of cooling air, such as rib-roughened passage flow
cooling, impingement cooling, film cooling and pin-fin cooling
shown in Fig. 1.

Ribs are generally installed on cooling channel for internal
cooling of gas turbine blades. Many researchers have studied both
flow and heat transfer characteristics for rib attachment for dif-
ferent rib arrangements in different aspect ratio of channel. For

* Corresponding author.
E-mail address: chayut@me.psu.ac.th (C. Nuntadusit).

https://doi.org/10.1016/j.taml.2017.09.013

example, Han et al. [ 1,2] studied the effect of rib inclined angle ()
and rib pitch-to-height (p/e) on the heat transfer coefficient and
pressure drop in a rectangular channel with rib attachment on two
opposite side walls. They found that the maximum heat transfer
distribution and friction factor occur at the pitch-to-height ratio of
10 with rib inclined angle of 60° when com- pared to the other rib
arrangement case. One of the earlier stud- ied on the heat transfer
distribution and friction factor for case of rib angle of 90° and 45°
V-shaped ribs with a fixed pitch-to-height ratio p/e = 10 in a
square channel was carried out by Taslim et al. [3]. They explained
that the heat transfer enhancement and friction losses with in-
clined rib at angle 45° and V-shaped ribs larger than case of angle
90° ribs. Lee et al. [4] and Ekkad and Han [5] experimentally studied
the heat transfer characteristic in a high aspect ratio ribbed channel
with V-shaped and in clined ribs. They found that V-shaped ribs
provide higher heat transfer enhancement than the inclined ribs.
Furthermore, Rau et al. [6] presented heat transfer distributions

2095-0349/© 2017 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied Mechanics. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

AR Channel aspect ratio (-)

Dy Hydraulic diameter (m)

f Friction factor (-)

j A Friction factor of a smooth duct (-)
e Rib height (m)

H Channel height (m)

h Heat transfer coefficient (W/(m?K))
k Thermal conductivity (W/(mK))

L Channel length (m)

Nu Nusselt number (=)

Nu, Nusselt number from Dittus-Boelter equation (-)
Nu Average Nusselt number (-)

P Rib pitch (m)

AP Pressure drop in duct (Pa)

{lossconduction  Heat loss from conduction (W/m?)
Giossinput  Generated heat flux (W/m?)
{loss.convection  Heat loss from convection (W/m?)

Re Reynolds number (-)

Te Mean temperature of air (°C)
T, Inlet temperature of air (°C)
Ts Outlet temperature of air (°C)
T Wall temperature (°C)

v Velocity of air (m/s)

w Channel width (m)

XY 2 Spanwise, Vertical, Streamwise directions (-)
Greek symbols

o Rib angle of attack (°)

v Kinematic viscosity (m?/s)

n Thermal performance (-)

P Density of air (kg/m?)

inside a square channel with ribbed walls for various pitch-to-
height ratios by using liquid crystal technique. They found that the
heat transfer enhancement was highest for pitch-to-height ratio
from 6 to 12 when compared to all other ratios. Lau et al. [7]
experimentally studied the heat transfer coefficient in a square
channel with V-shaped ribs at pitch-to-height ratio of 10 using
thermocouple technique to measure the wall temperature. They
indicated that the heat transfer rate for 60° V-shaped ribs was
higher than other rib cases.

Recently, Maurer et al. [8] investigated the heat transfer and
pressure drop characteristics of V-shaped and W-shaped ribs for
different rib pitch-to-height ratios. They found that the thermal
performance of V-shaped ribs was better than Mshaped ribs with
a pitch-to-height ratio of 10. SriHarsha et al. [9] experimentally
investigated the effect of rib height on the local heat transfer
characteristic in a square channel with the angle of 90° ribs and
60° V-shaped ribs by using infrared thermography technique. They
observed that the heat transfer enhancement of 60° V-shaped ribs
was higher than 90° ribs. In addition, Ravi et al. [10] investigated
the effect of inclined angle inside a flow channel with rib inclined
angle of 45°, W-shaped ribs, M-shaped ribs and V-shaped ribs,
respectively on flow and heat transfer. They reported that the heat
transfer distribution on surface with V-shaped ribs was higher than
another rib cases.

From the review of obtainable literature on internal flow and
heat transfer rate under stationary conditions, it can noted that the
heat transfer characteristics should be investigated more deeply
in order to design more effective gas turbine blade cooling. Fur-
thermore, few researchers experimentally studied both flow char-
acteristics and full surface heat transfer rate in the test channel.

Rib turbulators

Shaped internal cooling
channel

Film cooling

g
Hot air”"

Tip cap coolin\TfailiﬂS edge
o o A ejection

Impingement cooling

cooling

Cooling air

Fig. 1. Complicated cooling technologies inside turbine blade.

Hence, the present study focusses on the detailed examination
of the effect of rib-roughened walls on the flow behavior and
local heat transfer distributions inside the square passage where
the ribs are attached on the two opposite walls. Three different
types of rib-roughened walls for inclined ribs, V-shaped ribs and
inverted V-shaped ribs are performed to study the heat transfe1
rate on surface using Thermal Liquid Crystal sheet technique tc
measure a surface temperature. This technique allows full surface
heat transfer coefficient measurements on all the walls. In addition
the detailed flow visualizations using the commercial software
ANSYS (Fluent) v.15.0 are conducted to explain the heat transfer
mechanism on surface which all cases are carried out only undei
stationary conditions.

A schematic diagram of the experimental setup for heat transfer
analysis on ribbed surface is illustrated in Fig. 2(a). The ambient air
was introduced to the wind tunnel, passing heater chamber mesh
plate and honeycomb, then passing through the test section with
rib attachment on two side of the wall channel which this mea-
surement was conducted in open-loop flow with suction mode
During the test, the fresh air that induced air to the wind tunne]
was performed under the constant temperature of approximately
25°C which it was controlled by the temperature controller unit
The internal cross section (W x H) of a flow channel is square of
75 x 75 mm? with aspect ratio AR = 1.0, which is according tc
experimental set-up of Takeishi et al. [ 11]. The length (L) of the rib-
roughened region is about 800 mm (10.67D;,) which the ribs were
installed on the top and bottom surfaces of the wind tunnel. The
temperature distribution on heat transfer surface (top surface of
wind tunnel) was measured by using Thermal Liquid Crystal sheet
Two thermocouples (T-type) for temperature measurement to find
the properties of fluid were located at the center of wind tunnel
before and after a heat transfer surface. Moreover, static pressure
taps of 1.0 mm were drilled on the side wall of the wind tunnel
to measure the pressure drop due to the ribbed wall. The distance
between the two pressure taps is about 600 mm.

The important detail of heat transfer measurement area is
shown in Fig. 2(b). The heat transfer measurement surface is made
of a stainless-steel foil (SUS304) with a width of 75 mm, a length
of 300 mm and a thickness of 0.03 mm which a TLC sheet is placed
on the top side of heat transfer surface, and the supplied electrical
current to obtain constant heat flux with a power supply via twc
copper bus bars, which were embedded in acrylic plate to stretch
both ends of stainless steel foil plate (see Fig. 2(b)). The color of
TLC sheet was recorded with CCD camera which temperature range



116

346 N. Kaewchoothong et al. / Theoretical & Applied Mechanics Letters 7 (2017 ) 344-350

Computer

CCD Camera

Heater — Screen (Mesh plate)
chamber Blower 0o with incliné’d
manometer

Plenum (Air tank)
Orest section

Side View

|- Power supply

Screws TLC sheet Plastic (Acrylic) plate
ol

i T
Copper bus bars 5US304 Stainless foil
Top View

Connect with — ,g SUS304 Stainless foil

power supply

TLC sheet

?»A-
B -

3 Tyem | Temperature controller
Inverter  /Fge Z= - 1 Ell3 |
=
m Orifice

- B r

Copper bus bars  plastic (Acrylic) plate

Fig. 2. Experimental setup.

of TLC sheet used to study the color systematically between 30 to
35°C. Before being measured, the TLC sheet for this measurement
was calibrated between temperature and color distributions [12].
After that, the image processing was applied for analyzing the
temperature distribution on heat transfer surface. The average
emissivity of TLC sheet is found to be 0.9. The uncertainty of room
temperature measurement is not over than +0.1°C.

In this study, the rib with square cross section are used and
made of acrylic. Fig. 3 shows the details of rib arrangement using in
this study. The rib height-tohydraulic diameter ratio (e/D,,) is equal
0.13. The pitch-to-height ratio (p/e) is fixed at 10. Eight differences
of ribinclined angles («) of 30°,45°,60°,90°,45° and 60° V-shaped,
and inverted V-shaped ribs are investigated.

The fresh air with constant temperature is induced by centrifu-
gal blower via the test section to cooling of the heated surface
with the ribbed walls which all experimental measurements were
conducted at constant Reynolds number based on free stream
velocity at the center of the wind tunnel and hydraulic diameter
of the wind tunnel Re = VDy, /v = 30000. The hydraulic diameter
of wind tunnel can be calculated from D, = 2WH /(W + H) where
W and H are the height and the width of wind tunnel. The local
heat transfer coefficient on the ribbed walls for heated surface is
calculated from the Eq. (1) [13].

h= qinput — Qioss,convection — {loss,radiation — {loss,conduction (1)
Tw— Tt '

where §ippy is the uniform heat flux boundary condition supplied
by DC power supply unit, which the uniform heat flux on the
ribbed surface can be calculated from the electrical current and
the voltage per the area of heat transfer wall. jossconvection and
(Jloss radiation are the heat losses due to the natural convection heat
transfer and the natural radiation from rear side of the heat transfer
surface to surroundings. {iossconduction iS the heat loss from the
thermal conduction due to the temperature gradient within the
TLC sheet and the stainless foil. T, is the wall temperature on
heated surface of TLC sheet and T is mean air temperature of fresh
air calculated from the Eq. (2).
Ti = To
== (2)

where T; and T, are the before and after air temperature entrance
of the test section.

From Egs. (1) and (2), the Nusselt number on the ribbed surface
can be evaluated from the Eq. (3).

Ty

Nu=—2, 3)

where k is the thermal conductivity of air.

The normalized Nusselt number can be used the correlation
of the standard Dittus and Boelter equation (Nu,) [14] for fully
developed turbulent flow in a smooth duct.

Nug = 0.023Re®8pro4, (4)

where Pr is Prandtl number of air about 0.71, which the thermal
properties of air are evaluated at the mean air temperature of the
fluid.

The friction losses in the cooling channel is determined by the
measuring the pressure drop, AP across the test section length,
between two points located 0.6 m apart.

AP

where L and V are length of the test section and velocity air inlet,
p is density of air.

