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Abstract. In jet engines, turbine blade cooling has an extremely important role. The pin-fin array, which is situated
close to the trailing edge of the blade, aids in internal cooling of the gas turbine blades and preserves the structural
integrity of the blade. Previous studies often focused on pin-fin configurations, but the current research focuses on
improving the geometry at the endwalls to reduce wake vortices behind the pin-fins and enhance heat transfer at the
endwalls location. Using the &-e turbulence model, a numerical study was conducted on a ribbed shape situated on
the walls between pin-fin arrays, spanning a Reynolds number range of 7400 to 36000, in order to determine the heat
transport characteristics. The heat transfer efficiency coefficient and Nusselt number increase dramatically with the
revised wall configuration, according to the numerical data. The channel’s heat transfer efficiency is increased by
enlarging the heat transfer areas near the pin-fins and by the interaction of the flow with the endwalls. The addition of
ribs causes the Nusselt number of the new model to climb from 78% to 96% at the previously given Reynolds
numbers, and the heat transfer efficiency index to rise from 60% to 73%. The height (Hr), position (Lr), forward
width (W1), and backward width (Wb) of the ribs are among the geometric elements that were looked at in order to
determine how they affected the performance of heat transmission. In comparison to the reference design, the
parametric study results demonstrate that the best forward width (Wf/R=18.75%) and backward width
(Wb/R=31.25%) increase the heat transfer efficiency index by 0.4% and 1.3%, respectively.
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1. Introduction

In the modern aerospace industry, development of turbine engines is at the forefront. Increasing
the turbine stage’s input temperature is one method used to boost a turbine engine’s output and
thrust simultaneously. However, if a turbine blade works above the permissible temperature of the
material, it leads to thermal melting which reduces the life of the blade. Therefore, methods of
cooling turbine blades are a matter of interest to scientists. An effective method involves cooling
the inside of the turbine blade by bleeding cool gas from the compressor and subsequently
pumping it into the stages located within the turbine blade. The trailing edge domain is one of the
cooling zones that is most frequently researched. A common technology to enhance heat transfer
in this area is pin-fin arrays. Aerospace Propulsion Systems Laboratory (APSLab.) Pham et al.
(2020), Dinh et al. (2021), Dinh et al. (2023), Tran et al. (2023) looked at some new internal
cooling channel designs on the heat transfer characteristics in an effort to boost the channel’s heat
transfer capacity. Metzger et al. (1982) conducted one of the first investigations of pin-fin arrays
on cooling in turbine blades. In comparison to the flat channel, the heat transmission coefficient
increased by around double, according to the data. After examining the individual effects of the
pins on the channel’s overall heat transfer, Zukauskas (1972) cames to the conclusion that the pin
surface was the primary source of heat transfer contribution. Sparrow et al. (1980) conducted
experiments and comparisons between staggered and aligned pin-fin arrays in terms of heat
transmission properties. In general, the staggered arrays’ heat transfer coefficients were larger than
those of the in-line arrays. After comparing the pin-fin spacing of a staggered array with that of
other arrays, Siw et al. (2015) showed that the staggered array provided a higher heat transfer
coefficient and a larger friction factor

The interaction between the flow with the pin-fin’s surfaces determines the heat transfer
characteristics of a channel with pin-fins. Sircar et al. (2020), Kirkil and Constantinescu (2015)
investigated the vortex pattern surrounding a cylindrical pin placed on a plate. At the endwalls and
behind the pin-fins, they examined the characteristics of the primary, local, and secondary
necklace vortices. It is thought that as the flow travels through the pin-fin arrays, the interactions
between these vortices represent the properties of the main flow. To ascertain the properties of
heat transfer, the interaction between the flow and the pin-fins was also investigated. Otto et al.
(2019), Won et al. (2004) studied vortex shedding in von Kérman vortex systems and Horseshoe
vortex systems, among other complex flow patterns. The features of local and global heat transport
over the endwall were directly impacted by each of these structures. Additionally, it was
discovered that because of enhanced flow instabilities that encourage shear layer separation and
vortex generation, the vortex shape differs dramatically between the two Reynolds values. More
research was done on the pin-fin vortices by Schekman and Kim (2017), Sahin et al. (2008). They
discovered that the interaction of these vortices with the pin-fins was what produced the heat
transfer characteristic of the pin-fin arrays.

