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A B S T R A C T

The present study numerically investigates the influence of tailored local perforations on swirling flows and their 
influence on heat transfer enhancement in the rib turbulators. Numerical simulations are conducted for various 
rib inclination angles and perforation positions. The results indicate that ribs inclined at 60◦ and 30◦ increase the 
normalized Nusselt number by approximately 23.2 % and 17.0 %, respectively, and improve the overall thermal 
performance factor by 11.9 % and 24.5 %, compared to conventional 90◦ inclined ribs. To further enhance heat 
transfer performance, ten perforations are applied in parallel with the flow direction at one end of each inclined 
rib, targeting the local swirling flow. These perforated configurations enhance turbulent mixing and strengthen 
the vortex structures, improving heat transfer over the bottom surface. For the 60◦ and 30◦ inclined ribs, the local 
perforations increase the normalized Nusselt number by 5.1 % and 4.4 %, respectively, while reducing the 
normalized friction loss by 1.5 % and 5.7 %, resulting in overall thermal performance improvements of 5.6 % and 
6.5 %. In contrast, when perforations are applied at both ends of the 30◦ inclined ribs, the secondary flow is 
disrupted, leading to a localized reduction in heat transfer. This configuration yields an approximately 9.2 % 
lower overall thermal performance factor than the case with ten perforations positioned only at the left end of the 
30◦ inclined ribs.

1. Introduction

The gas turbine plays a crucial role in efficiently converting heat into 
power, finding widespread application in power generation and pro
pulsion of aircraft and ships. Developing gas turbine engines with 
improved thermal efficiency and output is essential for reducing fuel 
consumption and mitigating environmental pollution. The most com
mon approach for enhancing the efficiency and power output of a gas 
turbine engine is to increase the operating temperature of the turbine 
[1–3]. Many studies have reported that a mere 50 K increase in turbine 
entry temperature (TET) can yield a substantial 8–9 % increase in power 
output and a notable 2–4 % enhancement in cycle efficiency [1]. In 
pursuit of these gains, the development trajectory of gas turbine engines 
has shown a distinct focus on elevating the operating temperature of the 
turbine [1–3]. The operating temperature of turbines will soon approach 
2000 K, surpassing the current limit of turbine materials [2]. However, a 
temperature increase of 30 K beyond the allowable limit for metal blades 
reduced their lifespan by half [4], indicating that advanced cooling 
technologies are necessary under higher operating temperatures. To 

overcome this limitation is crucial for bridging the technical gap be
tween the TET and the maximum permissible material temperature.

Previous works have focused on various interfacial forced convection 
cooling strategies, utilizing internal cooling air within the blade to 
enhance the performance and durability of turbines. Internal cooling 
approaches, such as rib turbulators [5–7], dimpled surfaces [8,9], 
pin-fin arrays [10,11], and impingement jets [12,13]. Among these 
techniques, rib turbulators are passive cooling structures integrated into 
the walls of internal cooling channels within the blade. Due to their 
simplicity and flexibility in design and size, they are widely applied in 
the cooling passages of the mid-section of airfoils [2]. When cooling air 
enters the ribbed channel, flow separation occurs at the edges of the ribs, 
generating a backward-facing step flow where the shear layer separates, 
resulting in the flow dividing into recirculation and reattachment re
gions [14]. The secondary flow induced by rib turbulators is one of the 
primary factors contributing to heat transfer enhancement in cooling 
passages, but it also intensifies the pressure drop, thereby reducing 
cooling performance. Therefore, several studies have investigated the 
influence of rib geometry on the internal flow structure of the channel to 
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enhance heat transfer while minimizing the frictional effects caused by 
the ribs. Kaewchoothong et al. [15] experimentally investigated the 
influence of different inclination angles and V-shaped ribs on local heat 
transfer characteristics and the impact of friction on three-dimensional 

flow. They found that a rib inclination angle of 30◦ produces the high
est overall thermal performance factor under low friction loss. Also, 
Yang et al. [16] numerically simulated the effect of varying rib incli
nation angles at 30◦, 45◦, 60◦, and 90◦. They found that cases with in
clined ribs show similar secondary flow distribution and enhanced 
overall thermal performance factors, primarily due to the longitudinal 
secondary flow downstream.