The friction factor can be calculated by dividing the friction
losses Eq. (5) by the turbulent friction loss in smooth wall as given
by Blasius equation (f,) So, this equation ratio is determined as
below.

L %o_zs- (6)
fo 0.079Re

The thermal hydraulic performance factor of ribbed channel can
be computed by using the correlation between the normalized heat
transfer distribution and pressure losses as follow:

0= Nu/Nu,
¢ /fo)}

The experimental uncertainty was determined by using the
calculated technique suggested by Kline and McClintock [15]. The
Nusselt number uncertainty was about 1.42%, and the uncer- tainty
in the calculation of friction factor was 2.41%.

The effects of an artificially rib-roughened duct are studied
on heat transfer and friction characteristics of the channel. The
values of Nusselt number and friction factor of a smooth duct under
each Reynolds number are compared with other researches under
similar experimental conditions (see Fig. 4(a) and (b)). The results
show that of the values of the comparison between experiment
data and other researches of a smooth wall provide approximately
2.5% and 3.2% for Nusselt number and friction factor characteristics
respectively which the trend of the two values can be acceptable.

The detailed contours of the normalized Nusselt number
(Nu/Nu,) with Dittus-Boelter correlation for fully developed tur-
bulent flow in a smooth duct are presented in Fig. 5. Here, Nu, is
local Nusselt number for smooth square channel (no rib). Under

(5)

(7
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Fig. 3. Types of rib arrangement to measure on heat transfer surface.
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Fig. 4. Validation of heat transfer and pressure drop measurement for flow in smooth duct with Chaube et. al. [ 16].
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Fig. 5. Comparisons of the Nusselt number distributions on measurement surface with eight differences of ribinclined angles at p/e =10 and Re =30000.
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Fig. 6. Comparisons of the Nusselt number distributions on measurement surface
with eight differences of ribinclined angles at p/e = 10 and Re = 30000.

different rib-roughened wall, heat transfer measurements are con-
ducted at pitch-to-height and Reynolds number of 10 and 30000,
respectively. For case of rib angle 90° (Fig. 5(a)), it is observed
that the heat transfer distribution is high in the middle region
between the ribs, and it is very low immediately in front of and
behind the ribs. Whereas, the Nusselt number ratios for case of rib
inclined angle 60°, 45° and 30° (Fig. 5(b)-(d)) are increasing near
the upstream edge of rib due to the secondary flow brings core air
to the heat transfer surface and decreases as going to downstream
edge of the rib. On the otherhand, the heat transfer coefficient
distributions on test surface in the spanwise direction with 45° and
60° V-shaped ribs (Fig. 5(e) and (f)) are significantly much more
uniform than other cases except for 60°inclined rib conditions.
Because of the symmetric secondary flow induced by the V-shaped
ribs. Whereas, the heat transfer enhancement near the upstream
and downstream region of ribs decreases in streamwise direction
due to the boundary layer development and flow separation. For

’Re’c’irculatedﬂo_ ps_ 4

(a) Continuous ribs.

Complex
Secondary flow

-0.5
(c) V-shaped ribs.

case of the inverted 45° and 60° V-shaped ribs (Fig. 5(g) and (h)),
the heat transfer distributions on the test surface are slightly high
near the downstream edge of behind ribs and very low directly
in front of the ribs (Upstream rib). Furthermore, it also is noted
that the heat transfer enhancement for case with 60° V-shaped ribs
gives higher heat transfer and covers for large area behind the rib
when compared with other rib cases.

_ Figure 6 shows the average Nusselt number distribution
(Nu/Nu,) of entire test surface with the rib-roughened wall, which
are performed at the same conditions. For cases of the inclined
ribs, the results found that the average heat transfer enhance-
ments on test surface for case of 30° and 90° inclined ribs are
slightly increased up to about 19.5% and 18.7% respectively when
compared with the smooth wall (no rib). While, the average heat
transfer coefficients on surface with 45° and 60° inclined ribs are
significantly enhanced around 11.8% and 19.3% when compared
to the angle of 90° inclined ribs. In the V-shaped rib cases, the
average Nusselt number distributions with the angle of 45° and 60°
V-shaped ribs can be significantly enhanced approximately 23.5%
and 32.6%, respectively when compared to the angle of 90° inclined
ribs. Whereas, for cases of the inverted V-shaped ribs, the average
heat transfer rates on surface with the angle of 45° and 60° inverted
V-shaped ribs are enhanced about 8.6% and 12.3% which provide
the heat transfer rate on the test surface lower than the angle of
60° V-shaped ribs in the range of 0.80 to 0.85 times.

The general trends of heat transfer enhancement of the different
rib-roughened walls are immediately increased in range of 1.80 to
2.50 times when compared with the smooth wall due to the effect
of the secondary flow induced by inclined angle of ribs. Moreover,
it also is noted that the rib arrangement for case of 60° V-shaped
ribs provides highest average heat transfer coefficient distribution
on surface when compared to other cases.

The comparisons of three-dimensional streamlines and cross-
wise velocity vector contours inside rib-roughened walls for four
different types under the same conditions are illustrated in Fig. 7.
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(d) Inverted V-shaped ribs.

Fig. 7. Schematic of 3-D streamlines and velocity vector contours inside rib-roughened walls of each rib configurations.
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Fig. 8. Conceptual 3-D flow pattern inside rib-roughened walls induced by inclined angle and V-shaped ribs.

For the continuous ribs (Fig. 7(a)), the results show that the velocity
streamline structure occurs the separated flow between the ribs
and impinges on the wall, which it is induced by the effect of ribs.
While, for case of the inclined angle ribs (Fig. 7(b)), it is found that
the velocity vector contour within the flow channel appears the
strong secondary flow between the ribs and the high recirculation
flow impinges on the ribbed test surface near the upstream flow of
ribs, which is affected the heat transfer enhancement on a surface.
On the other hand, for cases of both V-shaped ribs and inverted
V-shaped ribs (Fig. 7(c) and (d)), it is reveal that the inclination
of ribs generates the complex secondary flow along the ribs joins
the main stream direction to accelerate it which is significantly
affected to increase the heat transfer distributions on the rib-
roughened walls and also creates the vortex region behind the ribs.

The conceptual details of three-dimensional flow structures for
cases of inclined angle ribs and V-shaped ribs within ribroughened
walls are depicted in Fig. 8. For the inclined angle ribs (Fig. 8(a)),
it is clear that the flow-field structure occurs the two stronger
secondary flow between the ribs which induced by the effect
of inclined angle ribs, and also provides maximum heat transfer
enhancement near the downstream edge (leading edge) of the
ribs due to the reattachment flow of main stream to accelerate
the small vortex between rib promoters. While, the trailing edge
of downstream flow gives minimum heat transfer distribution
due to the boundary layer development. In case of V-shaped ribs
(Fig. 8(b)), it is found that the inclination of ribs creates the four-
secondary flow along the ribs joins the main flow to accelerate it
which provides a high heat transfer region at downstream surface
and slightly low heat transfer distribution at upstream surface of
trailing edge of ribs. Because of the strength of the secondary flow
may be not enough to energize the main flow direction through the
ribs.

Experimental values of friction factor ration (f /f,) due to the
effect of the ribbed wall at p/e = 10 and Re = 30000 are presented
in Fig. 9. Here, f, is local friction factor due to the smooth duct
suggested by Blasius correlation. It is observed that for all the cases
studied, the normalized friction factor for case of 30° inclined ribs
is slightly augmented around 31.49% when compared to standard
friction factor of the smooth wall which it can be affected heat
transfer enhancement on test wall (see Fig. 5(d)). Whereas, the
friction factor ratio with the angle of 90° inclined ribs is higher
approximately 72.47% than the angle of 30° inclined ribs which it
provides low heat transfer coefficient (see Fig. 5(a) and (d)) due to
the effect of inclined angle of ribs. As shown, the enhancements
of friction factor for three different cases of the inclined angle,
V-shaped and inverted V-shaped ribs in the range of 3.0 to 8.0,
8.8 t0 9.0 and 7.5 to 8.0 times respectively that of a smooth wall
(without ribs), and also found that the friction factor characteristics
with the angle of 60° V-shaped rib condition can be highest when
compared with other rib conditions. In addition, the maximum
enhancement on friction factor ratio for case of 60° V-shaped ribs

12
[ AR=1,e/D,=0.13, p/e=10
101 8.858 8.967 ]
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Fig. 9. Comparisons of the normalized friction factor with eight differences of rib-
roughened wall at p/e = 10 and Re = 30000.
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Fig. 10. Comparisons of the thermal hydraulic performance with eight differences
of rib-roughened wall at p/e = 10 and Re = 30000.

is very similar to 45° V-shaped rib case owing to the complicated
secondary flow induced by the effect of inclined angle of ribs inside
the flow channel.

The overall thermal hydraulic performance (1) of eight differ-
ent rib-roughened walls within the flow channel is reported in
Fig. 10. The result show that the enhancements of thermal per-
formance characteristic for case of 90° inclined and 45° inverted
V-shaped ribs give slightly high when compared to the standard
smooth wall by using Dittus-Boelter correlation [14]. While, ther-
mal performance of the angle of 30°, 45° and 60° inclined ribs
45° and 60° V-shaped ribs, and 60° inverted V-shaped ribs can be
interestingly enhanced about 1.34, 1.22, 1.15, 1.12, 1.20 and 1.1C
times, respectively. Furthermore, it is also seen that the trend of
thermal performance characteristic for case of 60° V- shaped ribs
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provides significantly high thermal hydraulic performance when
compared with other ribs except the angle of 30° and 45° inclined
ribs which are low about 1.1 and 1.0 times, respectively. Because
of the secondary vortex pair induced by the inclined angle of ribs,
and high reattachment flow inside a wind tunnel.

In the present study, the detail of local heat transfer coef-
ficient measurement was performed in order to investigate the
effect of rib inclined angles on heat transfer characteristics in the
wind tunnel. The main results of this research are summarized as
follows.

(1) The heat transfer coefficient distributions on the test surface
for the angle of 60° inclined ribs, 45° and 60° V-shaped ribs are
significantly high about 19.3%, 23.5% and 32.6% respectively when
compared with the angle of 90° inclined ribs due to the stronger
rotational momentum of the secondary flow which impinges the
upstream edge enhances the heat transfer.

(2) The highest average heat transfer distributions on the rib-
roughened walls is achieved for the angle of 60° V-shaped ribs
when compared with other rib cases due to the complex secondary
flow field induced by the inclined angle of ribs.

(3) Thermal hydraulic performance is also evaluated for the
considered the effect of inclined angle of ribs . All the rib arrange-
ments studied, the angle of 30°, 45° inclined and 60° V-shaped ribs
provide the best thermal performance.