The cross-sectional shape of a pin-fin is thought to be a key component influencing its ability to
transmit heat in a channel. The turbulence-related pin-fin flow mechanism varies with changes in
the cross section, which impacts the channel’s heat transfer properties (Ghosh et al. 2020). The
ideal pin-fin cross-sectional shape has also been the subject of pin-fin investigations. The cross-
section types that have been explored include fan-shaped (Moon and Kim 2013), elliptical (Li and
Kim 2008), circular, cubic (Sahiti et al. 2006), and diamond (Wan et al. 2017). According to these
researches of Sahiti et al. (2006), Wan et al. (2017), Li and Kim (2008), Moon and Kim (2013),
angled cross-sections increase heat transfer but come with significant pressure losses.
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The pin-fin height and pin-fin arrays spanwise spacing, also known as the ratio of the height to
diameter (H/D) and the ratio of the distance between the pin-fins to the diameter (S/D), are
significant additional elements that draw a lot of attention from researchers worldwide. The
research of Axtmann et al. (2016) shown that arrays with shorter pin-fins enhanced heat transfer
more. Additionally, a higher heat transfer efficiency for the channel may be discovered with the
appropriate combination of H/D and S/D (Ostanek and Thole 2012, Park et al. 2008, Chyu et al.
2009). Brigham and VanFossen (1984) shown that Nusselt number was dependent on Reynolds
number and H/D for longer pin-fins. Regarding H/D<2, the channel’s heat transfer capacity was
solely determined by the Reynolds number. Pin-fins with gaps (Sa and Kim 2015, Sa et al. 2016),
detachable pin-fins (Ye et al. 2017, Chi et al. 2011, Liang and Rao 2012), and pin-fins with
endwall fillets (Chyu 1990) were all the subject of several studies. The results of these
investigations demonstrate that when the gaps’ sizes increase and the flow resistance progressively
drops, the heat transfer coefficient and the friction coefficient also decrease. Higher heat transfer
efficiency is achieved, nevertheless, because the decreased pressure loss outweighs the decreased
heat transmission.

The studies stated above are all concerned with the pin-fin’s profile shape and its changes in
dimensions, which include height and diameter. Understanding flow and vortex dynamics to
improve the heat transfer properties of channels with pin-fins was the shared goal of these
investigations. On the other hand, Tang et al. (2020) demonstrated that the channel’s primary
locations for enhanced heat transmission were discovered to be upstream and in the vicinity of the
turbulator. By comparing the effects of circular and fan-shaped pin-fins, Moon and Kim (2023)
demonstrated that the wake zone behind the pin-fin had the lowest Nusselt number. Additionally,
the fan-shape helped to reduce this area and raise the channel’s heat transfer capacity. Uzol and
Camci (2001) contrasted the elliptical and circular pin-fins’ heat transfer properties. The findings
demonstrated that the pressure loss through the circular pin-fin was more than that via the elliptical
pin-fin due to the separation of flow flowing through it. An elliptical pin-fin with a higher Heat
Transfer Efficiency Index was the outcome of this. A topic of recent interest is how endwalls
affect heat transport in a channel with pin-fins.

The impact of recessed and extruded endwalls on the heat transmission properties of pin-fin
arrays was recently examined by Do et al. (2022). The findings demonstrated that, in order to
improve the channel’s heat transmission properties, the endwalls assisted in altering the vortex’s
structure through the pin-fins and reducing the wake region behind them. Based on this, the
current numerical study examines the effects of ribbed and flat endwalls on the properties of heat
transmission in a cooling channel featuring rows of pin-fins. The endwalls in this work are
innovative because of their new configuration, namely the square ribs that are sandwiched between
pin-fin rows. Additionally, a parametric research is conducted to determine the impact on heat
transmission of the ribbed endwall shape.

