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The effects of heat transfer and friction factors are critical portions of an endwall passive technique to achieve an
optimum level of thermal index. In this study, three groove endwalls arranged at 45° to the axial flow direction
with only one side of endwalls is wholly covered with angled grooves roughened surface while the other sides are
kept smooth. The three grooved endwalls use in this study have relative pitch roughness, P/5, print diameter, Dp,
and inclined at an angle to flow direction, (i.e., P/& = 13, Dy,=2; P/6 = 9, Dp= 2; P/5 = 6.5, Dp=4; and o = 45 °).
The groove endwalls are then used to measure the channel pressure drop and enhanced heat transfer from the
surface of the plate. IR Camera is also used to study the flow full field behavioural effect at various groove ar-
rangements and Reynolds numbers (600 > Re < 11000). The outcomes reveal the effect of friction factors,
Nusselt number, and performance index at the Reynolds number Re and 5 mm channel. The experiments pre-
sented figures for fg, fe/fo, Nu, Nu/Nug, and thermal performance, [Nug/Nug/(fc/fo)*/3]. From the results of the
investigation, the groove roughened surfaces enhance the heat transfer, generate moderate pressure penalties,
and improve it performance index. In addition, the flow structural full-field patterns confirm and further
demonstrate how uniform distributions of the flow in the downstream section of the groove are represented in
each of the endwalls. The Nusselt number comparison of the upstream and downstream sections of the test
section show the flow full-field behaviours at the downstream sections are uniformly distributed compared to
upstream sections. This turbulence distribution improve as the Reynolds number within the channels changes
and relative pitch roughness significantly influences the mixing rate within the channel.

Introduction gradient and increasing shear for approximately level flow mixing

characteristics. Achieving this, however, requires a detailed under-

Internal cooling schemes have been discovered as one of the best
ways to eliminate or reduce the impact of pressure penalties on control
surfaces heat exchanger devices. The enhancement techniques have
therefore been identified to offer high performance characteristics,
moderate pressure penalties, and improved surface enhancement, to
mention a few. These endless possibilities and effectiveness in heat
exchanger devices are due to little or no aerodynamic penalties,
nonthermal bond contact, and small air inlet characteristic re-
quirements. The application of such techniques in heat exchanger de-
vices tends toward increasing enhancement of turbulence level and
secondary flow field mixing in some form of articulate fluid vortices.
These are known to give a high level of turbulence transport to flow field
for optimal system performance. Thus, they are not only propagating
secondary advection but also 3D turbulence flow through velocity
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standing of flow augmentation of surface heat transfer and flow struc-
ture characteristics that give optimal thermal protection at minimal
coolant [1-5].

Previous studies on internal passive cooling techniques have been
used by many researchers to analyse the effects of groove/rib surface
combinations [2]. Saha and Acharya [2] carried out flow augmentation
system in a rectangular channel using various combinations of grooves
and rib arrangements. From the results, cooling passages in an airfoil
enhanced the heat transfer performance. This, in its sense, is extracted
from a high-pressure compressor, which is achieved in excess of 20 %
total air. From the study, this could only be accomplished through an
in-depth understanding of the existing strategies, especially those with
moderate pressure penalties. This was also confirmed by other studies
using different combinations; however, high pressure penalties affect
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the system performance characteristics [3-5]. The combined passive
techniques such as dimples-ribs, dimple-pin fins, and grooves-ribs to
enhance the system performance for optimal thermal protection and
moderate pressure penalties had been studied [6,7]. Liu et al., [6] car-
ried out turbulent flow in a square cylindrical groove duct, the study
carried out optimal heat enhancement augmentation. In this study,
different circular bottom grooves were utilised, it was revealed that the
pressure drop of circular groove geometry was not as high as that of the
triangular groove, and the systems improved the thermal efficiency. The
results were compared with existing results and with flow details in
groove surface predicted.