(4) The results which obtained in this study can be applied to
design broken ribs for heat transfer enhancement in the future
work.
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Appendix B

The publications of the rib turbulators inside the rotating serpentine channel
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Abstract

The aim of this research is to study the flow and heat transfer characteristics in two-pass square
channel for simulation of cooling in gas turbine blade with rotation. In this study, the height and width of two-pass
square channel is fixed at 15 mm, the length of two-pass square channel is 170 mm, and Rotational number was
varied at Ry=0.0, 0.05, 0.10 and 0.24, respectively. The Reynolds number of flow in two-pass square channel
was fixed at Re=10,000. The flow and heat transfer characteristic of two-pass square channel were studied by
using commercial program ANSYS Ver.13 (Fluent). The results show that the secondary flow in rotating two-pass
square channel generated by the Coriolis and centrifugal buoyancy forces increase the heat transfer coefficient
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Abstract

The main objective of this research is to investigate the flow and heat transfer efficient
distribution in rotating square channel with 90°parallel ribs. In this present, the rib height-to-hydraulic
diameter ratio (e/Dy), the rib pitch-to-height (p/e) ratio and the channel length-to-hydraulic diameter
ratio (L/Dy) of the rotating square channel are fixed at 0.133, 10 and 170 mm, respectively. This
experiment is carried out with Reynolds number (Re) of 10,000 and Rotation number (Ro) of 0.1. The
descriptions of mean local Nusselt number profile are measured using a naphthalene sublimation
method based on heat and mass transfer analogy. In addition, the flow visualization of a rotating
channel is also studied numerically using commercial software ANSYS Ver.15 (Fluent) program. The
results show that the Nusselt number ratio (Nu/Nu,) in a second pass after-turn is much higher than
the Nusselt number ratio in the first pass channel due to the rotational effect and the influence of the
Coriolis force, which is high in the middle region between two ribs, and very low immediately before
and after the ribs.

Keywords:heat transfer, rotating flow channel, naphthalene sublimation method, flow characteristic
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Abstract

The main purpose of this research is to study effect of rotation on
vortex core distribution inside ribbed two-pass square channels. The rib
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attack (a) is equal to 60°, 90° and V60°. The Reynolds number (Re) is
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numerical simulation studies were conducted by using the commercial
CFD software, ANSYS ver.15 (Fluent). The numerical results found that
the rotational effect makes larger complicated vortex core distribution
inside two-pass square channel than the vortex core distribution inside
stationary two-pass square channel. In addition, effect of rotation also
affect different heat transfer on surface.
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Abstract. The main objective of this research is to study the flow and heat transfer characteristics
in a rotating two-pass square channel with ribbed walls. In this study, the channel length-to-
hydraulic diameter ratio of the rotating two-pass square channel (L/D,), the rib height-to-
hydraulic diameter ratio (e/D;), rib angle of attack ( & ) and the rib pitch-to-height (p/e) ratio are
fixed at 11.33, 0.13, 60° and 10, respectively. The test fluid is air having the flow rate in terms
of constant Reynolds number (Re) of 10,000. The rotation numbers (R,) are varied from 0.1 to
0.4. The details of the local heat transfer distribution and the flow field of the rotating two-pass
square channel are numerically studied by using commercial software ANSYS Fluent (ver.15.0).
The results show that the ribbed walls enhance the heat transfer rate significantly. Under rotation,
the average Nu in the first pass with radial outward flow is increased while that in the second
pass is decreased, and also found that maximum heat transfer rate is observed for rotation number
of 0.4 which is higher about 10-20% when compared with the other rotation number cases.
Keywords: Ribbed two-pass square channel, Rotational effect, Heat transfer, CFD

1. Introduction

Gas turbine engine is one kind of widely used in the powerful machineries which were applied in the
aircraft propulsion, land-based power generation system and industrial applications. In order to achieve
the higher thermal efficiency and power output. One of ways is by increasing the turbine inlet
temperature (TIT) which current gas turbine engines can operate at TIT up to about 1,700°C. Thus, it
need effective cooling technologies to augment heat transfer rate with less amount of cooling air, such
as rib-roughened channel cooling, impingement cooling, film cooling, pin-fin cooling and dimple or
protrusion cooling as shown in Fig. 1. Rib turbulated cooling in internal channel is the most commonly
adapted approach in gas turbine blade. Han and his co-workers [1-7] have performed a large amount of
research in this field including the discussions of aspect ratio, channel shape, Reynolds number, rib
configurations, etc.

Walker and Zausner [8] used commercial software ANSYS CFX to predict local heat transfer
distribution in a ribbed two-pass square channel and indicated that SST k- @ was an optimal turbulence
model for engineering applications. Bonhoff et al. [9] numerically studied a two-pass channel with 45°
ribs using the commercial solver ANSYS FLUENT with Reynolds stress model (RSM) and standard k-
& model. After that, Ekkad and Han [10] studied the detailed heat transfer distributions in two-pass
square channels with the angles of 60°, 90° and 60° discrete rib turbulators. They reported that the heat
transfer rate for rib-roughened walls was larger than smooth walls due to the secondary flows induced
the effect of the bend and rib turbulators. In addition, Shen et al. [11] numerically investigated smooth
and ribbed two-pass square channel under rotation number between 0.4 and 0.6 at constant Reynolds
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number fixed at 12,500. They explained that enhanced heat transfer areas were moved to radial inward
channel from the sidewalls of radial outward channel as divider-to-tip wall distance was increased.
Rotational effect in turbine blade affects the flow and heat transfer characteristics considerably. In
general, rotation effect induces Coriolis and centrifugal forces that produce cross-stream secondary flow
in the rotating channel. The effect of rotation on the first-pass and second-pass channels is different due
to the different outward and inward flow.
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From the review of obtainable literature on internal flow and heat transfer rate under rotation
conditions, it can be noted that the heat transfer characteristics should be investigated more detailed in
order to design more effective gas turbine blade cooling. Additionally, few researchers numerically
studied both flow characteristics and heat transfer rate overall surface in cooling channel. Thus, the
present study focused on the detailed examination of the effect of rotation on the flow behavior and local
heat transfer distributions inside the two-pass square channel where the ribs are attached on the two
opposite walls. The angle of 60° inclined ribs in two-pass square channel is numerically performed using
commercial software ANSYS Fluent (ver.15.0) which all cases are carried out under high rotational
number of up to 0.4.

2. Numerical simulation and methods

2.1. Physical model
The geometry of a two-pass square channel with the angle of 60° inclined ribs on the opposite walls for
this study is shown in Fig. 2. The coordinate system of x, y, z represents the spanwise, normal to heat
transfer wall and streamwise directions, respectively, where the rotating direction of the two-pass square
channel is clockwise of x-axis direction. The cross section (W x H) of a channel was square of 15 mmx
15 mm with aspect ratio AR of 1. In this study, the ribs with square cross section were used to locate on
two opposite walls in rotating durection. The rib height-to-hydraulic diameter ratio (e/D;), the length-
to-diameter ratio (L/Dj) of each of the first and second passages, and the rib pitch-to-height (p/e) ratio
were fixed at 0.133, 11.33 and 10, respectively. The air inlet of channel was at R/D;=22.0.

For boundary conditions in these numerical simulation, the flow rate was determined at the entrance
in the radial outward channel, which the value of flow rate is defined by Reynolds number (Re) of
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10,000. Inlet temperature and turbulence intensity of a channel entrance was imposed at 298.15 K and
5.0%, respectively. The flow exit of the channel was determined to be maintained at a constant pressure
of 1.0 atm. All wall surfaces of channel were no-slip conditions with zero velocity component. The
constant heat flux of about 300 W/m?* was defined on trailing and leading surfaces. The rotation numbers
of the two-pass square channel were varied between 0.1 to 0.4 into consideration similar with the aircraft
blade condition [12].
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Figure 2. Geometry of a rotating two-pass square channel.

2.2. Computational details

In this numerical study, the 3D flow field and heat transfer on surface of the two-pass square channel
are studied by CFD commercial software ANSYS Fluent (ver.15.0). The computational model was
operated by solving Reynolds averaged continuity and Navier-Stokes equations. The Reynolds stress
model (RSM) was applied in solving turbulent flow [13-15]. For numerical calculations, the SIMPLE
algorithm was used for the pressure-velocity coupling in order to successful computations of governing
equations. Second order upwind scheme was designated for special discretization of all equations. The
solutions were considered to be convergent when the residual values for continuity, velocities and
energy were less than 1x10°, 1x10™* and 1x107, respectively [16-17].

Heated surface

Rib turbulators

Figure 3. Grid used for computational domain.

Computational domain was generated by structured hexahedral element as shown in Fig. 3. The more
intensive grids were used near the walls, bend and ribbed surfaces of rotating channel. In all domains,
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the number of grid more than 3.0 million could be considered of the two-pass square channel, which the
grid spacing of the first layer normal to the wall corresponding to y* values was less than 1.0.

2.3. Data reduction
There are three parameters of interest included Reynolds number (Re), Nusselt number (Nu) and
Rotation number (R,). The Re is determined as

Re=—"" (1

where V; is the inlet velocity, Dj is the hydraulic diameter of channel, which it can be calculated from
D)=2WH/(W+H) when W and H were width and height of channel (D;=H), and v is the kinematic
viscosity of air. The local Nu is calculated from Eq. (1).

)

where 4 is the convective heat transfer coefficient of air and k is the thermal conductivity.

The Nusselt number ratio (Nu/Nu,) is calculated using the correlation of Dittus and Boelter [18] for
fully developed flow, a smooth wall with rotation to normalized Nusselt number.

Nu

Nu/Nu, = ————
/Nu, 0.023Re"® pr*

3)

where Pr is the Prandtl number of air (Pr=0.71).

The average Nusselt number ratio ( Nu /Nu,) is considered by averaging local Nusselt number values
(from Eq. (1)) over the heat transfer surface.

[iNui]/n
NafNu, =S
Nu

o

4)

where Nu; is the local Nusselt number at a measured point, n is the total number of measured point over
the heat transfer surface.

The R, is determined from Eq. (5).

: (5)

where o is the rotating speed.
3. Results and discussion

3.1. Validation of CFD model

The computational model for a flow and heat transfer enhancement of the two-pass square channel is
predicted using each turbulence model to validate with experimental results under stationary channel of
A K. Sleiti [17] as shown in Fig. 4. Comparison of calculation heat transfer on the first-pass leading
surface between the 5" and 6™ ribs is considered at Re=10,000 under stationary case. The results show
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that the predictions using RSM was the most accurate of about 5%. RTD k- and SST k- » predicted
the trend exactly but over predicted Nu/Nu, near the rib top by 15% and 25%, respectively. Whereas,
the worst are predictions both the standard (STD) k-& and RNG k-& of scalable wall function option
in this numerical study. Thus, the RSM model is the best choice for this flow model.
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Figure 4. Numerical validation of heat transfer along
the centerline of the floor in stationary channel.

