Sigma J Eng Nat Sci, Vol. 43, No. 5, pp. 1507-1519, October, 2025

u
Sigma Journal of Engineering and Natural Sciences SI

Web page info: https://sigma.yildiz.edu.tr
DOI: 10.14744/sigma.2025.00148

Journal of Engineering
and Natural Sciences
Mihendislik ve Fen
Bilimleri Dergisi

Research Article

Experimental investigation of thermo-hydraulic performance of multi
semicircular rib of dimple hybrid channel

Kishor K. DHANDE"®, Prakash Santosh PATIL2®, Lalit N. PATIL3*®, Vikash K. AGRAWAL3®,

Atul A. PATIL!

'Department of Mechanical Engineering, Dr. D.Y. Patil Institute of Technology, Pune, 411033, India
“Department of Mechanical Engineering, JSPM’s Rajarshi Shahu College of Engineering, Pune, 411033, India
*Department of Automation and Robotics, Dr. D.Y.Patil Institute of Technology, Pune, 411033, India

ARTICLE INFO

Article history

Received: 30 March 2024
Revised: 12 June 2024
Accepted: 24 September 2024

Keywords:

Compound Channel; Heat
Transfer Augmentation; Multi
Semicircular Rib; Optimization
Techniques

INTRODUCTION

ABSTRACT

To enhance the performance of gas turbine, it is necessary to operate at high inlet gas tempera-
ture, which required more effective cooling method for turbine blades. The ribs, protrusion
and dimples are efficient turbulators for heat transfer augmentation. In the present study new
compound structure of multi semicircular rib-dimple are presented experimentally and val-
idated with simulation/optimization techniques to achieve pressure drop and heat transfer
characteristics. Multi semicircular rib with 10 and 20 dimples are investigated and placed at
the bottom surface of a rectangular channel. The experiment was conducted by considering
the data such as: Reynolds numbers (Re) 12,000 to 30,000, Rib pitch (P) to height (e) ratio =
8 to 10, rib height (e) to channel hydraulic diameter (Dh) ratio = 0.15 and dimple depth (J)
to dimple diameter (d) ratio = 0.2. It is found that the combination of multi semicircular rib
with 20 dimples shows the maximum thermal performance over multi semicircular rib with
10 dimples and rib alone channel. Friction loss found more in compound channel with 20
dimples whereas less in the 10 dimples. Compound channel with 20 dimples enhanced 30 %
more heat transfer over 10 dimples and 25 % additional than the rib alone channel, also multi
semicircular rib shows the least thermal performance.

Cite this article as: Dhande KK, Patil PS, Patil LN, Agrawal VK, Patil AA. Experimental inves-
tigation of thermo-hydraulic performance of multi semicircular rib of dimple hybrid channel.
Sigma J Eng Nat Sci 2025;43(5):1507-1519.

the internal cooling method involves protrusion, dimple,
ribs, fin, vortex generator and groove. Rib turbulators and

To get more output and efficiency from a gas turbine; it
should operates at very high inlet gas temperature. These
temperatures are not sustained by blade material. To pro-
tect the blade life; various cooling techniques are used;
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dimple alone are frequently used in the gas turbine blade
cooling or other cooling applications. These methods are
useful to generate recirculation, vortices, separation of
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flow and attachment/reattachment in the flow channel that
enhanced the involvement of fluid molecules and consecu-
tively heat transfer rate.