2. Numerical analysis
2.1 Geometric configuration
The computational domain, based on the experimental model of Bai et al. (2019), is depicted in

Fig. 1. The developing channel (Lq), ribbed channel (Lp), heated channel (L), and outlet channel
(Lo) are the four components of the rectangular channel computational model. There are four
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(b) 3D pin-fins with ribbed endwalls (c) Design parameters of ribbed endwall
Fig. 1 Geometric configurations of cooling channel with pin-fins and ribbed endwalls

Table 1 Geometric parameters of ribbed endwalls

Parameter H/H L/R Wy/R Wy/R

Reference design 10% 200% 25% 25%
Min. 5.0% 150% 6.25% 6.25%
Max. 20% 250% 43.75% 43.75%
Steps 2.5% 12.5% 6.25% 6.25%

spanwise square ribs and five staggered pin-fins rows in the heated channel. It is believed that the
ribbed channel is a basic heated channel. W=80 mm and H=20 mm are the overall channel height
and width, respectively. The computational domain’s cross section has a rectangular shape with
the aspect ratio AR=W/H=4. The other two walls are located at y=-W/2 and y=W/2, while the above
and bottom walls are located at coordinates z=0 and z=H, respectively. Dn=2WH/(H+W)=32 mm is
the channel’s equivalent hydraulic diameter. The direction of the flow matches the x-axis direction.
The inflow is stabilized in Fig. 1 by the development channel length, Ls=100 mm, which is
computed from the inlet. Lp=300 mm is the ribbed channel length, while L=100 mm is the length
of the heated channel. L;=200 mm is the outlet channel’s calculated length measured to the
channel’s end. The effective reduction of backflow is the goal of this channel. The channel’s total
length is Lt=700 mm. The pin-fin spacings in the heated channel (spanwise direction) are S,/D=2
and Sy/D=2, and a diameter of D=8 mm for each pin-fin.

The purpose of this study is to improve the vortex area surrounding the pin-fins by using ribbed
endwalls in the pin-fin rows. Fig. 1(b) and 1(c) depict the geometric configuration of ribbed
endwalls. In the middle of two adjacent pin-fin rows on the endwalls are the rib rows. The height
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of the ribs is between 5% and 10% of the hydraulic diameter of the channel, according to the
majority of earlier articles Pham et al. (2020), Dinh et al. (2022), Bai et al. (2019) on the use of
ribs to improve heat exchange in turbine blades. For this reason, 6.25% is the height ratio used for
the current task. Therefore, the ribs’ z-x cross-section is a square with Wi=W,=1mm and H,=W,=2
mm. The ribbed endwalls’ precise geometric specifications are displayed in Tab. 1. In order to
determine the best design, these variables are adjusted in order to assess the pin-fin arrays’ heat
transmission propertie.

2.2 Performance parameters

The definition of Reynolds number (Re) is as follows

_ puDp
Re =2 (1)
where p, u, u, and Dh stand for the channel’s hydraulic diameter, inflow velocity, coolant density,
and dynamic viscosity, respectively.
The following is the definition of the local heat transfer coefficient (h)

— q
h= T—Th (2
where the wall heat flux, fluid’s wall temperature, and bulk temperature are represented by the
numbers g, Tw and Th, respectively. According to the formula of Bai et al. (2019), Tb is
interpolated along the streamwise direction based on x location.
The local heat transfer coefficient (h) is computed using the local Nusselt number (Nu)

— hDn
Nu = i €))
where A is the fluid coolant’s thermal conductivity.
The Nusselt number (Nuo) for fully developed turbulent flow in a smooth channel is defined as

follows, based on the Dittus-Boelter (1985) correlation
Nugy = 0.023.Re®8pr04 (4)

where Pr is Prandtl number.
The definition of the channel’s friction factor with pin-fins is
_ APDy
f T 2pLu? (5)

where AP and L are pressure drop across the heated channel and length of the heated channel.
In a smooth channel, the friction factor obtained for fully developed flow is given as follows

fo = 0.316Re™02° (6)
The heat tranfer efficiency index (HTEI) is defined as
_ Vu f 1/3
1= ()’ (7) g

where the average Nusselt number over the upper and lower heated endwalls is represented by Nu.
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Fig. 2 Mesh structure of computational domain