3.2. Flow structures

Figure 5 shows the comparisons of 3D flow-field velocity contours and the velocity vector on each plane
of channel under rotation number (R,) of 0.0 (Fig. 5(a)) and 0.2 (Fig. 5(b)). Plane (i), (ii), (iii) and (iv)
are on the middle between ribs in the first and second channels, and plane (v) is selected in the center of
the bend section. As shown in Fig. 5(a) for the stationary case (R,=0.0), the results show that angle of
60° ribbed channel of each plane in the first-pass channel created simultaneously the large vortex near
the inner and the outer sides, which it is induced by the effect of inclined ribs. On the bend region,
similar flow behavior occurs large vortex near the inner wall and the outer wall due to the combined
effect of the U-bend and ribs in the first pass channel can induce the small counter rotating flow near
inner side. After the bend, the flow field in second-pass channel is similar with the flow before the bend
in first-pass channel because the rib-induced counter rotating vortex pairs.

For rotating case, the complex secondary flow occurred near the trailing surface in the first-pass
channel (see Fig. 5(b)) is created by the angle of inclined ribs and the effect of rotation which is affected
to increase the heat transfer enhancements on the walls. On the bend section, it is observed that a counter
rotating vortex pair creates near the top side of the bend due to the combined effect of the centrifugal-
induced vortex and the Coriolis-induced complex secondary flow in the upstream. In addition, the
secondary flow pattern in the second-pass channel is rather complicated due to the combined effect of
the bend and the rib-roughened walls, which the flow structure in the bend region is influenced by the
angle of 60° inclined ribs, curvature of the bend and the shape of the ribs upstream and downstream of
the bend.
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Figure 5. 3D flow-field velocity contours and vectors on each plane of the two-pass square
channel.

3.3. Heat transfer distributions

The Nusselt number distribution pattern for the ribbed two-pass square channel is shown in Fig. 6. The
results show that trends of Nu/Nu, distributions are significantly high near the inlet due to the flow
entrance effect and decreases along the main flow direction until the bend of channel. In second pass,
similar heat transfer distribution can be noted at the different sections cause by the deflection of main
fluids by the bend and the rib-induced circulation, which it declines gradually.

For rotational case, it is observed that the heat transfer rate is significantly enhanced in the first-pass
trailing surface and distribution patterns between the ribs are different from the stationary case due to
the combined effects of the Coriolis and centrifugal forces which can create the main fluids shift and
attach on the trailing surface. Similar heat transfer ratio distribution pattern in second-pass leading
surface is gradually reduced. Additionally, the computational results are also concluded that the
combined effects between the Coriolis and centrifugal forces which happen due to the rotation of flow
channel can be enhanced heat transfer on the ribbed surface in two-pass square channel larger than the
smooth channel.

The average Nusselt number ratios in each region between the ribs on leading and trailing surfaces
of the ribbed walls within the two-pass square channel are shown in Fig. 7. On the leading side, the
overall Nu/Nu, tends to increase in the first pass of the channel due to the effect of angle of inclined
ribs. After that, heat transfer rate decreases slightly in the second pass channel after the bend due to the
effect of the circulation which can induces a pair of counter rotating flows in the cross section of the
channel. These circulation flows cause the flow to attach on the first-pass leading surface stronger than
the second-pass leading surface. On the trailing side, the results show that the average heat transfer ratios
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are significantly increased in the first pass and gradually decrease in second pass after the bend of two-
pass square channel. The results also show that increasing of the rotation number gives the highest heat
transfer rate on the first-pass and second-pass surfaces when compared with the stationary case. This is
because of the stronger rotation-induced secondary flow vortices and the combined effects between the
Coriolis and centrifugal forces (see Fig.5).
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Figure 7. Regional average Nusselt number ratio between ribs for various rotation number.

4. Conclusions

(Left: on leading side, Right: on trailing side)

In the present study, 3D flow field and heat transfer distributions were numerically performed in order
to investigate the effect of the rotation number on flow and heat transfer characteristics in the two-pass
square channel. The main results of this research can be summarized as follows.

1. Effect of the rotation creates heat transfer enhancement differences between the leading and
trailing walls for ribbed channels.

2. The maximum value of average Nusselt number ratio is remarked for rotation number of 0.4 which
is higher than about 10-20% when compared with the other rotation number cases.
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3. Under the effect of rotation, the Coriolis force will increase the heat transfer rate in the first-pass
channel for radial outward flow while decrease the heat transfer rate in the second pass as radial inward

flow.
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Nomenclature

AR : Channel aspect ratio (-)

Dy, : Hydraulic diameter of channel (m)

e : Rib height (m)

H : Channel height (m)

h : Heat Transfer coefficient (W/m* K)

k : Thermal conductivity of air (W/m K)
L : Length of the channel (m)

n : Total number of pixel over the heated surface. (-)
Nu : Nusselt number (-)

Nu : Average Nusselt number (-)

Nu; : local Nusselt number at a pixel (-)
Nu, : Nusselt number of the smooth wall (-)
P : Pitch of ribs (m)

Pr : Prandtl number (-)

R : Radius of rotation (m)

Re : Reynolds number (-)

R, : Rotation number (-)

T : Temperature of air (°C)

Vi : Inlet velocity (m/s)

w : Channel width (m)

Greek symbols

v : Kinematic viscosity of air (m?/s)

® : Rotational speed (rad/s)

P : Density of air (kg/m?)
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Abstract. The main objective of this research is to study the flow and heat transfer
characteristics in a rotating two-pass square channel with ribbed walls. In this study, the
channel length-to-hydraulic diameter ratio of the rotating two-pass square channel (L/D,), the
rib height-to-hydraulic diameter ratio (e/D,), rib angle of attack ( @ ) and the rib pitch-to-height
(p/e) ratio are fixed at 11.33, 0.13, 60° and 10, respectively. The test fluid is air having the flow
rate in terms of constant Reynolds number (Re) of 10,000. The rotation numbers (R,) are varied
from 0.1 to 0.4. The details of the local heat transfer distribution and the flow field of the
rotating two-pass square channel are numerically studied by using commercial software
ANSYS Fluent (ver.15.0). The results show that the ribbed walls enhance the heat transfer rate
significantly. Under rotation, the average Nu in the first pass with radial outward flow is
increased while that in the second pass is decreased, and also found that maximum heat
transfer rate is observed for rotation number of 0.4 which is higher about 10-20% when
compared with the other rotation number cases.

1. Introduction

Gas turbine engine is one kind of widely used in the powerful machineries which were applied in the
aircraft propulsion, land-based power generation system and industrial applications. In order to
achieve the higher thermal efficiency and power output. One of ways is by increasing the turbine inlet
temperature (TIT) which current gas turbine engines can operate at TIT up to about 1,700°C. Thus, it
need effective cooling technologies to augment heat transfer rate with less amount of cooling air, such
as rib-roughened channel cooling, impingement cooling, film cooling, pin-fin cooling and dimple or
protrusion cooling as shown in Fig. 1. Rib turbulated cooling in internal channel is the most commonly
adapted approach in gas turbine blade. Han and his co-workers [1-7] have performed a large amount
of research in this field including the discussions of aspect ratio, channel shape, Reynolds number, rib
configurations, etc.

Walker and Zausner [8] used commercial software ANSYS CFX to predict local heat transfer
distribution in a ribbed two-pass square channel and indicated that SST k- » was an optimal
turbulence model for engineering applications. Bonhoff et al. [9] numerically studied a two-pass
channel with 45° ribs using the commercial solver ANSYS FLUENT with Reynolds stress model
(RSM) and standard k-& model. After that, Ekkad and Han [10] studied the detailed heat transfer
distributions in two-pass square channels with the angles of 60°, 90° and 60° discrete rib turbulators.
They reported that the heat transfer rate for rib-roughened walls was larger than smooth walls due to
the secondary flows induced the effect of the bend and rib turbulators. In addition, Shen et al. [11]

Comenl from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
[ of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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numerically investigated smooth and ribbed two-pass square channel under rotation number between
0.4 and 0.6 at constant Reynolds number fixed at 12,500. They explained that enhanced heat transfer
areas were moved to radial inward channel from the sidewalls of radial outward channel as divider-to-
tip wall distance was increased. Rotational effect in turbine blade affects the flow and heat transfer
characteristics considerably. In general, rotation effect induces Coriolis and centrifugal forces that
produce cross-stream secondary flow in the rotating channel. The effect of rotation on the first-pass
and second-pass channels is different due to the different outward and inward flow.
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From the review of obtainable literature on internal flow and heat transfer rate under rotation
conditions, it can be noted that the heat transfer characteristics should be investigated more detailed in
order to design more effective gas turbine blade cooling. Additionally, few researchers numerically
studied both flow characteristics and heat transfer rate overall surface in cooling channel. Thus, the
present study focused on the detailed examination of the effect of rotation on the flow behavior and
local heat transfer distributions inside the two-pass square channel where the ribs are attached on the
two opposite walls. The angle of 60° inclined ribs in two-pass square channel is numerically
performed using commercial software ANSYS Fluent (ver.15.0) which all cases are carried out under
high rotational number of up to 0.4.

2. Numerical simulation and methods

2.1. Physical model

The geometry of a two-pass square channel with the angle of 60° inclined ribs on the opposite walls
for this study is shown in Fig. 2. The coordinate system of x, y, z represents the spanwise, normal to
heat transfer wall and streamwise directions, respectively, where the rotating direction of the two-pass
square channel is clockwise of x-axis direction. The cross section (Wx H) of a channel was square of
15 mmx 15 mm with aspect ratio AR of 1. In this study, the ribs with square cross section were used to
locate on two opposite walls in rotating durection. The rib height-to-hydraulic diameter ratio (e/D,),
the length-to-diameter ratio (L/D,) of each of the first and second passages, and the rib pitch-to-height
(p/e) ratio were fixed at 0.133, 11.33 and 10, respectively. The air inlet of channel was at R/D,=22.0.
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For boundary conditions in these numerical simulation, the flow rate was determined at the
entrance in the radial outward channel, which the value of flow rate is defined by Reynolds number
(Re) of 10,000. Inlet temperature and turbulence intensity of a channel entrance was imposed at 298.15
K and 5.0%, respectively. The flow exit of the channel was determined to be maintained at a constant
pressure of 1.0 atm. All wall surfaces of channel were no-slip conditions with zero velocity
component. The constant heat flux of about 300 W/m’ was defined on trailing and leading surfaces.
The rotation numbers of the two-pass square channel were varied between 0.1 to 0.4 into consideration
similar with the aircraft blade condition [12].
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Figure 2. Geometry of a rotating two-pass square channel.