In recent years, perforated ribs have received significant attention to 
enhance heat transfer performance while reducing pressure drop 
[17–19]. Liu et al. [17] also investigated cooling characteristics in a 
rectangular channel using perforated ribs with inclined holes, ranging 
from 0◦ to 45◦, and with circular and square hole shapes. It was 
concluded that the perforations could enhance the overall average 

Fig. 1. (a) Schematic of the computational domain used for preliminary validation, and (b) comparison of the spanwise area-averaged Nusselt number between the 
eighth and ninth ribs using two different turbulence models.

Fig. 2. A schematic of the computational domain.

Fig. 3. Configurations of the three different cases without perforations.

Table 1 
Properties of air [28].

Property Value

Density 1.225 kg/m3

Thermal conductivity 0.0242 W/m⋅K
Specific heat 1006.43 J/kg⋅K
Viscosity 1.7894 × 10–5 kg/m⋅s
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Nusselt number by mitigating the recirculating flows behind the ribs but 
creating a local region of low Nusselt numbers on the side opposite the 
inclination direction. Liu et al. [18] experimentally and numerically 
investigated the effects of different perforation shapes and intervals on 
heat transfer and friction. The results demonstrated that perforations 
mitigated the low heat transfer regions caused by recirculating flows and 
reduced friction, improving the overall thermal performance factor and 
the uniformity of the cooling effect. This observation was more pro
nounced in the cases of round holes with smaller intervals. Qian et al. 
[19] examined the flow patterns and heat transfer performance when 
horizontal or upward/downward tilted perforations were applied to 
vertical ribs through both experimental and numerical methods. They 
found that the perforations reduced the pressure drop within the chan
nel and improved heat transfer performance. However, both studies 
exhibited non-uniform heat transfer distribution, showing high heat 
transfer regions at the leading edge of the inclined ribs and low heat 
transfer regions at the trailing edge.

According to previous studies, inclined ribs have been shown to 
enhance heat transfer by generating secondary flows; however, they 
have also caused pressure drop and non-uniform flow distributions. 
While perforations can reduce pressure drop and improve flow unifor
mity, they may weaken the intensity of secondary flow, potentially 
compromising local heat transfer performance. Unlike the previous 
approach [17–19], the main objective of this study is to propose a novel 
method that utilizes tailored localized perforations, specifically 
designed to induce a local swirling flow, promoting turbulent mixing 
and enhancing heat transfer in an inclined rib channel. Extensive CFD 

simulations are conducted to comprehensively analyze the flow char
acteristics for different arrangements of local perforations and rib 
inclination angles. Based on numerical insights, a physics-informed 
configuration is suggested by partially locating perforations on only 
one side of the inclined ribs, which controls secondary flow and im
proves overall thermal performance while minimizing disruption in high 
heat transfer regions.

2. Numerical methods

2.1. Mathematical representation

Numerical simulations were conducted using ANSYS FLUENT (2020 
R2) with three-dimensional, turbulent, incompressible, and steady-state 
assumptions. Radiation heat transfer and the gravitational force were 
also assumed to be negligible. The present study solves the Reynolds- 
Averaged Navier–Stokes (RANS) equations with the energy and mass 
conservation equations, expressed as follows: 
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where ρ, μ, ui, and uí are the density, dynamic viscosity of the flow, time- 
averaged velocity, and fluctuating velocity, respectively. In Eq. (3), E is 
the total energy, keff is the effective thermal conductivity, and τeff is the 
deviatoric stress tensor. This study also utilized the Shear Stress Trans
port (SST) k–ω model to effectively account for secondary vortical flows 
and separation behavior, which typically occur near the ribbed channels 
[17,19–21]. The two equations for the additional turbulent quantities 
can be expressed by 
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where k is turbulent kinetic energy (TKE), ω is the specific dissipation 
rate, Gk is the generation of k from the mean velocity gradients, Gω 
denotes the generation of ω, and Dω represents the cross-diffusion term. 
Yk and Yω denote the dissipation of k and ω from turbulence, respec
tively. For the square channel, the Reynolds number at the inlet was 
defined as 