In the early years; many researchers focused on dif-
ferent types of rib geometries. J. C. Han [1] reported par-
allel and V-shaped broken ribs and shows that the 60°
parallel or V-shaped broken ribs indicates more heat trans-
fer enhancement than the 45° parallel or V-shaped broken
ribs. Jongmyung Park et al. [2] numerically presented 45
deg. angled rib for flow structural at Reynolds number from
18300 to 48000. Some studies show that due to angled rib
turbulators large-scale secondary flow induced also mixing
of flow develops, which increased the local Nusselt num-
bers. Patil and Borse [3] focused on various cooling tech-
niques for gas turbine blade, concluded that there is still
scope to use W Shape, Semicircular and Multi Semicircular
shape ribs. Luca Baggetta et al. [4] studied 450 angled ribs
using the liquid crystal thermography and show that exis-
tence of intersecting rib, percentage rate of heat transfer
enhancement was less than the pressure drop. Abraham
and Vedula [5] presented V and W rib for converging chan-
nel at Reynolds number ranging from 5000 to 30000 and
found same average Nusselt number of V .and W shape ribs.
Promvonge and Thianpong [6] experimentally presented
rectangular, triangular and wedge shapes ribs at staggered
and in-line arrangement, shows triangular rib with stag-
gered arrangement performed well over the other ribs. Jae-
Won Seo et al. [7] presented optimization of a boot-shaped
rib at Reynolds number 20,000 using 3-dimensional RANS
analysis and MOGA techniques. Concluded that the heat
transfer oriented design shows more FNu and Ff than to
the friction factor oriented design. Min Kim et al. [8] pre-
sented an optimal design to find out appropriate rib geom-
etry of angled rib using advanced response surface method.
Observed the maximum thermal performance at rib angle
(a) - 54.670 deg. and pitch ratio (P/e) - 6.8.

In some another cooling technique, dimples are used
for heat transfer enhancement due to less pressure drop
advantage. Yu Rao [9]studied various shapes of dimple such
as: spherical, teardrop, elliptical and inclined elliptical at
Reynolds number 8500-60,000. Result shows that the tear-
drop dimples performed well against regular spherical dim-
ples; also the elliptical dimples indicate lowest performance
than the spherical dimples. Lu Zheng et al. [10]studied ridged
dimple and show that reduction in the wall temperature and
enhanced the heat transfer. Saeed Nazari et al. [11] studied
staggered, square and triangular arrangement of dimples by
taking three depths of dimples: (8/d = 0.25, 0.375 and 0.5).
Result indicates that dimple depth ratio (8/d) = 0.25 which
shows the superior performance than other tested depth
ratio. Also staggered and triangular arrangement of dimple
performed well at low and high dimple depth. Ayush Gupta
et al. [12] studied the performance of plate heat sink using
dimples and protrusions. Show that maximum performance
of heat sink observed at a staggered arrangement when dim-
ple pitch ratio (s/d) kept 2.5 and dimple depth ratio 0.5.

To fulfil the today’s industry need and also to achieve
more enhancement from cooling techniques; researchers
are focused on combination of two ribs (hybrid structure),
Sahuetal. [13] focused on hybrid ribs, which is combination
of triangular and semicircular ribs. The rib pitch to height
ratio (p/e) kept 6.6 to 53.3 and Reynolds number from
12,640 to 52,410, they show that hybrid rib performance
was highest at pitch ratio of 13.3. Pongjet Promvonge et al.
[14] presented combination of chamfered-V-groove and
punched-V-rib for solar air heater duct. Range of Reynolds
number (Re) varies from 5300 to 23,000. It indicates that
the combined punched-V-rib and chamfered-V groove
shows 14-15% more performance compared to cham-
fered-V-groove and combined solid-V-rib. Qi Jing et al.
[15] studied different dimple/protrusion arrangements at
Reynolds number 10,000 to 100,000 concluded that protru-
sion produced the largest Nu compared with dimple, also
performance of combined dimple-protrusion was found in
between dimple and protrusion alone case.

Nowadays, few researchers focused on combination
of two methods for cooling the gas turbine blades, such
as ribs with protrusions, pin fin with dimples, ribs with
dimples and dimples with protrusions. Patil et al. [16] pre-
sented compound and rib alone channel for gas turbine
cooling, indicated that W rib compound channel shows
improved performance than W rib channel. Yonghui Xie
et al. [17] studied numerically hybrid structure of dimple
with secondary protrusions, different configurations of
dimple-protrusion was tested and concluded that dimple
channel with secondary protrusions shows higher thermal
performance than ordinary dimple channel. Also Xie stud-
ied combination of two techniques such as: pin-fin-dim-
ple/protrusion, dimple/protrusion structure in a U shaped
duct. It shows that the pin fin-dimple/protrusion structure
enhanced more heat transfer than the dimple/protrusion
structure [18]. Rao and Zhang [19] presented experimen-
tally combination of miniature V-shaped rib with dimple
at Reynolds number (Re.) up to 60,000 indicated that the
hybrid structure shows more heat transfer enhancement
than the dimple structure. Inderjot Kaur and Prashant
Singh [20] studied combination of V-shaped protrusion/
concavity with miniature V-rib. Concluded that the hybrid
structure of V-rib with V-protrusion shows the improved
thermal hydraulic performance (THP) of range 2.15.