2.3 Numerical methods

Using the commercial program ANSYS CFX® 19.1 (2018), the Reynolds-averaged Navier-
Stokes (RANS) equations were numerically solved in this work to examine the heat transport and
flow characteristics in the channel. During the validation procedure, the Shear Stress Transport
(SST) turbulence model findings were contrasted with the k- turbulence model results. The k-w
turbulence model was applied for the remainder of the study based on this validation. The mean-
squared values of the continuity, momentum, energy, and turbulent Kinetic energy equations must
all be smaller than 107 in order for each case to meet the convergence requirement. Along with
that, the output mass flow parameter is also observed to check for convergence. ANSYS-ICEM®
software is used to partition the computational domain into structured meshes for numerical
simulation. The dimensionless wall distance (y+ value) needs to be determined less than 1 for the
k- turbulence model. To meet this requirement, the mesh elements adjacent to the pin-fin
surfaces and walls were set at 10-6 m. In order to improve the mesh quality for the channel, Fig. 2
depicts the mesh structure that makes use of hexagonal components and the O-grid around the pin-
fins. The k-w turbulence model with Reynolds number 21500 is employed, and the grid number is
modified from 1.7 million to 5.0 million, in order to verify the independence of the grid.

The boundary conditions are established in accordance with Bai et al. (2019) guidelines. For
validation, the current simulation findings are compared to their experimental and simulation
outcomes. The non-slip walls encircle the channel. The surface temperature of the walls and pin-
fins in the heated channel and the ribbed channel is 298.15 K, while the walls in the other regions
are adiabatic. The inlet velocity is calculated based on Reynolds numbers ranging from 7400 to
36000. The inlet gas temperature is 318.15 K, and the inlet turbulence intensity is 5%. The
computational domain’s reference temperature is 287 K, and 1 atm of the reference pressure. The
inlet is configured for dry and incompressible air. The outlet condition is specified as a static
pressure of 0 Pa, and the channel is considered to be non-rotating to study the heat exchange
characteristics inside the stator blade.
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Fig. 4 Grid-dependency test for averaged Nusselt number at Re=21500

3. Results and discussion
3.1 Grid independence test and validation

The distributions of the dimensionless wall distance y+ on the endwalls and pin-fin surfaces in
the heated channel with Re=36000 are displayed in Fig. 3. The surfaces have y* values less than 1,
meeting the requirements of the k- and SST turbulence models. Thus, all remaining Reynolds
numbers less than 36000 satisfy the condition of y* because Reynolds number is proportional to y*.
Fig. 4 displays the grid dependency test results, which indicates that the grid models with over 3.4
million meshes have the averaged Nusselt numbers that differ by less than 0.23% as compared
with the case of 3.4 million meshes. Therefore, the grid with 3.4 million meshes was chosen for all
remaining simulations of the work.

The results of the turbulence model test utilizing the SST and k-w turbulence models are
displayed in Table 2 and are contrasted with the experimental findings of Bai et al. (2019). As
demonstrated in Fig. 5, the averaged Nusselt number of the heated channel grows in all
circumstances when the Reynolds number does as well. These two parameters are nearly
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Table 2 Comparison of numerical and experimental results

Re Nu of Exp. data Nu of SST Error of SST Nu of k-o Error of k-
7400 86.9 77.4517 -10.87% 76.7216 -11.71%
14000 106.7 104.649 -1.92% 104.575 -1.99%
21500 130.8 138.709 6.05% 135.673 3.73%
29000 158.5 170.915 7.83% 168.896 6.56%
36000 178.9 201.206 12.47% 197.566 10.43%