2.2. Computational details

In this numerical study, the 3D flow field and heat transfer on surface of the two-pass square channel
are studied by CFD commercial software ANSYS Fluent (ver.15.0). The computational model was
operated by solving Reynolds averaged continuity and Navier-Stokes equations. The Reynolds stress
model (RSM) was applied in solving turbulent flow [13-15]. For numerical calculations, the SIMPLE
algorithm was used for the pressure-velocity coupling in order to successful computations of
governing equations. Second order upwind scheme was designated for special discretization of all
equations. The solutions were considered to be convergent when the residual values for continuity,
velocities and energy were less than 1x10°, 1x10™ and 1x107, respectively [16-17].

Heated surface Rib turbulators

Figure 3. Grid used for computational domain.
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Computational domain was generated by structured hexahedral element as shown in Fig. 3. The
more intensive grids were used near the walls, bend and ribbed surfaces of rotating channel. In all
domains, the number of grid more than 3.0 million could be considered of the two-pass square
channel, which the grid spacing of the first layer normal to the wall corresponding to y~ values was
less than 1.0.

2.3. Data reduction
There are three parameters of interest included Reynolds number (Re), Nusselt number (Nu) and
Rotation number (R,). The Re is determined as

Re:V'iDh (1)

14

where V; is the inlet velocity, D), is the hydraulic diameter of channel, which it can be calculated from
D,=2WH/(W+H) when W and H were width and height of channel (D,=H), and v is the kinematic
viscosity of air. The local Nu is calculated from Eq. (1).

B ’% )

where / is the convective heat transfer coefficient of air and k is the thermal conductivity.
The Nusselt number ratio (Nu/Nu,) is calculated using the correlation of Dittus and Boelter [18] for
fully developed flow, a smooth wall with rotation to normalized Nusselt number.

Nu

Nu NM =
a0, 0.023Re*® pr¥

3)
where Pr is the Prandtl number of air (Pr=0.71).

The average Nusselt number ratio ( Nu /Nu,) is considered by averaging local Nusselt number
values (from Eq. (1)) over the heat transfer surface.

(i:Nu,}/n
Nu/Nu, =~~~
Nu

o0

4

where Nu; is the local Nusselt number at a measured point, n is the total number of measured point
over the heat transfer surface.
The R, is determined from Eq. (5).

(&)

where o is the rotating speed.
3. Results and discussion

3.1. Validation of CFD model

The computational model for a flow and heat transfer enhancement of the two-pass square channel is
predicted using each turbulence model to validate with experimental results under stationary channel
of A.K. Sleiti [17] as shown in Fig. 4. Comparison of calculation heat transfer on the first-pass leading
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surface between the 5™ and 6™ ribs is considered at Re=10,000 under stationary case. The results show
that the predictions using RSM was the most accurate of about 5%. RTD k- @ and SST k- w predicted
the trend exactly but over predicted Nu/Nu, near the rib top by 15% and 25%, respectively. Whereas,
the worst are predictions both the standard (STD) k-& and RNG k- ¢ of scalable wall function option
in this numerical study. Thus, the RSM model is the best choice for this flow model.

—0— STD k-epsilon ~ —+—RTD k-omega
—— RNG k-epsilon ~ —e—Experimental results [17]
—o— RSM —0—SST k-omega
4.0
3.0¢1
<20
=z
1.0+
0.0

Figure 4. Numerical validation of heat transfer
along the centerline of the floor in stationary
channel.

3.2. Flow structures

Figure 5 shows the comparisons of 3D flow-field velocity contours and the velocity vector on each
plane of channel under rotation number (R,) of 0.0 (Fig. 5(a)) and 0.2 (Fig. 5(b)). Plane (i), (i), (iii)
and (iv) are on the middle between ribs in the first and second channels, and plane (v) is selected in the
center of the bend section. As shown in Fig. 5(a) for the stationary case (R,=0.0), the results show that
angle of 60° ribbed channel of each plane in the first-pass channel created simultaneously the large
vortex near the inner and the outer sides, which it is induced by the effect of inclined ribs. On the bend
region, similar flow behavior occurs large vortex near the inner wall and the outer wall due to the
combined effect of the U-bend and ribs in the first pass channel can induce the small counter rotating
flow near inner side. After the bend, the flow field in second-pass channel is similar with the flow
before the bend in first-pass channel because the rib-induced counter rotating vortex pairs.

For rotating case, the complex secondary flow occurred near the trailing surface in the first-pass
channel (see Fig. 5(b)) is created by the angle of inclined ribs and the effect of rotation which is
affected to increase the heat transfer enhancements on the walls. On the bend section, it is observed
that a counter rotating vortex pair creates near the top side of the bend due to the combined effect of
the centrifugal-induced vortex and the Coriolis-induced complex secondary flow in the upstream. In
addition, the secondary flow pattern in the second-pass channel is rather complicated due to the
combined effect of the bend and the rib-roughened walls, which the flow structure in the bend region
is influenced by the angle of 60° inclined ribs, curvature of the bend and the shape of the ribs upstream
and downstream of the bend.
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Figure 5. 3D flow-field velocity contours and vectors on each plane of the two-pass square channel.

3.3. Heat transfer distributions

The Nusselt number distribution pattern for the ribbed two-pass square channel is shown in Fig. 6. The
results show that trends of Nu/Nu, distributions are significantly high near the inlet due to the flow
entrance effect and decreases along the main flow direction until the bend of channel. In second pass,
similar heat transfer distribution can be noted at the different sections cause by the deflection of main
fluids by the bend and the rib-induced circulation, which it declines gradually.

For rotational case, it is observed that the heat transfer rate is significantly enhanced in the first-
pass trailing surface and distribution patterns between the ribs are different from the stationary case
due to the combined effects of the Coriolis and centrifugal forces which can create the main fluids
shift and attach on the trailing surface. Similar heat transfer ratio distribution pattern in second-pass
leading surface is gradually reduced. Additionally, the computational results are also concluded that
the combined effects between the Coriolis and centrifugal forces which happen due to the rotation of
flow channel can be enhanced heat transfer on the ribbed surface in two-pass square channel larger
than the smooth channel.

The average Nusselt number ratios in each region between the ribs on leading and trailing surfaces
of the ribbed walls within the two-pass square channel are shown in Fig. 7. On the leading side, the
overall Nu/Nu, tends to increase in the first pass of the channel due to the effect of angle of inclined
ribs. After that, heat transfer rate decreases slightly in the second pass channel after the bend due to the
effect of the circulation which can induces a pair of counter rotating flows in the cross section of the
channel. These circulation flows cause the flow to attach on the first-pass leading surface stronger than
the second-pass leading surface. On the trailing side, the results show that the average heat transfer
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ratios are significantly increased in the first pass and gradually decrease in second pass after the bend
of two-pass square channel. The results also show that increasing of the rotation number gives the
highest heat transfer rate on the first-pass and second-pass surfaces when compared with the stationary
case. This is because of the stronger rotation-induced secondary flow vortices and the combined
effects between the Coriolis and centrifugal forces (see Fig.5).
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Figure 6. Detailed heat transfer distributions on leading and trailing
surfaces of the two-pass square channel.
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Figure 7. Regional average Nusselt number ratio between ribs for various rotation number.
(Left: on leading side, Right: on trailing side)

4. Conclusions
In the present study, 3D flow field and heat transfer distributions were numerically performed in order
to investigate the effect of the rotation number on flow and heat transfer characteristics in the two-pass
square channel. The main results of this research can be summarized as follows.

1. Effect of the rotation creates heat transfer enhancement differences between the leading and
trailing walls for ribbed channels.

2. The maximum value of average Nusselt number ratio is remarked for rotation number of 0.4
which is higher than about 10-20% when compared with the other rotation number cases.
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3. Under the effect of rotation, the Coriolis force will increase the heat transfer rate in the first-pass
channel for radial outward flow while decrease the heat transfer rate in the second pass as radial
inward flow.

Acknowledgment
This research was financially supported by Faculty of Engineering, Prince of Songkla University,
Thailand.

References

[1] Han J C, Glicksman L R and Rohsenow W M 1978 An investigation of heat transfer and
friction for rib-roughened surfaces International Journal of Heat and Mass Transfer 21(8)
1143-1156

[2] Han J C 1984 Heat transfer and friction in channels with two opposite rib roughened walls
Journal of Heat Transfer 106(4) 774-781

[3] Han J C 1988 Heat transfer and friction characteristics in rectangular channels with rib
turbulators Journal of Heat Transfer 110(2) 321-328

[4] HanlJ C and Park J S 1988 Developing heat transfer in rectangular channels with rib turbulators
International Journal of Heat and Mass Transfer 31(1) 183-195

[5] ParkJ S, HanJ C, Huang Y, Ou S and Boyle R J 1992 Heat transfer performance comparisons
of five different rectangular channels with parallel angled ribs International Journal of Heat
and Mass Transfer 35(11) 2891-2903

[6] Azad G S, Uddin M J, Han J C, Moon H K and Glezer B 2002 Heat transfer in a two-pass
rectangular rotating channel with 45-deg angle rib turbulators Journal of Turbomachinery
124(2) 251-259

[77 Huh M, Liu Y H, and Han J C 2009 Effect of rib height on heat transfer in a two pass
rectangular channel (4R = 1:4) with a sharp entrance at high rotation numbers I/nternational
Journal of Heat and Mass Transfer 52(19-20) 4635-4649

[8] Walker D and Zausner J 2007 RANS evaluations of internal cooling passage geometries: ribbed
passage and a 180 degree bend ASME Paper GT2007-278

[91 Bonhoff B, Tomm U and Johnson B V 1996 Heat transfer predictions for U-shaped coolant
channels with skewed ribs and with smooth walls ASME Paper 96-TA-7

[10] Srinath V Ekkad and Han J C 1996 Detailed heat transfer distributions in two-pass square
channels with rib turbulators International Journal of Heat and Mass Transfer 40(11) 2525-
2537

[11] Shen Z, Xie Y, Zhang D and Xie G 2014 Numerical Calculations on Flow and Heat Transfer in
Smooth and Ribbed Two-Pass Square Channels under Rotational Effects Mathematical
Problems in Engineering 1D981376-1-7

[12] Shen Z, Xie Y and Zhang D 2015 Numerical predictions on fluid flow and heat transfer in U-
shaped channel with the combination of ribs, dimples and protrusions under rotational
effects, International Journal of Heat and Mass Transfer 80 494-512

[13] Gibson M M and Launder B E 1978 Ground effects on pressure fluctuations in the atmospheric
boundary layer Journal of Fluid Mechanics 86 491-511

[14] Launder B E 1989 Second-moment closure: present and future International Journal of Heat
and Fluid Flow 10 282-300