In addition, infrared thermography was used to study heat transfer in
rectangular grooves. The results show that the Nusselt number ratio is in
the range of 1.52 - 1.75 as established by [8]. Eimsa-Ard and Promvonge
[9] investigated turbulence forced convection using the periodic trans-
verse groove. Four turbulence models were used to conduct the
finite-volume method: renormalised-category k-, Shear
Stress-Transport, SST k-, normal-k-o, and standard k-o. The analysis
was carried out for Re 6000-18000 and aspect ratio 0.5-1.75. The
groove heat transfer relative to the smooth channel employed in the
study were 1.58 and 1.33. The thermal efficiency of the groove aspect
ratio is 0.75. Consequently, the transverse groove in a rectangular duct
with recirculation could increase the rate of heat transfer. The
cross-section of the grooves was used to examine the characteristics of
the heat transfer and friction factor according to [10]. But this occurred
more in the tube than those of circular, rectangular, trapezoidal, and
triangular geometries. In comparison to circular and trapezoidal
grooves, one (1) groove with smooth bottom curves and triangular
grooves had the strongest effects on the Nusselt number but also pro-
duced high-pressure penalties. This was further corroborated by [7,11]
on rectangular ducts. Ramadhan et al., [7] numerically supported these
results using a two-dimensional duct with four grooves of similar con-
figurations. Optimal performance protection was observed for low
groove depth. However, no major emphasis has been placed on the
characteristics of groove pitch, depth, or orientation techniques. These
parametric behavioural experiments are limited to open literature. Ac-
cording to Saha and Acharya [2], small (p/6 = 10) and large (p/8 = 15)
pitch-angled grooves were conducted in a simulated rectangular internal
cooling channel, with the grooves arranged at 45° to the flow direction
and using a transient liquid crystal for Re = 13000-55000. Their results
showed that the large groove performance was slightly lower than the
small-pitch groove performance, reflected in heat transfer and pressure
drop penalties. Furthermore, numerical analysis of the transverse
V-shaped groove on the flow and wall mass transfer [12] was performed
using four separate groove roughened walls and the Reynolds number
protected from to 103-105. The influences of the Reynolds number,
groove thickness, and groove pitch on the transfer of the wall mass and
near-wall flow were studied. The denser and shallower the grooves, the
higher the mass transfer rate. Also, increasing the Reynolds number
weakened the enhancement effect. The V-triangular groove in the
triangular base channel was also studied by [13], which doubled the
triangular depth and heated the channel symmetrically to achieve
greater efficiency than the smooth channel. The results revealed a
completely formed flow after just four typical grooves, which was
maintained until the end of the groove wall. At the vortex of the groove
face, a thin thermal boundary layer adjacent to the groove face was
observed with a non-uniform heat flux distribution. Eventually, it was
found that the windward Nusselt number was double the leeward
number. The parameters for the local heat transfer on the rough groove
endwall were further studied numerically [14,15], the result showed a
similar result however, the parametric internal flow fields characteris-
tics were not discussed. This limited the output to the common
knowledge.

In addition, using a numerical comparative study of novel groove
geometries [16], the authors determined the optimal increase in heat
transfer. The results showed minimal pressure loss a vantage point for
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applications, hence, orthodox cylindrical grooves were better suited to
heat improvements. Flow reattachment was also noted to have been
refined with minimal system separation. The immense velocity of the
nearest wall allows the device to provide improved heat transfer. The
outcome and thermal performance of the dimple structure are of
particular interest compared to those of grooves. Adachi and Hasegawa
[17] numerically analyzed the transition region of the recurrent grooved
channel for oscillation indices m, which ranged from 1 to 6 and were
groove periodicity numbers for continuous flow repetitions in the
channels. Adachi et al., [18], investigated experimentally the charac-
teristic pressure decrease in periodically arranged grooves. Oscillatory
resilience growth due to the periodic flow of fluid in the canal resulted in
a significant increase in fluid heat transfer and pressure drop penalties.
In this case, the pressure drop characteristics were found to increase at
the critical point of the groove end, and the Reynolds number increased
where two-and three-dimensional oscillation occurs. Flow visualization
was used to investigate the three-dimensional flow of the grooved
channel. The critical Reynolds number at the pivotal stage of
steady-state oscillatory flow separation was calculated using numerical
simulations. The groove pitch doubled the oscillatory flow of the fluid in
the tube. The numerical evidence is reviewed and is found to be
consistent with the experimental results. Some significant constraints
need to be discussed in the methodological development of an internal
thermal enhancement strategy. Consistent research in all affected areas
should be expanded to satisfy these criteria. The use of passive tech-
niques in all areas of heating and cooling, such as airfoil surfaces,
aerodynamics, electronic appliances, fuel cells, solar panels, heat
transfer, and thermal considerations, must be understood. The studies
emphasized the need for a research trend to focus more on internal
thermal protection schemes, especially as the material components
necessary for coolant temperature are not feasible. Thus, designers,
manufacturers, and researchers must develop an internal cooling system
to provide an improved thermal performance index for the operating
system [19].

Few studies on the characteristics of such applications have been
devoted to the physical properties and interactions of their parameters.
This certainly has significant effect on the enhancement and perfor-
mance characteristics. However, heat enhancement and flow full-field
interaction that provide internal details of the performance process in
these passive techniques, particularly in grooved plate applications,
have been limited. This entails detailed augmentation process, which
must be understood to provide robust progression and an advantageous
internal surface design. In this study, various pitches in an inclined
groove surface in the flow direction were used to examine flow aug-
mentations. The aerodynamic and flow benefits of these types of ap-
plications are yet to be fully reconnoitred in improving the flow
performance of heat-exchanger devices [1]. Therefore, using a rectan-
gular channel, the flow structure augmentation and heat transfer over a
one-sided grooved endwall are investigated for flow enhancement.
Studies have shown that this could be the driving solution for the depth
of heat fluctuation in heat exchanger devices, especially when an
extended system performance is desirable [2-5]. From this review, very
little information exists on experiments that consider the use of groove
modification techniques for internal passages to increase heat transfer
despite their potential. In addition, the experimental flow distribution
accounts are minimal especially those with IR camera which present
advanced details with flow internal structures that provides valuable
insight and information to understand the output of
thermos-aerodynamics performance.