® Exp. (Bai et al. [34])
50 -¢ CFD (Bai et al. [34])
-~ CFD (Present)

0 10000 20000 30000 40000
Re

Fig. 5 Comparison of numerical and experimental results at Re=21500

proportionate. At Reynolds numbers 7400 and 14000, both turbulence models show similar
deviations from experimantal data, but the SST model shows a slightly lower deviation. However,
at Re>21500, the k-w model prevails with much lower deviations than the SST model.
Specifically, at Reynolds numbers 21500, 29000 and 36000, the deviations of the SST model are
6.05%, 7.83%, and 12.47%, respectively, but those of the k- turbulence model are only 3.73%,
6.56%, and 10.43%, respectively. It is known that Reynolds values more than 21500 represent
typical operating conditions for the gas flow within the turbine blade cooling channels. Thus, for
the additional investigations, the k-w turbulence model was used.

The averaged Nusselt number results using the k-w turbulence model are shown in Fig. 5 along
with a comparison with the experimental and numerical results of Bai et al. (2019) to further
confirm the current numerical results. According to the visual images, the current results are
comparable to the experimental data of Bai et al. (2019) and in the tested Re range, differ from
their numerical results by an average of only 6.9%. Therefore, the present numerical results are
reasonably validated.

The Nu contours on the top heated endwall at Re=21500 are shown in Fig. 6. As seen in Figs. 6
and 7, the frontal parts of the pin-fins are covered in the high heat transfer and high velocity
regions. Horseshoe vortexes (HV) are the vortices that result from the flow and pin-fins
interacting. The flow accelerates when it crosses the separation point after crossing the forward
stagnation point. The wake vortices occur downstream of each pin-fin because a portion of the
fluid close to the fins lacks the momentum to overcome the negative pressure differential. Low
heat transfer zones are produced by these local vortices, which are trapped at each pin-fin and do
not contact with the working fluid instead constantly interacting with the pin-fin and endwall
surfaces (Effendy et al. 2019).
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Fig. 9 Nusselt number contours on flat and ribbed endwalls in heated channel at Re=21500
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Fig. 10 Velocity contours at the middle section and streamlines near an endwall of the heated channel at
Re=21500

3.2 Flow behaviors in a channel with ribbed endwalls

Fig. 8 compares averaged Nusselt number, friction factor (f), and HTEI () for two examples
with flat endwalls and ribbed endwalls. For every tested Reynolds number, the ribbed endwalls’
average Nusselt number is noticeably higher than the flat endwalls. Specifically, at Re=7400,
14000, 21500, 29000, and 36000, the averaged Nusselt number shows an increase of 78%, 95%,
96%, 88% and 88%, respectively. Along with that, the ribbed endwalls also increase the friction
factor. At Re=7400, 14000, and 29000, the friction factor increases by 38%, 43%, and 45%,
respectively. Furthermore, with the last two Reynolds values of 14000 and 21500, the maximum
friction factor is 48%. Because of the ribbed endwalls, the flow is narrowed at the ribbed position,
creating a lot of flow obstruction, thus causing higher pressure loss. The reduced variation of #,
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Fig. 11 Streamline flow near the endwall of the channel at Re=21500 from top view

which is 60% to 73% higher than that of flat endwalls, is generally the result of the higher increase

in Nu at the bigger Re being largely repressed by the higher increase in f at the larger Re when
endwalls are ribbed. Specifically, the overall gains of n are 60%, 73%, 68%, 66%, and 65% at
Re=7400, 14000, 21500, 29000 and 36000, respectively.

The Nusselt number distributions on the flat and ribbed endwalls of the heated channel at
Re=21500 are displayed in Fig. 9. In the case of ribbed endwalls, the horseshoe vortices at the pin-
fins are extended. In addition, the averaged Nusselt number in a HV region and surrounding
regions is higher than that of flat endwalls. Fig. 10 shows regions of almost no wake vortices in
locations around the region anterior to the rib rows. Besides, the wake vortices area behind the pin-
fins is significantly reduced. In addition, the ribbed rows show flow-disturbing properties that help
the flow better interact with the pin-fins. That’s why the ribbed endwalls have better heat transfer
performance than flat endwalls.