In literature, major work was found on mainly the dim-
ples or ribs alone, only some investigators studied combi-
nation of different shape of ribs or two different methods
such as hybrid structure, rib-dimple, rib-protrusion, dim-
ple-protrusion [16,19]. The aim of the existing study is
to develop advanced cooling technique for gas turbine
blade, which is substantially the combination of two differ-
ent enhancement techniques. In the present work mostly
focused on combination of multi semicircular shape ribs
with spherical dimples for thermal performance, also Multi
semicircular rib alone and compound channel with 10 and
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20 dimples are presented to get optimal configuration of
ribs with dimple pattern.

Combustion turbines, also referred to as gas turbines,
are a kind of internal combustion engine that produces
mechanical energy from liquid fuels like natural gas [21].
Usually, an electric generator or other machinery such as
ships, airplanes, and other vehicles are powered by this
mechanical energy. The compressor, the combustion cham-
ber, and the turbine are the three primary parts that make
up a gas turbine’s basic mechanism [22]. The compressor
takes in ambient air and compresses it to a high pressure to
start the operation. In order to get the air ready for combus-
tion, this stage raises its temperature and pressure. Axial-
flow compressors, which have several stages of moving and
stationary blades, are used in modern gas turbines to get
great compression efficiency. After entering the combus-
tion chamber, the high-pressure air from the compressor
is combined with fuel and ignited. The generated gass tem-
perature and pressure are greatly increased during the com-
bustion process, and the chamber’s construction allows it
to withstand extremely high temperatures and steady com-
bustion. There are several different kinds of gas turbines,
such as microturbines, aeroderivative gas turbines, and
heavy-duty gas turbines. Heavy-duty gas turbines are built
to run continuously under heavy loads and are commonly
seen in power plants that generate electricity. Smaller power
plants and mechanical drive applications, including pow-
ering compressors or pumps, employ aeroderivative gas
turbines, which are evolved from jet engines. Compared to
heavy-duty turbines, they are more flexible and lighter. Due
to their tiny size and excellent efficiency, microturbines are
small-scale turbines that are utilized in combined heat and
power (CHP) and distributed generation systems.

EXPERIMENTATION

Experimental Detail and Methodology
An experimental set up was designed and manufac-
tured to measure the pressure loss and heat transfer in

multi semicircular rib and compound channel, as shown in
Figure 1. Main parts of the set up was a centrifugal blower,
entrance/developing section, an orifice plate assembly, rect-
angular duct with test section and exit section. To prevent
the heat loss from the rectangular channel, it was made
from Bakelite sheet and the entire length of set up was 2900
mm, out of that 1200 mm - entrance section, 520 mm -
test region and 450 mm - exit region. The aspect ratio and
hydraulic diameter of channel was 4:1 and 36 mm respec-
tively. In the experimental set up a blower was connected to
700 mm flow developing region after that entrance section
attached to ensure fully developed flow in the rectangular
channel then after test section assembly connected. Lastly
the exit section was connected to the rectangular duct to
decrease the end effects of flow.

Air mass flow rate was adjusted through variable fre-
quency drive (VFD) and measured with an orifice plate
assembly. The mica flat plate heater was used to supply
uniform heat flux and controlled through voltage variable
of 6 Amperes rating. Pressure loss in the test section was
recorded using digital micro manometer connected along
the inlet and outlet pressure taps. Inlet and outlet tempera-
ture of air was recorded using the thermocouples placed at
respective sections. Also the surface temperatures of test
plate are recorded using K-type thermocouples inserted at
various locations of test surface and output of thermocou-
ples are connected to the data acquisition system. All instru-
ments was calibrated from NBL accredited Laboratory and
at steady state condition all experimental data was recorded,
Figure 2 shows the photo graphs of experimental set up.