[15] Launder B E, Reece G J and Rodi W 1975 Progress in the development of a Reynolds-stress
turbulence closure Journal of Fluid Mechanics 68 537-566

[16] Sewall E A and Tafti D K 2007 Large eddy simulation of flow and heat transfer in the
developing flow region of a rotating gas turbine blade internal cooling duct with Coriolis and
buoyancy forces Journal of Turbomachinery 130(1) 011005-011005-7

[17] Sleiti K and Kapat J S 2005 Fluid flow and heat transfer in rotating curved duct at high rotation
and density ratios Journal of Turbomachinery 127(4) (2005) 659-667



171

CFDRI2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 243 (2017) 012004 doi:10.1088/1757-899X/243/1/012004

[18] Dittus P W and Boelter L M K 1985 Heat transfer in automobile radiators of the tubular type
International Communications in Heat and Mass Transfer 12 3-22

Nomenclature

AR : Channel aspect ratio (-)

Dy, : Hydraulic diameter of channel (m)

e : Rib height (m)

H : Channel height (m)

h : Heat Transfer coefficient (W/m* K)
k : Thermal conductivity of air (W/m K)
L : Length of the channel (m)

n : Total number of pixel over the heated surface. (-)
Nu : Nusselt number (-)

Nu : Average Nusselt number (-)

Nu; : local Nusselt number at a pixel (-)
Nu, : Nusselt number of the smooth wall (-)
P : Pitch of ribs (m)

Pr : Prandt]l number (-)

R : Radius of rotation (m)

Re : Reynolds number (-)

R, : Rotation number (-)

T : Temperature of air (°C)

Vi : Inlet velocity (m/s)

w : Channel width (m)

Greek symbols

v : Kinematic viscosity of air (m’/s)

® : Rotational speed (rad/s)

P : Density of air (kg/m")
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Abstract

We studied the flow and heat transfer characteristics in a rotating serpentine passage with ribbed walls. The channel length-to-
hydraulic diameter ratio of the rotating serpentine passage (L/Dj), the rib height-to-hydraulic diameter ratio (e/D,), rib angle of attack
() , the rib pitch-to-height (p/e) ratio and aspect ratio (4R) were fixed at 11.33, 0.13, 90°, 10 and 1, respectively. Numerical simulations
were performed at a constant Reynolds number, Re = 10000. The rotation number (R,) levels were 0.0, 0.1, 0.2 and 0.3. The distribution
of local heat transfer coefficients and the flow field in a rotating serpentine channel were studied by numerical simulations using the
commercial software ANSYS ver.15.0 (Fluent). The results show that the local heat transfer at the first-pass trailing and the second-pass
leading surfaces has significantly higher rates than at the first-pass leading and second-pass trailing surfaces, due to rotational effects with
Coriolis forces that are high in the middle region between two ribs, and very low immediately before and after the ribs. In addition, the
overall thermal hydraulic performance with rib-roughened walls was best at the highest rotation number tested (R, = 0.3).

Keywords: Rotating serpentine passage; Ribbed wall; Rotation number; CFD

1. Introduction

A recent trend in the gas turbine industry is to increase the
thermal efficiency of the gas turbine. The efficiency require-
ments for gas turbines are increasing to reduce consumption of
fossil fuels and CO, emissions. One approach is to increase
the turbine inlet temperature (TIT). However, the turbine
blades are then exposed to higher gas stream temperatures and
severe thermal conditions. Hence, complicated cooling tech-
nologies, such as rib-roughened serpentine cooling, impinge-
ment cooling, film cooling, and pin-fin cooling, have been
adopted to reduce the surface temperatures of turbine blades,
which requires complex coolant passage configurations inside
the rotating blades as shown in Fig. 1.

Rib turbulators are mostly applied inside the turbine blades
because they can increase the heat transfer rates on the sur-
faces. Several studies have investigated both the flow and the
heat transfer characteristics of rib attachments in various ar-
rangements, and with various aspect ratios of a serpentine
channel under rotating conditions. Wagner et al. [1] experi-
mentally studied the combined effects of Coriolis and rotating
buoyancy forces on distributions of flow and local heat trans-
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Fig. 1. Modern gas turbine rotor blade with cooling passage network
and the coordinate system defined.

fer in a rotating flow channel with smooth walls and normal
ribs, as well as with inclined ribs.

They found that Coriolis forces gave high heat transfer rates
on trailing surfaces in radial outward flow channels, whereas
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heat transfer rates on the leading surfaces were decreased in
radial inward flow channels. They also found that inclined ribs
provided higher heat transfer rates than normal ribs. Han and
Park [2], and Park et al. [3] experimentally investigated heat
transfer distribution on surfaces for developing flow in short
rectangular channels with 30°, 45°, 60° and 90° angles of the
inclined ribs. Under various aspect ratio AR = 1/4, 1/2, 1, 2
and 4 were studied. They found that 45° and 60° inclined ribs
provided high heat transfer coefficients in low aspect ratio
passages (AR = 1), whereas 30° and 45° inclined ribs per-
formed well in high aspect ratio passages (AR = 4). Ekkad and
Han [4] studied the detailed heat transfer distributions in two-
pass square channels with discrete rib 60°, 90° and 60° in-
clined turbulators. They reported that the heat transfer rate on
surface was better with rib-roughened walls than with smooth
walls due to the secondary flows induced by bend and rib
turbulators. After that, Wagner et al. [, 5] investigated a set of
parameters in a square serpentine channel with smooth and
90° continuous ribs under rotating conditions. They found that
the local heat transfer increased by up to 200% on the trailing
surfaces and decreased by about 60% on the leading surfaces,
when compared to stationary conditions in first pass. Further-
more, they noted that the heat transfer at the trailing surfaces
increases with rotation number, but decreases with Ro on the
leading surfaces.

Recently, several numerical studies have been performed on
the behavior of flow and heat transfer distributions in a ser-
pentine passage with ribbed walls (Azad et al. [6] and Al-
hadhrami et al. [7]). Al-Qahtani et al. [8] used the RSM turbu-
lence model to study flow and heat transfer characteristics
within a square ribbed channel. They studied the effects of
Reynolds number (Re) and pitch-to-height ratio (p/e), reveal-
ing that the Reynolds stress model (RSM) model provides the
trends of flow and heat transfer distributions on surfaces. In
addition, Siddique et al. [9], Shen et al. [10], Erelli et al. [11]
and Pape et al. [12] applied numerical simulations to predict
flow structures and heat transfer in a two-pass rectangular
channel with varying aspect ratio. They explained that en-
hanced heat transfer areas moved to the radial inward channel
from sidewalls of the radial outward channel as divider-to-tip
wall distance increased. Similar studies were conducted by
Singh et al. [13] and Ravi et al. [14], who numerically investi-
gated the flow and heat transfer in two-pass ribbed channels
with different ribs using the commercial software ANSYS
(Fluent).

From the literature review of internal flow and heat transfer
distributions in serpentine channels under rotating conditions,
there are only few numerical studies of both flow structure and
heat transfer characteristics in a two-pass channel, and negli-
gible explain about 3D flow field inside a rotating serpentine
channel. Hence, our main purpose was to investigate the ef-
fects of rotation number on flow and heat transfer distributions
inside a rotating serpentine channel with rib-roughened walls,
using the commercial CFD software ANSYS ver. 15.0 (Flu-
ent).
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Fig. 2. Geometry of a rotating two-pass square channel.

2. Numerical simulation and methods

2.1 Physical model

The geometry of a serpentine channel with the 90° angle
continuous ribs on opposite walls is shown in Fig. 2. In the
flow model, the coordinates x, y, z represent the spanwise,
normal and streamwise directions, respectively, where the
rotating direction of the serpentine channel is clockwise
around the x-axis direction. The internal cross section (W x H)
of the serpentine channel is square 15 mmx 15 mm (4R = 1),
following the experimental set-up of Takeishi et al. [15]. Ribs
with square cross section are placed on opposite walls. The rib
height-to-hydraulic diameter ratio (e/D;), the length-to-
diameter ratio (L/D,) of each of the first and second passages
with heated surface, and the rib pitch-to-height (p/e) ratio were
fixed at 0.133, 11.33 and 10, respectively. The distance be-
tween the inlet of a channel and axis of rotation (x-axis) is
given by R/D), = 22.0.

For the numerical simulations, atmospheric air was selected
as the working fluid. Constant flow rate is determined at the
entrance in the radial inward channel, to match the fixed Rey-
nolds number Re = 10000. Temperature and turbulence inten-
sity at the channel entrance were set at 300 K and 5.0 %, re-
spectively. The pressure at the flow exit of the channel was
assumed constant at 1.0 atm. All surfaces satisfy no-slip condi-
tions with zero velocity. The thermal boundary conditions on
trailing and leading surfaces were set as constant 300 W/m’
heat flux. The sidewall and the tip wall are generally defined as
adiabatic with no heat flux, and these surfaces are not the focus
of this current study. In general, the typical rotation numbers
(R,) are in range of 0.2-0.4 with Re of 10000-40000 for the
aircraft, and the R, and Re for the land-based gas turbines are
about 0.2-0.4 and 100000-200000, respectively [16], which is
hardly reached in laboratory conditions. For this research, the
rotation numbers of a serpentine channel were varied at levels
0.0, 0.1, 0.2 and 0.3, matching the aircraft blade conditions.

2.2 Mathematical model

The numerical model for flow with heat transfer in the rotat-
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ing serpentine channel was developed under the following
assumptions:

1. Steady three-dimensional flow and heat transfer.

2. Flow is fully developed, turbulent and incompressible.

3. Constant fluid properties.

Based on these assumptions, the channel flow is governed
by the Reynolds averaged Navier-Stokes (RANS) equations
and the energy equation. These equations in the Cartesian
tensor system can be written as follows:

Continuity equation:
V- (pU)=0. Q)

Momentum equation:
V. (pUU)=-Vp+V -7, - p[QoxU)+(@x@xR)]. (2)

Energy equation:
V-(pUH)=V-(kVT +7,-U). 3)

The momentum equation contains two additional accelera-
tion terms for the rotation. The first term is the Coriolis accel-
eration (2wxU), and the second term is the centrifugal ac-
celeration (wx@x R) that is directed radially outward, and
R is the radius of rotating frame.