The HVs of the pin-fins (Fig. 9(b)) extend to the faces of the lateral pin-fins as well as to the
flow directions. This is explained by the faster flow across the rib rows, which widens the
posterior fin row’s HV and increases turbulent kinetic energy. Additionally, it is discovered that in
Fig. 9(b), the local vortices behind the pin-fins vanish. This is because when the flow near the
endwall passes through the fins, a portion of the flow tends to move upward, disrupting wake
vortices behind the pin-fins. In addition, the interaction of the flow with the endwalls, as well as
the pin-fin rows, is evident by the appearance of interactive vortices. These vortices have high
velocities along with continuous interaction with both the endwalls and the pin-fins which
increases the heat transfer efficiency of the channel (Fig. 10(b)).

The appearance of the wake vortex regions behind the pin-fins with the flat endwalls is clearly
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(b) Ribbed Endwall
Fig. 12 3D streamlines near the endwall in the heated channel and outlet channel at Re=21500

visible in Figs. 10(a) and 11(a). The appearance of ribs between the pin-fin rows makes break up
these vortices because when the flow passes through the ribs, compared to wake vortices, it
produces upward flows that are faster and more energetic. Thus, the wake vortices disappear in the
case of the ribbed endwalls, replaced by the appearance of upward flows behind the pin-fins. As
seen in Figs. 10(b) and 11(b), these flows eliminate the wake vortices behind the pin-fins. Fig. 12
illustrates the flow in the outlet channel after passing through the heated channel. The flow spreads
more widely when endwalls are ribbed than when endwalls are flat. The flow passes through the
ribs at the heated wall. Some of the flow splits off from the area close to the wall and combines
with the flow in the center of the channel, creating distinct air flows in each direction.In addition,
in the case of ribbed endwalls, the reduction of the wake vortex area behind pin-fin row 5 also
makes the rear airflow more even. When ribbed endwalls are used instead of flat endwalls, the
channel’s heat transmission efficiency is increased for the reasons mentioned above.

3.3 Effect of the height of ribbed endwalls on heat transfer performance

To investigate the influence of geometrical parameters (Table 1), the height of the rib Hr is
investigated first at Re=21500. The height ratio Hr/H is considered as the variable parameter
where Hr has a value in a range from 5% to 20% of H with a step of 2.5%, and 10% is the
reference value. Nu and # rose when the height ratio grew from 5% to 10%. And, from about 10%
to 20%, Nu increases but # decreases as shown in Fig. 13. The maximum value of #, 1.4, is
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Fig. 14 Nu contours and velocity fields on the heated wall at Re=21500 for height ratios of 5% and 20%

achieved at the reference design. The difference between this figure and the flat endwalls instance
is around 68%.

The velocity field in Fig. 14(a) reveals that, in comparison to the situation of Hr/H=5%, the
Hr/H=20% exhibits higher velocity in the positions of row 2 and 4. The channel cross-section
through the rib is narrowed leading to an increase in kinetic energy and velocity of the flow. As
illustrated in Fig. 14, an increase in rib height causes increases in the heat transfer capacity at
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Fig. 16 Nu contours and velocity fields on the upper heated wall at 50% and 150% position ratios at
Re=21500

every row in the channel. Fig. 14(b) shows that the overall Nusselt number at the endwalls
increases as the HVs are enlarged and the Nusselt number at the HVs increases due to increased
height. Additionally, the channel’s converging and diverging geometries distort the flow and cause
it to become less uniform. As a result, the flow tends to converge closer to the endwalls, increasing
heat transfer in these areas. This can be clearly seen in the interactive vortices for Hr/H=20%,
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which has a larger size and velocity than those of Hr/H=5%. The HTEI of the channel drops when
the increase in the friction factor exceeds the rise in the averaged Nusselt number because the
narrow channel also results in a significant pressure loss and a larger friction factor.