Test Section

For test plate 12 mm aluminum sheet was used and
the multi semicircular ribs are pasted on the surface of test
plate using adhesive material. Dimples on test plate surface
are carved using a special designed ball nose tool of diame-
ter 20 mm and depth of dimple kept 4 mm (/D - 0.2).The
mica flat plate heater was used to supply a constant heat
input and placed between the base plate and a test plate. To
reduce the heat loss from the channel, proper glass wool

450 520 400 800 700
8 8 5 3 2
o s
[ ] — — —
AY ri

1- Centrifugal blower 2 - developing/straighten section 3 - orifice plate assembly 4 - U tube manometer 5 - Inlet region
6- rectangular duct 7- Test plate 8 - exit region 9 - data acquisition system

Figure 1. Schematic representation of experimental setup.
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a- Rect. duct with exit section, b- Blower with honey comb section, c- Inlet section and developing section with orifice plate

Figure 2. Experimental set up.

insulation was provided between heater and base plate. The
test plate with base plate and heater are bolted and placed
in a bakelite made rectangular channel. Figure 3 shows the
photographs of rectangular duct with different test sections.

Rib Geometry
The multi semi-circular shape rib was made from
45 mm diameter aluminum pipe, first outer and inner

diameter of 3003 aluminium pipe was prepared on CNC
machine, then using special purpose machine required
size ribs are prepared. Rib width and height was kept 5
mm each, rib height to hydraulic diameter ratio (blockage
ratio ,e/Dh) of the rectangular duct was 0.150 and pitch to
height ratio of rib (P/e) was 10 to 12. Special ball nose tool
of 20 mm diameter was designed for dimples and carved
on the test plate surface by coordinate-measuring machine

Figure 3. Rectangular channel with different test plates.

Table 1. Multi semicircular rib-dimple pattern for cooling application

Cases Configuration Number of ribs/dimples
1 Multi semicircular rib channel 10 ribs

2 Dimple channel 20 dimples

3 Multi semicircular rib - dimple compound channel 5 ribs + 10 dimples

4 Multi semicircular rib - dimple compound channel 5 ribs + 20 dimples
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(CMM), also dimple depth to dimple print diameter ratio
(6/D) was kept 0.2. In this study multi semicircular rib and
compound channel are tested at Reynolds number (Re)
12000 to 30000, for finding the best combination of multi
semicircular rib-dimple pattern for cooling application as
shown in Table 1.

Data Reduction

In the present work the values of heat transfer coeffi-
cient, Nusselt number and friction factor are determined by
considering the measured experimental data[23]. The pro-
cedure to calculate the different parameters is given below:
The Reynolds number (Re) is obtained from equation
(1) recommended by Promvonge and Thianpong (2008),
where pt - dynamic viscosity of fluid (air) and V - velocity of
air passing through duct.

R — QVDh
€= ey

Equation (2) was used for calculation of average heat
transfer coefficient (ha) proposed by Han and Zhang
(1992), where Ts — test plate average surface temperature
and Tb - bulk temperature of air.

_ Qpet
ha = o~ )

The net heat supplied (Qnet) was computed from the
total heat supplied minus heat loss from the test section,
also found maximum heat loss below 13% from the test
channel. The average Nusselt number was computed by
equation (3) proposed by Luca Baggetta et al. (2017) where
ha- average heat transfer coefficient, Dh - rectangular chan-
nel hydraulic diameter and k- thermal conductivity of air.
Nusselt number results of plain plate are normalized with
modified Dittus-Boelter/Sieder and Tate correlation (4).

haD
Nu = % (3)
Nu hDy/k
Nu,  0.021Re%8pr04 (4)

Frictional factor was calculated using Eq. (5) consider-
ing the pressure loss along the test channel and it is required
to evaluate the thermal performance. Plain duct experi-
mental friction factor result was normalized with Blasius
correlation [24] and calculated using equation (6).