Turbulence modeling:

The Reynolds stress model (RSM) as presented in Gibson
and Launder [17], Launder [18] and Launder [19] was used to
solve the Reynolds stresses, 7; = puu’; , using the following
differential transport equations:

P
% +C,=-D,,+D,,~P, -G, +p,-5,~F,+S, (4

where Jz, /0t is the local time derivative, C, is the con-
vection term, D, is the turbulent diffusion term, D, is
the molecular diffusion term, B, is the stress production term,
G, is the buoyancy production term, ¢, is the pressure term,

i

¢, is the dissipation term, F, is the production term by

i i
system rotation, and S is the source term. Actually, the
various terms in these exact equations,C, , D, ,, P, and F,
do not require any modelling. However, four terms need to be
modeled to close the equations: Turbulent diffusion D, ,
buoyancy production G, , pressure stain ¢, and dissipation

&, . These terms are given by

c, = a‘%(pm W), 5)
D,, = —,\i[pm+ PG+ )], (6)
0ox,
o[ o0 —
Dy, :E{Na—n(%u,)} ©)]
B =—p(7%+ﬁ%} : ®)
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Table 1. Effects of element size on simulation results.
Grid points 985214 1684523 2568457 3254589
Nu 78.8 80.9 82.7 834
Difference, % 5.515 2.997 0.839 Baseline
Top-view

Rib turbulators

Front-view

Fig. 3. Details of the element grid in the rotating flow channel.
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In this numerical study, the flow and heat transfer character-
istics of the rotating serpentine passage were studied by using
the commercial CFD software ANSYS ver.15.0 (Fluent). The
Reynolds averaged continuity and Navier-Stokes equations
were numerically solved. The Reynolds stress model (RSM)
[17-20] was adopted for turbulent flow. In all the numerical
calculations, the SIMPLE algorithm was used for the pres-
sure-velocity coupling. A second-order upwind scheme was
used to discretize all the continuous equations. The solutions
were considered to have converged when the normalized re-
siduals for continuity, energy, and velocities, were less than
1x10°, 1x 107 and 1 x 10, respectively [21-25].

2.3 Computational details

The numerical model used structured hexahedral elements,
as shown in Fig. 3. Finer grids were used near the walls, the
U-bend, and the ribbed areas of the rotating channel. A grid
dependence study was conducted to evaluate grid suitability
for turbulent flow through the serpentine channel. As shown
in Table 1, four grids were tested, with 985214 elements,
1684523 elements, 2568457 elements and 3254589 elements.
The results on average Nusselt number on the surfaces show a
difference within 0.839 % of 2568457 elements when com-
pared to the highest element studied (Baseline), which is ac-
ceptable in the current study. Furthermore, the grid spacing of
the first layer normal to the wall had y+ values below 1.0, to
ensure the validity of scalable wall function option in this
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numerical study [26].

2.4 Data reduction

The geometry of the present study is a two-pass square
channel with ribs attached to top and bottom surfaces, with
five parameters of interest: Reynolds number (Re), Nusselt
number (Nu), Rotation number (R,), friction factor (f), and
thermal performance (77) . The Re is given by

Re=—%, (13)

where V; is the inlet velocity, D, is the hydraulic diameter of a
channel, which can be calculated form D, = 2WH/(W+H)
when W and H were width and height of channel, and v is
the kinematic viscosity of air. For a square channel, D), is H of
the channel.

The local Nu is calculated from Eq. (14).

Nu=—2_, (14)

where / is the convective heat transfer coefficient of air and &
is the thermal conductivity.

According to Dittus-Boelter correlation [27] for fully devel-
oped flow against a smooth wall, the baseline Nusselt number
(Nu,) is given by

Nu, =0.023Re”* Pr*, (15)

where Pr is the Prandtl number of air (Pr=0.71).

The average Nusselt number ratio (N_u/Nu“) is obtained
by averaging the local Nusselt numbers (from Eq. (14)) at
every element face (pixel) on the heated surface.

i)
Nu/Nu" == P (16)

Nu,

where Nu; is the local Nusselt number at a pixel, 7 is the total
number of pixels on the heated surface.
The rotation number (R,) is defined from Eq. (17).

R{,:WTD“, (17

where @ is the rotating speed.
The friction factor (f) is calculated using the measured inlet
and outlet pressures as shown in Eq. (18).
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Fig. 4. Heat transfer distribution along the centerline of the floor in
stationary channel.

where P; and P, are the inlet and outlet pressures, respectively,
and L is the total length of the channel along the centerline.

The friction factor ratio can be calculated by dividing the
friction factor in Eq. (18) by the turbulent friction factor
against a smooth wall as given by the Blasius equation. Hence,
this ratio is as given below.

S i

=—< 19
f, 0.079Re** (19

The 7 can be calculated by using the correlation between
heat transfer enhancement and pressure losses, as follows:

_ M/ Nu, (20)

1)

3. Results and discussion

3.1 Validation of the CFD model

The simulation model for the flow and heat transfer in the
serpentine channel was used with each turbulence model, in
order to validate against the numerical results under stationary
flow by Sleiti et al. [22, 23] in Fig. 4. A comparison of the
calculated Nusselt number ratio on the first-pass leading sur-
face between the sixth and seventh ribs is considered at Re =
10000 in a stationary case. The results show that the predic-
tions using RSM are accurate within 5 %. The STD k-& and
RNG k-¢ turbulence model predicted the trend exactly, but
over predicted Nu/Nu, near the rib top by 15 % and by 25 %,
respectively. On the other hand, the worst predictions were
obtained with RTD k- and SST k- @ turbulence model
using the scalable wall function option, in this numerical study.
Based on these validation assessments the RSM turbulence
model was chosen for further use.
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Fig. 5. Detailed local Nusselt number ratio distributions of the smooth wall and the ribbed wall inside serpentine channel at Re = 10000.

3.2 Heat transfer distributions

Fig. 5 shows the local Nusselt number ratio distributions
(Nu/Nu,) on the leading and trailing sides with smooth and
rib-roughened walls under stationary and rotating conditions.
From comparisons of the distributions of local Nusselt number
ratio between the smooth walls (see Fig. 5(a)) and the rib-
roughened walls (see Fig. 5(b)), the following conclusions can
be drawn.

For the smooth wall, the results show that the heat transfer
distribution decays towards the bend in both stationary and
rotating cases. The heat transfer rate in the stationary case is
clearly symmetric until the bend region and slightly increases
after the bend. This may be due to the influence of flow turbu-
lence generated in the U-bend, and the flow direction of main-
stream is immediately changed to impinge on both leading
and trailing surfaces in the second-pass channel. In general,

the heat transfer distribution in the second-pass downstream of
the bend is strongly enhanced owing to separated flow and
flow deflection, and it rapidly decays in about 4D, approach-
ing a stable value at the channel outlet. In contrast, the heat
transfer distributions on both leading and trailing surfaces in
the rotating case are clearly different. Additionally, in the nu-
merical results the heat transfer coefficient on the leading sur-
face decreases suddenly at the middle of the surface and
slightly increases near the walls of the first-pass channel. This
is due to the mainstream flow rapidly shifting at the trailing
surface. The heat transfer distributions on the leading surface
for the second-pass channel increase significantly because of
the U-bend shape and the Coriolis forces generated by the
rotation. The general trends of heat transfer coefficient differ
at the leading and trailing surfaces due to the rotation.

For the ribbed walls, the numerical results show that the
heat transfer coefficients on both leading and trailing surfaces
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in the stationary case are significantly enhanced between the
entire ribs in the first-pass channel, and decrease gradually
after the bend because of the deflection of main flow by the
bend and the rib-induced circulation. However, the heat trans-
fer with rotation increases significantly in the first-pass chan-
nel and the bend region of the leading surface, more than at
the trailing surface. The combined effects of Coriolis and cen-
trifugal forces can make the main flow shift and attach at the
leading surface. On the other hand, the heat transfer distribu-
tion in the second-pass channel increases slightly at the trail-
ing surface when compared with the leading surface. This may
be due to the influences of Coriolis and centrifugal forces
caused by the rotation. Additionally, the numerical results also
show clearly heat transfer enhancement with the ribbed walls
under rotation both at the leading and the trailing surfaces,
which is explained by the flow behavior in the next section.
The average Nusselt number ratios in each region between
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Fig. 8. Comparison of overall thermal performance.

the ribs on leading and trailing surfaces of the smooth and the
ribbed walls within the serpentine channel are shown in Fig. 6.
On the leading side, the overall Nusselt number ratio tends to
decrease in the first pass of the serpentine channel, due to the
developing thermal boundary layer. The bend induces compli-
cated secondary flows that cause the Nusselt number ratio to
rise to its maximum in the bend region. After that, heat trans-
fer ratio decreases a little in the second pass channel after the
bend due to the circulation by a pair of counter rotating flows
in the cross section of the channel. On the trailing side, the
results show that trend of the average heat transfer ratio sig-
nificantly increased in the first pass and gradually decreased in
the second pass after the bend in the serpentine channel. Be-
cause of different Coriolis force. The results also indicate that
increasing the rotation number provides increased Nusselt
number ratios at the first-pass trailing and at the second-pass
leading surfaces, compared with the stationary case. This is
because of the stronger rotation-induced secondary flow vor-
tices and the combined effects of Coriolis and centrifugal
forces (see Fig. 10). Additionally, the numerical results also
imply that the overall average Nusselt number ratios with rib-
roughened walls inside the serpentine channel are significantly
larger than with smooth walls.

3.3 Friction factor

The rotation effect on normalized friction factor (f/f,) with
rib-roughened walls inside the serpentine channel is illustrated
in Fig. 7. The results clearly show that generally the friction
factor tends to increase with the rotation number, and that
friction factor at R, = 0.1, 0.2 and 0.3 is above the baseline
stationary case by about 13.2 %, 26.3 % and 42.1 %, respec-
tively. Additionally, the maximum of friction factor is found
at the relative rotation number R, = 0.3 for which also the
maximum Nusselt number was observed. It is essential to
consider the overall thermal performance of the rib-roughened
channel to evaluate the optimum value.

3.4 Thermo-hydraulic performance

The overall thermal hydraulic performance factors at dif-
ferent rotation numbers, both at leading and trailing surfaces,
are compared in Fig. 8. The results show overall thermal per-
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Fig. 9. Flow-field velocity contours and streamlines of serpentine passage at Re = 10000.

formance matches best thermo-hydraulic performance, due to
the combined effects of Coriolis-induced secondary flow and
rib-roughened walls. However, the second-pass trailing and
first-pass leading surfaces had decreasing performance with
the rotation number. Moreover, at R, = 0.3 the first-pass trail-
ing and the second-pass leading surfaces gave maximum
thermal performances, elevated by approximately 15-25 %
beyond the other rotation number cases. On the other hand,
the thermal performance factor of first-pass leading and sec-

ond-pass trailing surfaces with R, = 0.3 decreased by about
20-35 % because of the effects of Coriolis and centrifugal
forces.