Methodology
Experimental setup and descriptions

Test Section and instrumentation
The experimental setup for the open-circuit low-speed wind channel
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built for this study is shown in Fig. 1. The wind channel consists of an air
straightener, reducer, smoothly organized inlet channel, test section,
outlet channel, plenum chamber, pipe sections, and blower box. The
collection was installed with a low-speed blower fan at the end of the
pipe. The inlet channel is approximately 2.0 m long, and the test
segment is 0.5 m long, as is the outlet section of the channel. The plenum
chamber is a rectangular chamber where the flow settles before it moves
to two pipe Sections (2- and 4-inch pipes) for the high- and low-
Reynolds-number experiments. For the channel, a standard rectan-
gular cross-section of 203 mm with an adjustable height from the lower
outlet to the inlet of the plenum chamber was used. The material for the
segment of the plate and wind channel was made of a polycarbonate
acrylic plate. The removable end wall of the test section was 203 mm in
width, with wall thicknesses of 6 mm and 12 mm for the heat transfer
and pressure drop experiments, respectively. In compliance with the
International Standard Organisation, (ISO), a pipe section was built
based on ISO-1567 [20] for the assembly of orifice plates and flange
measurements. While a 2-inch (57 mm) pipe diameter was used for the
low Reynolds number measurement of Re < 2000, a wide 4-inch
(100 mm) pipe diameter was used for the higher Reynolds number, Re
> 2000. The mass flow rate and Reynolds number in the rectangular
channel were controlled and regulated by variable speed drive, (VSD).
When the pressure drops and thermocouple positions were tapped
through the end wall, the pressure drop rubber tube was locked in, and
the same was performed for the thermocouples. Fig. 1(b) and (c) show
the arrangement of the heat transfer plate, heater position, insulation
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layers, and thermocouples on the heated endwall.

Pressure taps with a thickness of 12 mm made on a 203 mm wide
endwall were used for pressure measurement. Similarly, for the mea-
surement of heat transfer, a wall with a width of 6 mm and a width of
203 mm was used for heater transfer experiments, insulation, and
thermocouples for the measurement of surface temperature. The stan-
dard copper tape heater was smoothly welded to each other at intervals
of 1 mm on the smooth side of the plate used to cover the entire 203 mm
width of the test section plate, and the thermocouple was then tapped to
allow surface temperature measurement. The entire area of the test
section was protected by the heater. Pressure taps were attached to the
multiport scanner values, from which the differential pressure trans-
ducer was used to collect data from plastic pressure using LabView
software. Pressures on the orifice plate were collected by separate dif-
ferential pressure transducers using the National Instrument™ Data
Acquisition Setup System. Thermocouple heat-transfer measurements
were performed using a thermocouple. The surface temperature in the
test section, which is the insulation temperature for conduction losses
during the experiment, was acquired by directly connecting the ther-
mocouple to the multiport National Instrument™ Data Acquisition
Outlet.

The differential pressure transducer signal data were digitized at a
sampling rate of 100 Hz for 2 s and then time-averaged to output the
data recorded in the LabView™ data log, which was then converted into
a pressure unit using calibration measurements. The same was done for
the thermocouples; in this case, the output was an average of 2 KHz for
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Fig. 1. (a) Schematic Diagram of test facility (b) Heater arrangement along the test Section (c) Endwall Heat transfer plate.
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2 s and recorded in the LabView™ program. It was then obtained from
appropriate calibration measurements. Furthermore, using the direct
current, (DC), power supply, the required power is supplied to the sys-
tem from the applied voltage and current adjusted to meet the demand
from the mass flow rate until a minimum difference of 10 °C is obtained
between the bulk temperature airflow and wall temperature. The details
of the mean bulk temperature of the flow are given in Eq. (1). It esti-
mates the temperature along the heated wall of the test section based on
the energy balance between the inlet and streamwise locations (x = 0 —
L). Where T,y is the inlet temperature, which is taken as ambient air
temperature of the unheated air; 3 Qcxis summation of the convective
heat losses; Qcx, is the convective power. The conduction losses in this
study were less than 5 % of the total heated power. Therefore, the total
convective heat flux was assumed to be constant. Using each thermo-
couple location along the endwall, the local Nusselt number Nuy is
estimated by the expression in Eq. (2). Aasa et al., [21]

> Qs

T., =
mx m,. Cp

Tox+ (€8]

Qc s Dh
[(L ° W) L4 (Twa - Tm.x) o a]

Nu, = 2

Where, Q,, is the average convective heat flux in the stream L, W are the
length and width of the heated plate, and Ty x is the wall temperature at
each of the thermocouple locations; Ty, x Mix-mean temperature of the
thermocouple.