_ (Pi — Pe)
[(4(L/ Dy) (1/2 pV2)] (5)

f__ £

fo  0.079Re~1/4 (6)

Thermal performance () is computed by equation (7)
proposed by Luca Baggetta et al. (2017) and for calculation

considered the friction factor ratio and Nusselt number
ratio.

__ (Nu/Nuy)

ITEE @

When determining the thermal performance in the
experimental investigation of the multi semicircular
rib - dimple hybrid channel, several key assumptions are
typically considered. The system is assumed to be in a
steady-state, meaning that the temperatures and heat fluxes
are constant over time. This simplifies the analysis by
eliminating the need to account for transient effects [24].
A uniform heat flux is applied to the channel walls. This
assumption ensures that the heat input is consistent along
the length of the channel, facilitating a more straightfor-
ward analysis of the heat transfer characteristics. The ther-
mophysical properties of the working fluid, such as thermal
conductivity, viscosity, and specific heat, are assumed to be
constant. This assumption is valid if the temperature range
within the channel is not large enough to cause significant
variations in these properties. The contribution of thermal
radiation to the overall heat transfer is assumed to be negli-
gible compared to convection. This is a reasonable assump-
tion for typical fluid flow conditions in heat exchangers and
cooling channels where convective heat transfer dominates.
The flow is assumed to be fully developed both hydrody-
namically and thermally. This means that the velocity and
temperature profiles have stabilized and do not change
along the length of the channel, except at the entrance and
exit regions.

Uncertainty Analysis

The experimental uncertainty was calculated using
the method recommended by Kline and McClintock [25].
The maximum error found in pressure drop, flow rate and
temperature measurement are +3.4 %, £3.1 % and +0.7
0C respectively. The ambiguity in the Nusselt number
was observed up to 9.5 % and the maximum experimen-
tal ambiguity observed up to 7.7 %. in the friction factor
[26]. Uncertainty analysis is an essential aspect of experi-
mental research, as it quantifies the degree of confidence
in the measured data. This analysis allows researchers to
understand the reliability and accuracy of their experimen-
tal results, accounting for possible errors or uncertainties in
measurements.

Normalize Smooth Duct Results with Correlations

To validate the experimental data of plain duct, its
results are verified with correlation results. The experimen-
tal results of Nusselt number was verified with the results
of modified Dittus-Boelter and Sieder-Tate correlation [27]
as shown in equation (8, 9). Experimental friction factor
for smooth duct was obtained from the recorded data and
normalized with the result obtained from modified Blasius
correlation [28] as shown in equation (10).
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—e— smooth duct expt. data
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Figure 4. Deviation in the experimental and correlation
value of plain duct.

Nu = 0.0230 Re0.8 Pr 0.33(p/pw)0.14 (8)
Nu=0.023 Re 0.8 Pr 0.4 9)

f=0.079 Re -1/4 (10)

Figure 4 presents the plot of correlation and experimen-
tal value of Nusselt number for plain duct against Reynolds
number. From graph concluded that experimental results
was nearer to the Sieder-Tate correlation than Dittus bolter
correlation. The average error in the Nusselt number was
found between + 8.5 to 10.3%, also the friction factor error
was found 6.2 to 8.5 % than Blasius correlations. Therefore
it is presumed that experimental data are in good agree-
ment with the correlation data indicated in the literature
survey.

RESULTS AND DISCUSSIONS

Nusselt number and friction factor are calculated from
collected experimental data and presented at a range of
Reynolds number from 12000 to 30000. The result of fric-
tion factor and Nusselt number of multi semicircular rib
and compound channels are compared with each other to
determine the optimal rib-dimple configuration for cooling
of gas turbine blade.

Heat Transfer in Ribbed Duct

This section discusses the rib alone and compound
channel effect on the enhancement of heat transfer. Figure 5
presents the Nusselt number for rib and dimple alone chan-
nel. It indicates that multi semicircular rib performed bet-
ter than plain and dimple duct, augmented average 96 and
68 % heat transfer than plain and dimple duct respectively.
Rib improved heat transfer because ribs disturbed, pro-
mote flow missing and induced diverse secondary flows. In
case of multi semicircular rib its two small curvature shape

created two different more heat transfer area in front of ribs
and two low heat transfer region behind the ribs, due to that
observed heat transfer enhancement in multi semicircular
rib [29].