Re =
ρuinletDh

μ , (6) 

where Dh is the hydraulic diameter of the channel’s inlet and uinlet is the 
inlet air velocity. The local Nusselt number on the bottom wall of the 
heated section was calculated as follows: 

Nu(x, z) =
qwDh(

Tw(x, z) − Tavg
)
λ
, (7) 

Here, Tw(x, z) is the local temperature at the bottom wall, Tavg is the 
average temperature of the air in the heated section, and λ is the thermal 
conductivity of the air. The average Nusselt number of the heated sec
tion is calculated as the area-weighted average of the local Nusselt 
numbers: 

Nu =
1
A

∫ ∫

A

Nu(x, z)dx dz, (8) 

Fig. 4. Grid-independence tests for Case 1.

Fig. 5. Flow characteristics, including velocity magnitude and streamlines in 
the y-z plane at x = 160 mm for Case 1.
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where Nu(x, z) is the local Nusselt number. For calculating the overall 
Nusselt number, A represents the total area of the bottom wall in the 
heated section. Meanwhile, the friction loss representing the pressure 
drop within the ribbed channel is expressed by 

f =
Δp

2ρu2
inlet

⋅
Dh

Lheat
, (9) 

where Δp represents the pressure drop within the channel, calculated as 
the difference between the area-weighted averages of the pressures at 
the inlet and outlet of the heated section. To evaluate the performance of 
the ribbed channel, the normalized overall Nusselt number, Nu/Nu0, 
and normalized friction loss, f/f0, are used. For normalization, the 
Nusselt number is calculated using the well-known Dittus–Boelter 
equation (Eq. (10)), whereas the friction loss is determined based on the 
Blasius correlation (Eq. (11)). 

Nu0 = 0.023Re0.8Pr0.4, (10) 

f0 = 0.079Re− 0.25, (11) 

where Pr represents the Prandtl number. Since the performance of rib
bed channels should be analyzed by considering both heat transfer and 
flow characteristics, the present study employs the overall thermal 
performance factor, which represents heat transfer performance relative 
to pressure loss in the channel, to evaluate the cooling performance as 
expressed by 

η =
Nu/Nu0
(
f
/
f0
)1/3. (12) 

2.2. Preliminary test for validation

A preliminary test was conducted for validation by comparing the 
simulation results with experimental data reported in the previous study 
[22]. Fig. 1(a) presents the configuration used for preliminary simula
tions, which were performed based on the same geometry and boundary 
conditions reported in the literature [22]. The computational domain 
includes a rectangular heated section with dimensions of 1500 mm in 
length, 160 mm in width, and 40 mm in thickness, incorporating rib 
structures with a height of 8 mm mounted on the bottom wall. The 
channel aspect ratio is 4:1, and the corresponding hydraulic diameter is 
64 mm. A uniform velocity profile was imposed at the channel inlet, 
corresponding to a Reynolds number of 42,500, with an inlet tempera
ture of 300 K. The outlet boundary condition was set to a static pressure 
condition with zero-gauge pressure. All smooth walls were assumed to 
be adiabatic with no-slip conditions. A uniform heat flux of 1000 W/m² 
was applied to the bottom wall. To assess the predictive accuracy of 
turbulence models, numerical results obtained using the SST k–ω and 
standard k–ε models were compared with experimental data [22]. The 
spanwise-averaged Nusselt numbers estimated between the eighth and 
ninth ribs were compared with the experimental results, as shown in 
Fig. 1(b). The spanwise area-averaged Nusselt number was calculated as 
follows: 

Nu(z) =
1

x2 − x1

∫ x2

x1

Nu(x, z) dx (x1 =0 mm, x2 =160 mm, y=0, 0

≤ z /P ≤ 1),
(13) 

where Nu(x, z) is the local Nusselt number. The results indicate that the 
SST k–ω model exhibits better agreement with the experimental data 
than the standard k–ε model. As reported in previous studies [23,24], 

Fig. 6. Secondary flow characteristics including vortical flows, velocity magnitude, and streamlines for (a) Case 2, and (b) Case 3.
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the SST k–ω model more effectively resolves near-wall turbulence, 
providing more accurate predictions of rib-induced secondary flows. 
Based on this result, the present study employed the SST k–ω model for 
all cases to investigate the effects of tailored local perforations on 
swirling flows and their influence on heat transfer characteristics.