3.4 Effect of the position of ribbed endwalls on heat transfer performance

In this section, the position parameter (Table 1) in the x direction of the ribbed row (L) is
studied. The ratio L+/R is considered as a variable parameter where L, has a value from 150% to
250% of H with a step of 12.5%, and the reference design is 200%. The fluctuations of Nu and #
with the ratio L./R are displayed in Fig. 15. It is found that at the reference ratio, Nu and 7 are the
highest. Both the graphs of Nusselt number and HTEI show the same qualitative variation and
have the peaks at the reference design L/R=200%.

It is found that the cases L./R=150% and L,/R=250% show clearly different HV shapes. The
HVs expand to the upstream but narrow to the downstream in the cases of L/R=250%, but in the
case of L/R=150%, on the contrary, the HVs tend to expand to the downstream and narrow to the
upstream (Fig. 16(b)). Furthermore, there is less flow interaction between the ribbed row and the
pin-fin row when the ribbed row position is too near or too far from the pin-fin row. The
interactive pin-fin row vortex field is shown in Fig. 16(a). It is clear from the results that the
endwalls function at their best when L./R=200% (the reference design) is used, as this design has
the maximum heat transfer efficiency index (HTEI) for the channel.

3.5 Effect of the forward width of ribbed endwalls on heat transfer performance

In addition to the position and height parameters (Table 1), the width of the rib row section is
investigated here. For the forward width of the rib (Ws), dimensionless parameter W¢/R is used. The
Wi/R ratio is investigated from 6.25% to 43.75% with a step of 6.25%, and the reference design is
25%. For convenience in the process of manufacturing and processing parts, the ratio W+R and
step are considered to choose the appropriate value, and then the W; value is in a range of 0.25 mm

to 1.75 mm with a step of 0.25 mm. The fluctuations of Nu and # with the ratio Wy/R are displayed
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Fig. 18 Overheated wall velocity field and Nu contours for W¢/R of 6.25% and 43.75% at Re=21500

in Fig. 17. It is found that both Nu and # graphs reach their maximum values at the position of
Wi/R=18.75%. Specifically, Nu increases by 1.13% and # increases by 0.4% at this position, as
compared to the reference design. The increased width ahead of the rib row causes a narrowing of
the flat walls. As a result, there is limited contact between the flow and the flat walls since the
flow hasn’t had enough time to interact with the ribs before it encounters the next row of ribs. As a
result, as Fig. 18(a) shows, the heat transmission efficiency index decreases. On the other hand,
when the rib width decreases forward, the pin-fins row and rib spacing increase, which reduces the
flow contact between them. Fig. 18(b) shows that the local vortices for Wi/R=6.25% show larger
area than those for Wi/R=25%. Therefore, the forward width affects HTEI and Wi#/R=18.75% is the
optimal value which gives the best performance.

3.6 Effect of the rear width of ribbed endwalls on heat transfer performance

Along with the forward width of the ribs row, the rear width of the ribs row (W, in Table 1) is
studied in this section. Similar to Wi#/R, Wu/R is surveyed from 6.25% to 43.75% with a step of
6.25%, and the reference design is 25%. This means that W, has a value between 0.25 mm and
1.75 mm with a step of 0.25 mm. The results of surveying the rear width of the ribs row are shown

in Fig. 19 for Nu and 7. According to the findings, the maximum HTEI and Nusselt number are
both reached in the studied range at W,/R=31.25%.
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Fig. 19 Variations of Heat transfer efficiency and Nusselt number for Wy/R of 6.25% to 43.75% at Re=21500
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Fig. 20 Velocity fields and Nu contours over the heated wall for Wp/R of 6.25% and 43.75% at Re=21500