Multi semicircular ribs improved the heat transfer but
also increased pressure loss, to get additional enhancements
generally increased number of ribs but other side pressure
loss also improved by higher percentage. To achieve more
enhancements in the heat transfer by virtue of minor rise in
pressure loss, currently used combination of two methods
such as rib -dimple, protrusion-dimple, rib- protrusion. but
enhancement of dimple compound structure depends on
number of dimples and depth of dimple.

In the existing study presented combination of
rib-dimple structure, as dimple has less friction over other
enhancement methods. In the current work two types of
cases studied, in first case two dimples are followed by multi
semicircular rib, means total 10 dimples and five ribs are
replaced by ten ribs as shown in Figure (6 ¢). In second
case four dimples followed by multi semicircular rib means
total 20 dimples and five ribs tested. In this channel dimples
position are such that two dimples kept horizontally and

—a&— plain
®— Dimple
—A— multi semicircular_rib

150

100

|

50

T 1
10000 20000 30000

Re

Figure 5. Variation of Nusselt number with Reynold’s num-
ber (multi semicircular rib).

S 5 o
| O @
a) Rib+Rib b) dimple + dimple
P (’l_r) P
O N Jr p

) ) ——
c) Rib + 2 dimple d) Rib + 4 dimple

Figure 6. Rib, dimple alone and rib - dimple position.
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vertically each, also pitch between dimples are same (hor- dGimpie
izontal and vertical) and made 45 deg. inclination angles 200 |—e— multi semicircular rib
. . . —&— multi semicircular + dimple (10)
with each other as presented in Figure (6 d). —v— multi semicircular + dimple (20) .
_—

Figure 7 shows result of Nusselt number for tested
geometries, indicates that Nusselt number was maximum
for compound duct with 20 dimples than rib alone and
10 dimples compound channel. It means that compound
channel shows more enhancement in heat transfer related
to the rib alone channel, on the other hand 10 dimples
compound channel heat transfer observed less compared
to the multi semicircular rib. Enhancement of heat trans-
fer using dimples depends on many factors such as num-
ber of dimples, position diameter and depth of dimple of
dimple. Compound channel with 20 dimples indicates
more heat transfer and compound channel with 10 dim-
ples shows less heat transfer compared to the rib chan-
nel. Compound channel with 20 dimples shows 25 and 30
% more heat transfer than multi semicircular rib and 10
dimples compound duct respectively. In case of 20 dim-
ples compound duct position of dimples such that, behind
and in front of every half curvature portion of rib trailed
by one dimple each, also behind and in front of meet point
of two curvature shape followed by one dimple each. Due
to such position of dimples more mixing of primary and
secondary vortices observed. In this compound structure
the secondary flows creating from the ribs will undergo
additional improvement due to the dimples and the joint
effect of the flow separation layer of dimples and the sec-
ondary flows produced by the ribs will result in improve-
ment of heat transfer. It is observed from the present wok
and earlier work of Patil et al. (2021) that heat transfer was
maximum in the compound channel compared to the rib
alone channel.

In case of 10 dimples compound channel less enhance-
ment found because of less number of dimples applied in
channel also turbulence created by multi semicircular rib
was not fully mixed with dimples. Enhancement of 10 dim-
ples compound duct found somewhat less than rib channel
but very less than 20 dimples compound channel. From this
result dimples involvement in the enhancement are seen,
as one rib replaced by two dimples result differed by small
percentage than rib channel, but if increased the number
of dimples and change position of dimple then found more
augmentation in the heat transfer. To increase the number
of dimples has limitation, as if only increased the number
of dimples, pressure drop also increased so consider opti-
mum number of dimples. Enhancement through dimples
depends on depth, diameter, position and quantity of dim-
ples.In the present compound channel work optimum val-
ues of thesse parameters are considered. Figure 8 shows the
plausible flow structure for dimple surface having diameter
20 mm and depth ratio §/D = 2.