2.3. Computational domain and boundary conditions

Based on the preliminary validation described above, the present 
study employed the SST k–ω model, which demonstrated better agree
ment with experimental data than the standard k–ε model. Numerical 
case studies were subsequently conducted for various inclined rib angles 
and local perforation configurations using a reference configuration 
consisting of a simplified rectangular channel with five rib turbulators 
on the heated section, as illustrated in Fig. 2, which has been widely 
used in the literature [5,17,18,25,26] for computational simplicity. The 
cross-section of the channel was constructed to have a height, H, of 80 
mm and a width, W, of 320 mm, with an aspect ratio, W/H, of 4. The 
hydraulic diameter of the rectangular channel is given by Dh = 2WH/(W 
+ H) and is calculated to be 128 mm. The rectangular channel consists of 
three sections: the inlet section, the heated section, and the outlet sec
tion, each with a length of 600 mm, 1000 mm, and 400 mm, respec
tively. The inlet section length is determined to achieve fully developed 
turbulent flow [27], and the outlet section is placed after the heated 
section to reduce the incidence of reverse flow. In the heated section, 
five rectangular ribs are positioned on the bottom surface of the channel 
at regular intervals of P = 100 mm, with a consistent height and length 
of all ribs at e = 10 mm; corresponding aspect ratio, P/e, is 10. Fig. 3
illustrates three different rib arrangements without perforations with 

three different inclination angles (α) of 90◦, 60◦, and 30◦.
The boundary conditions were adopted from previous experiments 

and numerical simulations [17,18,29,30]. In the simulation, we applied 
a uniform heat flux of qw =1000 W/m2 to the heated wall, consistent 
with the conditions used in the literature [5], whereas all other walls 
were treated as adiabatic. The inlet fluid was assumed to be incom
pressible dry air with constant thermal and physical properties, as listed 
in Table 1. The velocity-inlet boundary condition was set to ensure the 
inlet flow would enter perpendicular to the wall. The inlet air was set to 
have a constant temperature of Tin = 300 K, and a uniform inlet velocity 
was estimated with a corresponding Reynolds number of 80,000 and a 
channel hydraulic diameter of 128 mm. The grid-independence tests 
were performed for Case 1 to determine a suitable mesh system for 
simulation, as shown in Fig. 4. The static temperature of the air was 
monitored along line A-A’ within the heated section extending from z =
600 mm to z = 1600 mm at x = 160 mm and y = 20 mm. Based on the 
test results, this study selected mesh structures with 10.9 million ele
ments for Case 1, which exhibited maximum temperature differences of 
approximately 0.14 K.

Fig. 7. The predicted distributions of velocity magnitude on the x–z plane at y 
= 1 mm for (a) Case 1, (b) Case 2, and (c) Case 3.

Fig. 8. Normalized Nusselt number distributions at the bottom surface of the 
heated section in (a) Case 1, (b) Case 2, and (c) Case 3.

Table 2 
Thermal and hydraulic performance in Cases 1, 2, and 3.

Case Nu/Nu0 f/f0 η

Case 1 1.272 2.853 0.897
Case 2 1.567 3.810 1.003
Case 3 1.488 2.367 1.117
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3. Results and discussion

3.1. Effect of inclination angle on heat transfer characteristics without 
perforations

The velocity magnitude and streamlines in the y-z plane at x = 160 
mm for Case 1 are presented in Fig. 5. As the flow passes over the rib, 
flow separation occurs, creating a recirculation zone. The fluid then 
reattaches to the wall. A large separation vortex dominates the region 
between the first and second ribs. Beyond the second rib, the recircu
lation zone becomes significantly compressed due to reduced flow ve
locity, and a reattachment zone emerges between the ribs.