Infrared (IR) camera and thermal imaging

The flow structure interactions of the experiments were performed
using a Flir™ IR camera. Flir™ S35sc captured the thermal image of the
heated groove of the endwall. The picture obtained from the device
offers a continuous distribution of the heat transfer coefficient or Nusselt
number along the groove surface. The infrared camera was calibrated
from 18 to 60 "C and operated with a lens of 48 °and a frame rate of
60 Hz. For the optical access of the camera, two circular cut-out sections
in a 203 mm thick smooth wall (unheated wall) opposite the heated
groove surface were used. A zinc-selenide (Zn-Se) window or an acrylic-
plastic window was used for the cut-out pieces. The cut-out window
located on the smooth wall opposite to the grooved endwall was used as
a saw through for the IR camera full-field data acquisition. In the range
of 5-100 pm, the antireflection coated Zn-Se window was transparent to
the infrared wavelength. The Zinc-Selenide window has a diameter of
50 mm and is situated 40 mm upstream and 450 mm downstream of the
inlet of the test portion (see picture for details of the frame window).
Spray-tinted black is the target region of the heated groove surface for
thermal imaging to decrease reflections and increase emissivity on the
surface (= 0.95). There were 13 and 11 thermocouples in the upstream
and downstream window sections, respectively. The method proposed
by Sargent et al. [22] was used to calibrate the image based on an in-situ
calibration technique. The thermocouples were embedded in the wall,
with the tips placed only on the surface. As the small geometries of both
the groove and thermocouple tip were comparable, no thermocouples
were mounted in the area. The infrared camera was positioned hori-
zontally at the center of the cut-out window to capture an image of the
groove wall. It is noteworthy that a blank acrylic-plastic window was
used to cover one of the windows when the Zn-Se window was used in
one place, while the other took the image. The pitch width of 10.5 cm by
10.5 cm is filled by a camera with a pixel size of 0.4 mmx0.5 mm at
each endwall position. With the in-situ procedures in [23,24], the cali-
bration of the camera image is carried out against the temperature of the
groove wall thermocouples located in the image region. Fig. 2(a) shows
the arrangement of the IR camera against the test section. The sample
calibration curve generated from IR measurements is shown in Fig. 2(b).
In addition, as described by [25], a second-order polynomial regression
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Fig. 2. (a) Thermal Infrared Camera set up (b) Sample of Insitu Calibration
curve for IR camera imaging.

data fit was applied. The known pixel size and location of the thermo-
couple were then used to determine the spatial position of the image
pixel. Twenty image samples were captured on the spot and averaged at
each of the window positions under steady thermal conditions of the
groove wall.

Groove endwall geometry

Three grooved endwalls were examined in this analysis. The grooves
are semi-circular and are periodically machined at an angle of 45 °all
over the width of the plate relative to the axial direction of flow (plate
length) in the Computer Numeric Control, (CNC), unit. Commercial-
quality acrylic-plastic grooved plates with a thickness of 12 mm and a
thickness of 6 mm were used for heat transfer measurements. The
grooves were fabricated in an array that varied in geometry relative to
the array pitch, groove width, and groove print diameter from plate to
plate. Tablel.1 indicates the geometry of the grooves used in the three
test plates. The grooves were organized at a 45-degree angle to the flow
direction, as shown in Fig. 3(a-c). Fig. 3(a) shows the first case: P/ =9,
rg =1 mm, and D, = 2 mm. Fig. 3(b) shows the second case: P/6=13, rg
=1 mm, and D, = 2 mm. The third case is shown in Fig. 3(c): P/8 = 6.5,
rg = 2mm, and D, = 4 mm. The X-coordinates represent the flow di-
rection, whereas the Y-coordinates represent the distance along a width
of 203 mm. Measurements were performed at three channel heights of
5 mm.

Uncertainty analysis

After boot-welding the thermocouples, they were calibrated. The
accuracy of the differential pressure transducers was 2 Pa and a 0.1 °C
accuracy was observed in the thermocouples. Calibration bias errors
were accounted for in the measurements. Analysis of the total and

Table 1.1
Details of groove geometry and operating range.
Groove D,- Groove P-Groove & H 8/Dp P/5 &/H
# diameter Pitch (mm) (mm)
(mm) (mm)
1 2 9 1 5 0.5 9 0.2
2 2 13 1 5 0.5 13 0.2
3 4 13 2 5 0.5 6.5 0.2
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Fig. 3. Groove plate details, geometric for; (a) P/& = 9 (b) P/6 = 13, (c) P/ = 6.5.

precision uncertainties in the calibration, measurement, and estimates
was performed [22-26]. According to the experimental outcome esti-
mation process, the mass flow rate uncertainties were < 2 %, the pres-
sure drop uncertainties were < 2.5 Pa. the calculated friction factor
uncertainties were < 3.5 %. The maximum heat flux uncertainty is <
3.5 %, and the maximum temperature uncertainty is + 0.5 °C. The
Nusselt number uncertainty was calculated as < 5 %. The maximum
uncertainty in the thermal performance was 5.5 %. The variations in the
uncertainty were due to the fabrication tolerances, Re changes, axial
conduction, and heat flux variations.