The interaction vortices between the pin-fins and the rib rows are depicted in Fig. 20(a).
Because the velocities of these interactive vortices in the 43.75% example are larger than those in
the 6.25% case, the 43.75% instance exhibits superior flow interaction with the endwall. Besides,
Fig. 20(b) shows that in the case of 43.75% the area of the HV is narrowed to the upstream
compared with the case of 6.25%. This happens as a result of the horseshoe vortex’s extension
towards the rib rows and the flat walls’ narrowing in front of the pin-fin row. Thus, Wy/R=31.25%
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Fig. 21 Velocity contours at the middle section and streamlines near the endwall for the reference design and
the best cases of Ribbed endwalls at Re=21500
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Fig. 22 Streamlines near the endwall of the channel from top view for the reference design and the best cases
of ribbed endwalls at Re=21500
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provides optimal flow interaction with the endwalls and pin-fins, where Nu and # increase by 2%
and 1.3%, respectively, as compared to the reference design.

3.7 Comparison of the reference design and the best cases of ribbed endwalls

Based on the parametric study’s findings, the best improvements in heat transfer compared to
the reference design are found to be obtained at Wi#/R=18.75% and Wy/R=31.25%. Fig. 21 shows
that in the heated channel, the flow with Wi#/R=18.75% spreads wider than in the reference design.
Furthermore, in the case W#R=18.75%, the low velocity zones behind the pin-fins in the third and
fourth pin-fin rows are smaller than in the reference design, as Fig. 22 makes evident Because in
the case of Wi/R=18.75% the flow in the heated channel is spread out, Fig. 23 shows that the flow
in the outlet channel with Wi/R=18.75% is more uniform than that in the reference design. Another
factor to consider is that the friction coefficient for Wi#/R=18.75% is smaller than that of the
reference design because the width of the rib is reduced. For the above reasons, the HTEI in the
case Wi/R=18.75% is better than that of the reference design.

In the case of Wy/R=31.25%, the width of the ribs is widened as compared to the reference
design, so the flow behind the pin-fins is pushed higher and carries more energy, which destroys
the wake vortices more effectively. The flow is elevated after passing through the ribs, causing it
to spread wider. This expansion aids in the more effective heat transfer within the channel as
illustrated in Fig. 21(a) and 21(c). Fig. 22(a) and 22(c) show that the chaotic flow in the case of
Ww/R=31.25% becomes more severe than the reference design due to the reason described above.
The low velocity zones in the rear rows of pin-fins are similarly reduced, as seen in Fig. 23(a) and
23(c). From there, the improvement in HTEI for W,/R=31.25 compared to the reference design can
be explained.

4. Conclusions

In this study, RANS equations with the k- turbulence model in the Reynolds number range of
7400 to 36000 are used to examine the heat transfer characteristics of the ribbed endwalls in the
heating channel with pin-fin arrays. The numerical results are in good agrement with the
experimental data. Four geometrical parameters of the ribs with the height, position, forward width
and rear width were investigated. The following conclusions are reached:
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(c) Wy/R=31.25%

Fig. 23 3D streamlines near the endwall of the heated channel and outlet channel for the reference design
and the best cases of ribbed endwalls at Re=21500

1. The properties of heat transmission of the ribbed endwalls are enhanced significantly as
compared to the flat endwalls. In particular, when compared to the case of the flat endwalls, the
ribbed endwalls demonstrate increases in the averaged Nusselt number and HTEI from 78% to
96% and 60% to 73%, respectively, at all tested Reynolds numbers.
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2. The results for the flowfield show that the ribbed endwalls increase flow interaction between

endwalls and pin-fins. The horseshoe vortices are expanded in all directions and the local

vortices after the pin-fins being narrowed.

3. The results of the parametric study show that every examined parameter has an impact on the

heat transfer performance. The performace shows maxima at the reference designs of the rib

height and position parameters. For the rib width parameters, with Wi/R=18.75%, the averaged

Nusselt number and HTEI increase by 1.13% and 0.4%, respectively, and with W,/R=31.25%,

they increase by 2% and 1.3%, respectively, as compared to the reference design.

Based on these findings, future research will examine different endwall geometries that further
enhance heat transfer performance in channels with pin-fins, as well as refine the geometry of the
ribbed endwalls utilizing optimization techniques.
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