The present study analyzed streamlines and Q-criterion isosurfaces 
to elucidate the effects of different rib structures on flow distributions. 
The Q-criterion isosurface is a widely used method for vortex visuali
zation, identifying regions where the vorticity magnitude exceeds the 
strain rate magnitude. Previous studies [31,32] have shown that the 
appropriate selection of Q-criterion value is essential for accurately 
capturing vortex regions. The Q-criterion is mathematically defined as 

Q =
1
2
(
‖ Ω ‖2 − ‖ S ‖2), (14) 

where Ω represents the vorticity, and S denotes the strain rate.
Figs. 6(a) and (b) present the Q-criterion isosurfaces and calculated 

streamlines for Cases 2 and 3, respectively. The inclined ribs generate 
asymmetric flow and promote the development of secondary flows along 
the rib surfaces, generating vortical motion that enhances flow mixing. 
As the flow moves along the inclined ribs, it interacts with the sidewalls, 
forming an upward secondary flow that moves away from the bottom 
surface. Case 3 produces secondary flows that are more uniform and 
aligned with the mainstream direction because of the influence of the 
smaller inclination angle compared to Case 2, as shown in Fig. 6(b).

Fig. 7 presents the velocity magnitude distributions on the x–z plane 
at y = 1 mm for Cases 1, 2, and 3. As shown in Fig. 7(a), in Case 1, high 
velocity is observed within the recirculation zone between the first and 
second ribs, where reverse flows are mainly present. Beyond the second 
rib, however, recirculation zones with lower flow velocities occur, and 
the reattachment zone also enhances local flow mixing. Unlike Case 1, 
Cases 2 and 3 generate asymmetric flow structures due to the inclined 
ribs. As shown in Fig. 7(b), in Case 2, the secondary flow near the right 
end of the rib at x = 0 with high velocity occurs, and it rotates along the 
inclined rib. Lower velocity is also observed at the left end of the rib, 
where the upward secondary flow takes place and moves away from the 
bottom surface. Fig. 7(c) illustrates that Case 3 exhibits high velocity in 
the secondary flow regions; however, the velocity distribution becomes 
more uniform along the inclined rib owing to the smaller inclination 
angle of the rib.

Fig. 8 illustrates the normalized Nusselt number distributions on the 
bottom wall for Cases 1, 2, and 3. In Case 1, a high heat transfer region is 
observed in the middle area between the ribs, where reattachment flow 
occurs. Meanwhile, relatively lower convective heat transfer is present 
behind the ribs due to recirculation flow. In contrast, in cases with in
clined ribs, convective heat transfer varies significantly along the rib 
surfaces because of the asymmetric flow characteristics induced by the 
inclination. Figs. 8(b) and (c) demonstrate that in Cases 2 and 3, high 
heat transfer regions develop near the right end of the rib, caused by 
high-velocity secondary flow, whereas the low heat transfer regions 
emerge in the upward secondary flow regions near the left end of the rib. 
Similar to Case 1, low heat transfer regions are also identified behind the 
ribs due to recirculating flow. These results suggest that high heat 
transfer regions are predominantly concentrated near the right end of 
the rib, whereas low heat transfer occurs near the left end of the rib, 
highlighting the asymmetric nature of the heat transfer.

Table 2 presents the normalized Nusselt numbers, normalized fric
tion losses, and overall thermal performance factors for Cases 1, 2, and 
3, calculated using Eqs. (8) to (12). Compared to Case 1, the normalized 
Nusselt number increases by approximately 23.2 % in Case 2 and 17.0 % 
in Case 3. Given that strong spanwise vortices are closely associated with 
higher pressure drop [15], Case 2 exhibits the highest normalized fric
tion losses, whereas Case 3 shows the lowest values. The results indicate 
that Cases 2 and 3 enhance the overall thermal performance factor 
relative to Case 1, with increases of 11.9 % and 24.5 %, respectively. 

Fig. 9. Configurations of the three different cases with perforations.

Fig. 10. Grid-independence tests for Case 6.
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Case 2 shows the highest normalized Nusselt number, which is accom
panied by the most significant friction loss. When considering both 
pressure loss and heat transfer enhancement, it is found that Case 3 
exhibits the highest overall thermal performance among the three cases, 
indicating the effectiveness of inclined ribs for turbine blade cooling, 
which is consistent with previous findings [15,16].