Results and discussions

The tests were carried out for both the pressure drop and heat
transfer experiments after all the necessary procedures for the experi-
ment were observed. The data for each experiment were obtained at the
steady state of the flow when the fluctuations of pressure and temper-
ature readings were within +2 Pa and 0.1 °C, respectively; these were
observed to occur within 10 — 15 min. The experiment was conducted
for a Reynolds number that varied between 600 ~15000 (600 > Re <
15000). The inlet test section air properties for the flow were estimated
at the ambient condition of the inlet for air pressure and temperature
changes below 1 kPa and 20 “C, respectively, from the inlet to the exit of
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the test section. Using a suitable heat flux dependent on Re, a constant
heat flux boundary condition was applied to both the smooth and
grooved endwalls. The normalized friction factors and Nusselt number
were calculated using the baseline results measured using a smooth
channel section. It should be noted that the walls were adiabatic (no
heating) for all pressure-drop experiments. The flow structure experi-
ments conducted using an infrared camera also provided details of the
flow heat transfer, and the results were compared with the average local
thermocouples and Nusselt number results at various Re values.

Pressure drop and friction factor

For the pressure drop results, smooth and grooved endwall channel
results were obtained. In this investigation, only the smooth route data
for the grooved endwall were provided. Next, the grooved wall data
were normalised along the grooved endwall test section x/L’s stream-
wise direction.

Fig. 4 illustrates this for groove plates with P/ values of 9, 13, and
6.5, and a channel height of 5 mm. The normalised pressure decrease,
AP*, for Reynolds numbers 600 > Re < 15000 at various groove pitches
is shown in these data. Equation (3) is used to calculate the normalised
pressure drop, or AP*, from the recorded wall static pressure; the
reference pressures, px and pO0, are collected at a distance of about 30 cm
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Fig. 4. Normalized pressure drop for groove plates at Channel Height H =
5 mm with (a) P/0 = 9, (b) P/d = 13, and (c) P/d = 6.5.

upstream of the test section. Fig. 4 displays the test section inlet, denoted
by x/L = 0. The normalized pressure drops, AP*, distribution along the
channel, and for each of the groove plates at different pitches decrease as
the Reynolds number increases, and vice versa. The distributions also
indicate the effect of groove pitches. The pressure drops from P/6=6.5 is
noticed to are the highest, followed by P/& = 9, and finally P/& = 13.
This shows that as the flow moves through the successive grooves with
some spark of flow along the channel wave, the distribution of the
pressure drop (px — Po) is affected. A square fit line was observed as a
straight line in the linear regression analysis. The square line of fit
through the data point along x/L for each of the groove plates indicates
an almost straight constant line of fit. R? correlation coefficient values of
0.97 are obtainable for the line fits. This shows that the flow was
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hydrodynamically fully developed in the groove channel [21,27].
Px — Po

AP" = .
0.5+ pV

3

Fig. 5 shows the experimental friction factors and Nusselt numbers
compared with the analytical correlations. The experimental friction
factor baseline was compared to the analytical correlations of Shah and
London and Karma Nikuradse [28,29]. The results revealed a variation
of less than 5 % (Fig. 5(a)). Similarly, Fig. 5(b) presents the experimental
Nusselt number compared with the analytical correlation of the Dittus
Boelter [30]. The results show a maximum variation of less than 5 % for
all Reynolds numbers and experiments carried out.

The friction factor for the experiment is presented in Fig. 6 using Eq.
(4). This was estimated from the channel pressure drop distribution Ap/
Ax. The pressure drop, Ap/Ax, along the channel was obtained from the
line of fit for each Reynolds number. The friction factors versus Reynolds
number for groove plates with relative pitch roughness, P/3, of 9, 13,
and 6.5, and at a channel height of 5 mm are presented. The friction
factors for P/6 = 9, 13, and 6.5 at a channel height of 5 mm and
600>Re<15000 are reported in the plot. The groove friction factor fg
decreased as Re increased in all grooved plates. A sharp and sudden
decline was observed in the first section of the flow from the laminar to
transition regimes. Thereafter, in the turbulent region, a gradual
decrease was observed with a small variation in the friction factor f; as
the Reynolds number increased. Generally, the friction factor decreased
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Fig. 6. Groove Average Friction factor, fg, against Re for P/6 =9, P/8 = 13 and
P/d = 6.5, at H=5mm.
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as the relative pitch roughness increased. This clearly shows that the
relative pitch roughness, P/§, 6.5 has higher friction factors compared to
the relative pitch roughness, P/, 9, which has higher friction factors
compared to the relative pitch roughness, P/3, 13. For the laminar
regime with Re< 2000, viscous friction is prominent and more drag
friction is observed in the transition regime Re > 2000 as a result of high
turbulence flow in this regime Aasa et al., [31].