Friction Factor in Ribbed Duct
In this section, the friction factors for rib and com-
pound channels are discussed, starting with the rib channel

150

Nu

100

50

T T 1
20000 25000 30000

Re

T
10000 15000

Figure 7. Nusselt number versus Reynolds number for dif-
ferent configurations.

>
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r—n
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=y

/'

Flow Separation

Recirculating Zone
(Low heat transfer) Pairs of Vortices Shed
| High heat transfer on
flat surface

Flow Reattachment
High heat transfer

Figure 8. Plausible flow structure of dimple.

followed by the compound channel. The friction factors
for the multi-semicircular rib and dimple channels are
presented in Figure 9. It was found that the multi-semicir-
cular rib channel exhibited, on average, 200% and 102%
more friction compared to the plain and dimple ducts,
respectively. This increase in friction is attributed to the
ribs creating disturbances and retardation in the flow. The
multi-semicircular ribs, with their two curvatures, offered
an increased area to the flow, which resulted in higher tur-
bulence and, indirectly, an increased pressure drop. In com-
parison, the dimple channel showed less friction than the
rib channel.

Figure 10 shows the friction factor for rib, dimple,
and compound channels, displaying a progressively
reducing trend as the Reynolds number increases. This
occurs due to the suppression of the viscous sublayer;
as the Reynolds number increases, the boundary layer
thickness decreases, resulting in improved fluid veloci-
ties within the boundary layer. The compound channel
with 20 dimples exhibited a better friction factor than
the multi-semicircular rib and the compound channel
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Figure 9. Friction factor variation with Reynolds number
(ribs alone and dimple channel).

—&— dimple

—— multi semicircular rib

—A— multi semicircular + dimple (10)
—w— multi semicircular + dimple (20)
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0.08 4 —e
—A— .,
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Figure 10. Variation of friction factor with Reynolds num-
ber (all tested configurations).

with 10 dimples. In the case of the compound duct with
10 dimples, five ribs are replaced by ten dimples. Since
dimples create less friction than ribs, this configuration
results in lower friction. Dimples enhance the flow area
at the narrowest cross-section, leading to a decrease in
flow velocity and a reduction in turbulent mixing in the
mainstream flow area, which helps reduce the pressure
drop. The compound channel with 20 dimples showed
19% more friction than the rib channel, while the com-
pound channel with 10 dimples showed 11% less friction
than the rib channel. Additionally, the compound chan-
nel with 20 dimples exhibited 36% more friction than the
compound channel with 10 dimples. These findings were
also observed by Yonghui Xie et al. (2017).

In case of 20 dimples compound channel four dimples
applied after each rib if one or two dimples used friction
found may be less but to get further enhancement applied
more dimples, so combined effect of four dimples along with
rib found more friction. Friction loss in dimples occurred
due to depth of dimple, as depth increased friction also
increased. The turbulent mixing in the downstream half
of the dimple was significantly augmented because of flow
attachment and impingement mainly at the rear rim of the
dimple, which can consequently, increased the friction. In
the present compound channel optimum parameters con-
sidered due to that found less growth in the friction over rib
channel but other side heat transfer improved by more per-
centage. From this concluded that to achieve more percent-
age heat transfer enhancement, increase small percentage
of friction, this principle applied in the current compound
channel.

Validations of Experimental Results

Experimental results are validated through simulation
software STAR-CCM [30]. The realizable k—¢ turbulence
model with hexahedral mesh was used and validated
using standard data obtained from literature. Figure 11
presents velocity contours of multi semicircular rib, 10
dimples and 20 dimples compound channel. Also Figure
12 presents Nusselt number contours of multi semicir-
cular rib with 4 dimples (20 dimples compound chan-
nel) and indicates that Nusselt was more near rib portion
and dimple corner portion. Rib backside area shows less
Nusselt number compared to the front side area due to
frontal area effect.