3.5 Flow structures

The system rotation generates both Coriolis and centrifugal
forces, as the angular velocity (@) is manifested in the ve-
locity fluctuation equation by the appearance of a body force
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term (see Eq. (2)). The additional forces that are acting on the
flow field are:

Coriolis force: F,, =-2p(a'xU), in a Cartesian coordinate
system in which 7, j and £ are unit vectors in the three direc-
tions (X, y, z), in this case with a rotation vector
@' = (i + 0j+0k) . Thus, F,, can be written as follows:

F =-2p[(wv)k —(ww)/]. (21)
(the transverse mean velocity in x-direction u is zero in this
case and not shown), v is the vertical mean velocity in y-

direction and w is the stream-wise mean velocity in z-direction.

Centrifugal force: F, =-p[o'x(w'xR)], which is a loca-
tion vector from the origin of rotating frame R=
(0i +0j+R k) is calculated from Eq. (22).

E, =(po’R )k . @2)

In the first pass the Coriolis force due to w velocity compo-
nent acts toward the trailing surface, but is reversed in the
second pass. In the bend, the Coriolis force due to +v and -v
velocity components acts toward inner and outer surfaces,
respectively. The centrifugal force for the first and second
passes and the bend acts toward positive z velocity away from
the axis of rotation, which is clock-wise around the x-axis
direction (see Fig. 2).

3-D flow field behavior and velocity streamlines inside the
serpentine channel under stationary and rotating conditions
were predicted by the commercial software ANSYS (Fluent)
ver.15.0 and are shown in Fig. 9. There are five planes (i), (ii),
(iii), (v) and (iv), located in the middle between ribs of the
serpentine channel.

The stationary case is shown in Fig. 9(a) for the first pas-
sage of radially outward flow. The results show that flow-field
velocity and velocity streamlines with the ribbed walls in each
plane in the first passage periodically produce up-and-down
flows and simultaneously generate small vortices near the
inner and outer sides, induced by the ribs. Regarding the bend
region, plane (v) selected in the middle between ribs in the
first passage has radially outward flow near the entrance to the
bend region, and plane (vi) is on the top of rib in the center of
the bend. The results indicate that the flow has a large vortex
closer to the inner wall than the outer wall, due to interaction
between the ribs and the bend (see plane (v)), and also that the
combined effect of the U-bend and rib arrangement can in-
duce small counter rotating flow near the inner wall (on plane
(vi)), while flow structures after the bend are similar to the
flow before the bend owing to the influence of the ribs and the
curvature. On the other hand, in the second passage with ra-
dially inward flow, the numerical results show that flow in the
second passage on plane (iv) provides higher velocity ratio
(V/V;) near the outer wall and gradually decreases on planes
(iii), (ii) and (i), respectively, due to combination effects of the
ribs and curvature.

The rotating case is shown in Fig. 9(b). In the first passage
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Fig. 10. Vector and velocity contours of in-plan velocity between 6"
and 7" ribs at R, = 0.0 and 0.2, Re = 10000.
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Fig. 11. Conceptual details of 3-D flow structure within ribbed channel.

radially outward, the results show that complicated secondary
flows are generated by rotation of the flow channel (see in
plane (iii)) near the leading surfaces because the w velocity
component acts towards the trailing surface more than the
leading surface, due to Coriolis and centrifugal forces, to mix
with the mainstream. At the same time, the flow in the U-bend
region has a large vortex pair near the inner wall, and also
provides a small vortex near the corner between the trailing
and outer walls, which enhances the heat transfer coefficient
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in the second passage as explained by Jenkins et al. [28] and
Siddique et al. [29]. After the bend region with radially inward
flow, the complex flow structures near the inner wall (see in
plane (v)) are induced by rib arrangement, U-bend, and couple
with the effects of rotation that causes the Coriolis forces. The
Coriolis force is due to the w velocity component reversing its
direction and the centrifugal force aligns with the mainstream.
Additionally, numerical results also show complicated secon-
dary flows at the leading surfaces more than at the trailing
surfaces, because of the Coriolis forces (see in plane (iii)), and
then higher velocity ratio near the outer wall that gradually
decreases on the further plane.

Fig. 10 shows a comparison of the vector and contour of
mean velocity for both R, = 0.0 and 0.2 in the planes midway
between the inner and outer surfaces of the first passage.
These planes are set between the 6" and 7" ribs of the first-
pass channel near the leading wall. In the stationary case, the
results show the appearance of a recirculation zone in front of
(zone (ii7)) and behind ribs (zone (i7)) and a wide recirculation
area. However, the flow reattachment distance (Z,) in the ro-
tating case is approximately 3.33-times that of the stationary
case due to the combined effect of the rib-roughened walls
and the Coriolis force. After reattachment, in the stationary
case, a new boundary layer develops. It is immediately accel-
erated by the mainstream shear forces and impinges in front of
the 7" ribs to introduce a new recirculation area (zone (ii7)). In
addition, two additional separated areas are importantly identi-
fied. The first one is located at the top of 6" rib (zone (i)),
while the second one is a very small counter-rotating corer
vortex in the downstream bottom edge of the 6" rib (zone (if)).
Similar results were reported in previous research by Casarsa
et al. [30]. On the other hand, in the rotating case, no small
bubble vortex in the upstream bottom edge of the 7" rib (zone
(iif)) occurs.

To understand the flow field and heat transfer distributions
in the serpentine channel clearly, conceptual details of the 3-D
flow structures inside the rib-roughened walls under rotating
conditions are illustrated in Fig. 11. For first-pass channel (Fig.
11(a)), it is clear that a large secondary flow caused by the
rotation impinges on the trailing wall more than on the leading
wall, which affected the heat transfer by flow impingement on
the trailing wall surface. On the other hand, the second-pass
channel (Fig. 11(b)) clearly had secondary flows near the lead-
ing wall more than at the trailing wall, due to effects of the
bend and the rib-roughened wall. The heat transfer distribu-
tions on the trailing wall decrease due to vortex pair intro-
duced flow out from the surface. These flow behaviors are
clearly explained by Mayo et al. [31] and Kaewchoothong et
al. [32]. In addition, the rib-roughened walls also affected the
recirculation zone in front of and behind the ribs, which sig-
nificantly affected the heat transfer on the surface. Several
studies [3, 4, 16] have explained the increased heat transfer
inside the serpentine channel by effects of Coriolis and cen-
trifugal forces, which depend on the rotation number (R,) of
the serpentine channel.
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4. Conclusions

We conducted numerical simulations of flow and heat trans-
fer distributions to investigate the effects of the rotation num-
ber on flow and heat transfer characteristics in a serpentine
channel. The main results can be summarized as follows.

(1) Rotation creates heat transfer differences between the
leading and trailing walls for both smooth and ribbed channels.

(2) The maximal Nusselt number and friction factor were
observed at the highest rotation number simulated, larger by
about 15-40 % when compared to the other rotation number
cases. This indicates high sensitivity of the results to the rota-
tion number.

(3) The thermal-hydraulic performance analysis of ribbed
walls at various rotation numbers shows that the first-pass
trailing and second-pass leading surfaces were particularly
strongly influenced by the sharp bend and the rotation effects.
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Nomenclature:
AR : Channel aspect ratio (-)
D, : Hydraulic diameter of channel (m)
e : Rib height (m)
ya : Friction factor for the ribbed channel (-)
5 : Friction factor obtained from Blasius correlation (-)
H : Channel height (m)
h : Heat transfer coefficient (W/m?* K)
k : Thermal conductivity of air (W/m K)
L : Length of the channel (m)
n : Total number of pixel over the heated surface (-)
Nu : Nusselt number (-)
Nu Average Nusselt number (-)
Nu; : Local Nusselt number at a pixel (-)
Nu,  :Nusselt number of the smooth wall (-)
P : Pitch of ribs (m)
pP; : Inlet pressure (N/mz)
P, : Outlet pressure (N/m?)
Pr : Prandtl number (-)
R : Radius of rotation (m)

Re : Reynolds number (-)

R, : Rotation number (-)

T : Temperature of air (°C)

Vi : Inlet velocity (m/s)

w : Channel width (m)

X,y,Z :Spanwise, normal and streamwise directions (-)
Greek symbols

v : Kinematic viscosity of air (m%s)
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w : Rotational speed (rad/s)
n : Thermal performance (-)
P : Density of air (kg/m)
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Force analysis due to the rotation
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Force analysis
For stationary case, which is a classical fluids problem, only two forces are
involved: the inertial force (Fineriar) and the viscous force (Fuiscous), Which the constant

coefficients are omitted in the formulas.

F

inertial

= VD, (1)
F

viscous

= pVID, )
The ratio of these forces can be represented by the Reynolds number (Re).

F D, VD,
inertial — pV h — V h _ Re (3)
F pvVD, 1%

viscous

For rotational case, two more forces act in the rotating serpentine channel, viz.

the Coriolis force (F,) and the rotational buoyancy force (Fpuoyancy)-

= pQVD,’ )

coriolis

ApD,’ (5)

buoyancy g rotation

where goion is the centrifugal acceleration as defined by g, .. = 2°r

= (2°r)4pD,’ (6)

buoyancy

The ratio between the rotational buoyancy force (Fruoyancy) and viscous force

(Flviscous) 1s rotational Grashof number (Gr).

F,

buoyancy
Gr =

_ 2rApD;
pWD,

= (Re)R’ (DR)(DLJ (7)

h

The ratio between the rotational buoyancy force (Fiuoyancy) and inertial force
(Fineriiar) 1s rotational buoyancy number (B,), which is equal to Gr/Re? in the stationary, gravity-
driven buoyancy problem.

B = F;muyancy _ E;uoyuncy /E»iscous _ ﬂ _ }"(DR)ROZ
°F F.__|F Re D,

inertial inertial viscous

@®)

Similarly, the ratio of the Coriolis force (F.,) and inertial force (Fineriar) is the
rotation number (R,).

o Fu _ pVD, _ €D,
szth V

- ©)

inertial
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Table A Comparison of Coriolis force (Fco) on rotation number between the TLC and

naphthalene sublimation methods

Fco (X 103)
Rotation number (R,)
TLC Naphthalene
0.10 2.9 0.7
0.15 43 1.0
0.20 5.8 1.4
0.25 7.2 1.7
0.30 8.7 2.1

Note: Re = 10,000

Table B Comparison of centrifugal force (Fce) on rotation number between the TLC and

naphthalene sublimation methods

Fcr (X10%)
Rotation number (R,)
TLC Naphthalene
0.10 1.4 1.5
0.15 3.2 34
0.20 5.8 6.1
0.25 9.0 9.5
0.30 13.0 13.7
Note: Re = 10,000
Table C Properties of naphthalene
Parameters Values Unit
Chemical formula CioHg -
Molecular weight 128.17 -
Melting point 80.2 °C
Freezing point (in air at 1.01325 bar) 80.285 °C
Normal boiling point (in air at 1.01325 bar) 217.993 °C
Density of solid (at 20 °C) 1175.0 kg/m?
Thermal conductivity of solid 0.333 W/m-K
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