(2)-(%)

f:O.S*p*VZ

4

In addition, the periodic effect of grooves on the friction factor
performance at various pitches of the grooved plates and at a channel
height is sufficiently evident that the pitch influences the friction factor.
The fg varies between 0.035-0.045 for Re > 2000, 0.023-0.035 for
Re<5000 and 0.018 — 0.022 for Re <15000. A negligible variation in
friction factors is observed for Re > 7000, which is a fully turbulent
regime. The friction factor ratios for the grooved plates at various
pitches are presented in Fig. 7. The friction factor ratios for groove plates
with relative pitch roughness, P/8, of 9, 13, and 6.5, at a channel height,
H, of 5 mm. From the data presented in Fig. 7, an increase in friction
factor ratios, fg/fo, is observed from the laminar to turbulence regime for
Re<2000, then exponentially as Re reaches the transition regime
Re<5000, and then drops slightly from 5000>Re<7000 before it starts
to gradually increase again as soon as it reaches the fully turbulent
regime 7000>Re<15000 in each of the groove pitches. All the groove
pitches have multiple effects of a minimum friction factor of 1.3 % and
2.7 %, which occur at Reynolds numbers of 600 and 15000, respec-
tively. The highest groove effect was observed with a relative pitch
roughness of P/& = 6.5, followed by P/8 = 9, and P/8 = 13. This shows
that the grooves influence the flow augmentation.

Nusselt number

This section discusses the Nusselt number distributions as repre-
sented in the text section, the average local Nuy, and the average Nusselt
number ratios, Nuyayg/NUoavg, for the endwall heated boundary. From
Egs. (1) and (2), the groove channel Nusselt number Nuy and smooth
channel Nusselt number Nuj were estimated using the average constant
heat flux across the endwall and the recorded surface wall temperature.

Fig. 8 shows the data for the grooved plate with a relative pitch
roughness P/5 of 9 at a channel height of 5 mm and 600 > Re < 15000.
In this figure, the local Nusselt number distribution along x/L in the test
section begins approximately 2 m from the inlet of the test facility. The
Nusselt number distributions decreased downstream of the test section
as the thermal flow developed until it reached the steady state at x/L =
0.4, where a minute change in the local Nusselt number was observed
along the channel at various Re and groove plates. The negligible

5
a5 | ©fG/fo-H-5mm, P/5-9
4 | ofG/fo-H-5mm, P/5-13
] 3': o fG/fo -H-5mm, P/5-6.5
w25 o B ©
2 0 O © o O ; 8 8
15 [gpf 9o O a8
1
0 5000 10000 15000 20000
ReDh

Fig. 7. Friction factor ratio, fg/f,, against Reynolds Number for P/& = 9; 13; 6.5
at H- 5 mm.
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Fig. 8. Local Nusselt Number against channel length, x/L, for P/& = 9; H —
5 mm for 1000>Re<11000.

variation in the Nusselt number as the thermal flow develops is due to a
reduction in the turbulent flow in the channel.

The average Nusselt number, Nuayg, is presented in Fig. 9(a) for
various pitch-to-depth ratios (P/6 = 9, 13, 6.5), and 600>Re<15000, is
obtained from the average local Nusselt number in the flow-developed
region of the channel. Fig. 9(a) shows that Nu,yg increases as the Rey-
nolds number changes across the flow regimes. However, the groove
plate P/8 = 6.5 with a large pitch (13 mm pitch) has the highest Nugyg.
This may be related to the groove size at a depth of 2 mm. Next, the
groove plate P/8 = 9 (9 mm pitch) with a 1 mm depth, and the groove
plate P/8 = 13 (13 mm pitch) with a 1 mm depth had the lowest Nusselt
number at various Re values. The data distributions indicate that the
periodic nature of the flow analysis of the groove affects the flow dis-
tribution and thermal development. The higher the grooves, the more
turbulation of the flow, and therefore, the better the thermal distribu-
tion. This finding was confirmed by Acharya and Saha [2]. The depth of
the groove has a higher thermal effect than its pitch. This is observed in
grooved plates with P/8 = 6.5 and P/8 = 13. Even though they have the
same groove pitches, the variation in the depth of the grooves, which
determines how close the pitches make a big difference in Nuayg, is
observed in all regimes of flow (laminar transition and turbulence re-
gimes) and channel heights. As a result, at a channel height of 5 mm and
600>Re<15000 groove plates with a pitch-to-depth ratio P/& = 6.5,
Nuayg, which varies between 9 and 88; the pitch-to-depth ratio P/6 = 9
presents Nuayg which varies between 7 and 73; and the pitch-to-depth
ratio P/8 = 13 presents Nu,yg, which varies between 6 and 68. Thus,
the periodic groove pitch influences the thermal development for flow
augmentation in the channel.

The ratios of the groove channel average Nusselt number to the
smooth channel average Nusselt number, Nuayg/ Nugavg, are presented
in Fig. 9(b). In general, the plot shows that the distribution of Nuayg/
Nugavg, increases from the laminar to the turbulent regime for
600>Re<15000 and at different groove plates and channel heights. This
figure shows a relative pitch roughness P/5 of 9. 13, and 6.5 at 5 mm,
and 600>Re<15000. The groove surfaces influence the heat transfer
with all plates, given a factor greater than one (1). According to this
graph, the groove plate P/5 = 6.5 has the highest effect with Nuayg/
Nugayg ranging from 1.30 — 2.45 %; followed by the groove plate P/I=9
with the smallest pitch with Nuayg/ Nugavg ranging from 1.18 — 1.8 %
and groove plate P/8 = 13 with Nuayg/ Nugayg ranging from 1.1 % to
1.75 %. The Nuayg/ Nugayg shows a sharp increase in distributions at the
onset of the flow for lower Re < 2000; this drops for Re < 7000, after
which it rises steadily throughout the turbulence regime of the experi-
ments for Re<15000.