Figure 13 shows the variation in experimental and
numerical Nusselt number for compound channel and
multi semicircular rib. Simulation results observed near
about 8 % higher than experimental results, also 20 dim-
ples compound channel shows highest Nusselt number, as
same trend of results observed during experimental work.
In case of semicircular rib simulation results are 7 to 8 %
higher than experimental results, as difference between
both results found less, so it is presumed that experimen-
tal results are validated, same trend of simulation results
observed by Kaur and Singh (2020).

Figure 14 shows the result of experimental and
numerical friction factor of 20 dimples compound chan-
nel and multi semicircular rib. Found numerical results
10-11 % less than experimental results, also 20 dimples
compound channel shows highest friction than other
channel, same results were observed during experimen-
tation. Friction factor of multi semicircular rib found
less against 20 dimples compound channel, also seen less
variation among experimental and numerical results of
friction factor for compound and rib channel. Variance
between experimental and numerical results occurred
because of heat loss and instrument error in actual
experimentation, whereas in numerical analysis an ideal
condition was assumed.
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Figure 11. Velocity contours of multi semi rib and compound channel.

Figure 12. Nusselt number contours of multi semicircular rib with 20 dimples.

Optimization Technique

To select best configuration for thermal performance,
applied multiple criteria decision-making (MCDM) tech-
niques. In the engineering problem, to decide the opti-
mum parameters from many variables; various methods
are used such as: response surface method (RSM), TOPSIS,
COPRAS, genetic algorithm. Among the MCDM tech-
niques, TOPSIS method was a well-known optimization
technique [31].

Technique for order Preference by Similarity to ideal
Solution (TOPSIS) was one of the numerical methods
among the multiple-criteria decision making techniques.
It is suitable practical method with a simple mathematical
model, also various benefits of TOPSIS methods such as

rationality, simplicity, good computational efficiency, com-
prehensibility and capability to check the relative perfor-
mance of each alternative in a simple mathematical form
Total seven steps in TOPSIS method and the flow chart of
the optimization process is shown in Figure 15.

Outcomes of TOPSIS method are shown in Table 2,
indicates that 20 dimple compound channel performed best
than 10 dimples compound channel, multi semicircular rib
and dimple alone channel. From result table concluded that
optimization results are near about same as experimental
results, found less than 10% difference.

Experimental result of multi semicircular rib and
compound channel are validated using CFD and TOPSIS
method, found same trend of results, also seen less
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difference between these results, so said that experimental .11 5 5 tcomes of TOPSIS method
results are validated [32].

RANK Ci

Thermal Performance of Configurations

20 dimples compound channel 1 0.7431

Thermal performance was determined by taking L0di pl P d channel 5 05619
account the result of heat transfer and frictional losses. tmples compoune channe '

Figure 16 shows the thermal performance of tested struc- Multi semicircular Rib 3 0.4813

Dimple channel 4 0.3270

tures, the compound channel with 20 dimples performed
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to a small friction it performed better than the rib chan-
nel, likewise multi semicircular rib indicates lowest perfor-

Figure 15. Optimization process flow chart (TOPSIS method).  mance because of more friction.
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Figure 17. Error bars representing the percentage error between the CFD and experimental results.
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The error bar plot comparing the experimental and CFD
results for the Nusselt number as a function of Reynolds
number. The plot includes error bars representing the per-
centage error between the CFD and experimental results as
shown in Figure 17.

CONCLUSION

The study of heat transfer and flow friction characteris-
tics in a rectangular channel with a multi semicircular rib and
compound channel, using experimental methods, simula-
tions, and optimization techniques, revealed that a compound
channel with 20 dimples significantly enhanced heat transfer
by 38% and 10% compared to plain and dimpled channels,
respectively, but also increased friction by 29% and 16%. The
20-dimple compound channel outperformed the multi semi-
circular rib and 10-dimple compound channels, achieving up
to 25% more heat transfer and 30% higher friction. While the
multi semicircular rib offered slightly better heat transfer than
the 10-dimple compound channel, the latter performed bet-
ter overall due to lower friction. Additionally, increasing the
number of dimples in the compound channel improved heat
transfer but also increased friction.
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