The performance index of the flow was estimated using the ratio
Nuayg/Nugavg to (fG/fo)l/ 3 [29]. The heat transfer enhancements show
that the groove plates enhance the performance index of fluid flow.
Generally, the performance index in all groove plates was higher than
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Fig. 9. (a) Average Nusselt Number against Reynolds Number for (b) Average Nusselt Number ratio, Nu,ye/Nu,, against Reynolds Number.

one (1.0). This implies that the performance factors of the groove plate
heat transfer and moderate friction factors were improved. The thermal
performance data presented in Fig. 10 show a steady increase for Re <
3000 for the laminar regime and then drops slightly for the transition
regime range, and it thereafter picks up a little before it reaches a stable
state with negligible variation for the turbulence regime 7000 > Re <
15000. The denser and shallower the grooves, the higher the mass wall
transfer rate; however, an increase in the Reynolds number weakens the
enhancement effects. Grooves offer excellent performance compared to
other proven literature-based geometries. This is because it blends both
the characteristics of the dimples and the groove structures noted for
mild pressure (pressure drops) penalties for heat-transfer enhancement.

Flow full-field Interaction

To adequately determine the flow distribution of the heat transfer in
this experiment, an IR camera was used to visualize the flow of the
system. Following a step-by-step acquisition technique as expressed in
the design section, the data are processed for upstream and downstream
flow visualization, which is presented in Figs. 11 — 13 for the groove
plate with relative pitch roughness P/8 of 9, 13, at 6.5, and a channel

height of 5 mm.

From the flow visualizations (Figs. 11 — 13), the relative pitch
roughness (P/3) effects were well pronounced. The upstream data pre-
sented in the figures show how the flow floods the surface of the groove
with little or no impact, which is typical for smooth channels. However,
a uniform distribution was observed in all upstream sections.

In the downstream sections, the data presented for groove plates
with a relative pitch roughness, P/, of 6.5 shows the highest effect of all
the grooves. This results in a high turbulence effect at Re > 5000 and a
smoother distribution as the flow reaches a high Re > 7000.

However, the flow distribution for the plate with a P/5 of 9 had a
moderate distribution compared to the flow at P/§ = 13 with a less
definite uniform distribution. These are observed at a low Re and groove
relative pitch roughness, P/3, of 6.5, and 9, respectively. It is worth
noting that the flow improves with a moderate irregular flow distribu-
tion as Re increases. Even at P/8 = 13, the flow distribution was uniform
at Re > 7000 and higher Re.

Therefore, it is noteworthy that the impact of the groove in this
section (upstream section) of the flow is far less significant than that in
the downstream section of the test facility with uniformly mixed flow
and high turbulence performance index.

3
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82'6 | DOThermal performance-H-5mm, P/§-13
é AThermal performance-H-5mm, P/6-6.5
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Fig. 10. Thermal Performance Index against Reynolds numbers for grooved plates P/ = 9; P/8= 13 and P/& = 6.5 at channel Height, H — 5 mm (a) Laminar-

Transition regimes(b) Turbulent regime.
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Fig. 11. IR Flow full-field images for upstream and downstream at H = 5 mm and 1000 Re.

Conclusions

A study was carried out to investigate how convective heat is
enhanced in rectangular channels. Heat improvements employing
different grooved surfaces were carried out in this study to give a more
thorough grasp of its thermal performance and behavioural character-
istics. The study utilised groove models with relative pitch roughness (P/
8) values of 9, 13, and 6.5. (Pitch, P = 9 mm; depth, § = 1 mm; Pitch, P =
13 mm; depth, § = 1 mm; Pitch, P = 13 mm; and & = 2 mm). For this
experiment, data were gathered from every grooved plate with a 5 mm
channel height. The data validations give context for the data integrity

by utilising the heat transfer coefficient and pressure drop correlations
that are currently in place. The information provided is thought to be
helpful in figuring out how different parameters—such as air tempera-
ture, friction factors, Nusselt number, pressure drop, and IR visualisation
images of heat transfer coefficients at the upstream and downstream
sections behave and perform in a semi-circular groove that is prescribed
on a regular basis. This study presents the behaviour of these factors in a
rectangular channel. The groove angle was set at 45 °to the flow stream
direction, and it covered a surface area of 203 mm x 500 mm in the test
section. The channel employs only a one-sided groove surface, and the
other surfaces remain smooth. Data were acquired only from the
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Fig. 12. IR Flow full-field images for upstream and downstream at H = 5 mm and 2700 Re.

grooved wall. A constant heat flux plate was attached to the outer sur- baseline’s average friction factors and average Nusselt number closely
face of the groove wall, and the Reynolds numbers, as stipulated in this matched the correlations that had previously been used in the investi-
study, were set between 600 and 15000. Therefore, the experiment gation. Because of the angled groove that turbulates the fluid flows and
imitates the application of a typical passive enhancement in fuel cells, affects the temperature and pressure drops during the experiment, it was
internal turbine vane cooling, and photovoltaic cells. found that the flow field in the grooved instances was largely uniform

The experiment’s measurements and results led to the following with occasional spikes. Consequently, the fluid flow characteristics,
deductions: friction factor, pressure drop, temperature, and Nusselt number were all

When the tests were run for the same Reynolds number, the pressure improved by the grooved end-wall alteration. The test section’s gradient
distribution along the mainstream of the test section obtained for the was obtained by measuring the pressure decrease along its mainline,
baseline was uniform and modest with permitted uncertainty. The from which the friction factors were computed. Every tested groove
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Fig. 13. IR Flow full-field images for upstream and downstream at H = 5 mm and 11000 Re.

offered precise behavioural patterns and representations. Consequently,
the fluid flow characteristics, friction factor, pressure drop, temperature,
and Nusselt number were all improved by the grooved end-wall alter-
ation. The test section’s gradient was obtained by measuring the pres-
sure decrease along its mainline, from which the friction factors were
computed. Every tested groove offered precise behavioural patterns and
representations. To this end, the grooves improved the friction factor
with the optimum performance obtained from the groove plate, P/5 =
6.5. A maximum friction factor ratio of 2.7 occurs atRe = 15000 and a
channel height, H, of 5 mm.

The raw temperature data collected from the majority of the channel
test section was used to calculate the Nusselt number and heat transfer
coefficient for this investigation. The data was then corrected using the
calibration curve equation. Every groove offered a precise depiction and
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pattern of behaviour for examination. This shows that the grooves in-
crease the Nusselt number and groove plate with a relative pitch
roughness, P/8, of 6.5, which best influences the fluid. An average
Nusselt number ratio of 2.98 occurred atRe = 15000 and a channel
height of 5 mm. The Nusselt number ratios for the other groove plates,
P/8, of 9 and 13 follow the same pattern. Therefore, all plates are judged
to be effective at a Reynolds number. The thermal performance index for
the angled groove plates showed that the grooves improved system
performance. The model with a relative pitch roughness, P/8, of 6.5
(Pitch, P, of 13 mm and depth, 5, of 2 mm) had the best performance of
all the grooved plates.

The Nup heat transfer visualization data, both upstream and
downstream of the test section, show the flow-characteristic distribu-
tions in these regions. The Nusselt number flow structure images
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upstream and downstream of the test section showed a uniform distri-
bution across the surfaces of the grooves. The results show that the
groove plates P/6 = 9 and P/6 = 13 have similar performance index
results for all channel heights considered. Even though the pitches on
these plates varied, the output results did not vary significantly. The
effect of pitch on system performance is not as important as the depth of
the groove. This makes the groove case with a relative pitch roughness,
P/3, of 6.5 best performed in all the cases under study. A similar
observation was recorded when large- and small-pitch grooves were
considered in Saha and Acharya (2014).
In general, these are the main conclusions of this study:

Repy, is a dependent parameter of the friction factor fg and the fric-
tion factor ratio fg/fp in the channel. An increase in the Reynolds
number increased the friction factor.

The friction factor ratio, fg/fo, rises until the 2700 — 5000 Re range,
when the pressure drops slightly and then rises throughout the tur-
bulence region 7000>Re<15000.

The heat transfer, Nu,yg/Nu,, for the 5 mm channel (aspect ratio
0.025) was the highest, and all Nusselt numbers increased with an
increase in Repy, at a given groove relative pitch roughness.

The angled grooves have an effect on the flow full-field visual-
isations, and it is further verified that the fluid field flows are spe-
cifically impacted by the separations, the orientation of the grooves,
and the impingement rate.

The lower boundary layer thickness and longer fluid flow separation
time on the groove surfaces produced the greatest results, according
to the visualisation distribution.

%
£<3

The findings are helpful for enhancing the thermal performance and
geometry of heat exchangers in cooling or heating channel application
domains, such as generator jackets, bearing jackets, fuel cells, electronic
components, photovoltaic cells, and turbine blades.

The authors also recommend that five hole probes and/or particle
velocimetry be used to conduct more thorough internal flow full field
experiments.

Nomenclature

(A, Dp)channel cross-sectional area, hydraulic diameter

(cp, ka)(specific heat, thermal conductivity) of air

ffriction factor in screen channel

(H, L, W) (height, length, width) of test section

mymass flow rate of air

NuNusselt number

(Py, Pg, P¥) Pressure: local wall-static, reference, normalized on wall
(Qq, Q¢ x)(total convective power, local convective power) on surface

ReReynolds number, (’/’;‘I—D")
cla

Umean flow velocity, ( A’Z‘p‘l

(Ta,in» Tm,x Tw,x) Temperature: inlet air, local bulk-mean of air, on
wall at distance X

X, Y,72)
P/d

8/DpCartesian coordinate system
Relative pitch roughness

Relative depth roughness

Greek Symbols

Adifference between two quantities

(Mas pa)(dynamic-viscosity, density) of air
Subscripts and Superscripts

avgaverage property

xlocal property on the wall along X
Oreference or smooth channel property
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