3.2. Heat transfer enhancement by tailoring local perforations

Previous studies have reported that localized perforations in rib 
structures can enhance flow reattachment, mitigate low heat transfer 
regions, and reduce pressure drop by minimizing flow resistance [17,18,
25]. However, as discussed above, the inherent asymmetry in heat 
transfer distribution induced by inclined ribs suggests that uniformly 
spaced perforations may not always be advantageous. Thus, the present 
study aims to propose a rib structure with tailored local perforations to 

Fig. 11. Q-criterion isosurfaces for visualizing vortical flow structures: (a) no perforations with α = 60◦ (Case 2), (b) 10 perforations with α = 60◦ (Case 4), (c) no 
perforations with α = 30◦ (Case 3), (d) 10 perforations with α = 30◦ (Case 5), and (e) a double-perforation rib arrangement with α = 30◦ (Case 6).

Fig. 12. Contours of velocity magnitude and TKE on the x–z plane (a) Case 4, (b) Case 5, and (c) Case 6.
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enhance heat transfer by comprehensively considering the effects of 
local flow dynamics, asymmetric heat transfer behavior, and secondary 
flow interactions.

Fig. 9 depicts the perforated rib arrangement on the bottom wall of 
the heated section. Cases 4 and 5 are designed to investigate the effects 
of local perforations on heat transfer and pressure drop for inclination 
angles of 60◦ and 30◦, respectively. In each case, 10 perforations are 
strategically placed near the left end of the ribs to enhance heat transfer 
in regions affected by upward secondary flow, as observed in Cases 2 
and 3. Ten round holes are incorporated into the ribs, each with a 
diameter of 6 mm, positioned 5 mm above the bottom surface and 
spaced 10 mm apart along the z-axis. For comparison, Case 6 has a 
double-perforation arrangement with 20 perforations, with 10 holes 
positioned near both ends of the 30◦ inclined ribs. The hole size and 
spacing in Case 6 are consistent with those in Cases 4 and 5. Grid- 
independence test results for Case 6 are presented in Fig. 10. The 
static temperature of the air was monitored along the A-A’ line within 
the heated section, spanning from z = 600 mm to z = 1600 mm at x =
160 mm and y = 20 mm. Based on the results, a grid system consisting of 
about 19.0 million elements was selected in the present study as it 
exhibited a temperature deviation of only 0.029 K, ensuring computa
tional accuracy and solution convergence.

Figs. 11(a) and (b) show the Q-criterion isosurfaces for Cases 2 and 4, 
respectively, to examine the influence of perforations at α = 60◦ The 
results indicate no significant differences because the upward secondary 
vortical flows do not directly interact with the flow ejected from the 
perforations. In contrast, Figs. 11(c), (d), and (e) illustrate the vortical 
structures in Cases 3, 5, and 6 at α = 30◦, demonstrating a pronounced 
impact of the perforations on the vortical structures. Notably, Case 5 
exhibits the generation of additional vortices because of the intensified 
interaction between the perforation-induced flow and the surrounding 
secondary vortical flows, compared to Case 3. Meanwhile, Case 6 reveals 
that the flow discharged from the perforations near the right end of the 
ribs perturbs the secondary flow regions, expecting a significant change 
in convective heat transfer. These results provide valuable insight into 
the correlation between the inclination angle and the perforation effects 
on vortical structures, which are closely associated with heat transfer 

enhancement.
Fig. 12 presents the velocity magnitude on the x–z plane at y = 1 mm 

and the TKE distributions with two-dimensional streamlines on the x–z 
plane at y = 5 mm for Cases 4, 5, and 6. Figs. 12(a) and (b) show that the 
perforations in the inclined ribs increased the velocity near the bottom 
surface and in regions behind subsequent ribs, where recirculation flow 
had previously reduced flow velocity. Furthermore, the TKE distribu
tions indicate the presence of vortices induced by the perforations at the 
rear of the ribs. These velocity enhancements and vortices correspond to 
improved heat transfer performance, particularly at the end of the ribs. 
However, Fig. 12(c) shows a significant reduction in velocity and TKE 
across most regions, including areas previously exhibiting high velocity 
due to secondary flow. This trend confirms that perforations at the right 
end of the ribs disrupt the formation of secondary flow, leading to a 
more simplified overall flow structure. Based on previous results, 
placing perforations at the left end of the ribs in inclined ribs does not 
interfere with the high heat transfer regions associated with the sec
ondary flow while improving flow in areas with low heat transfer per
formance caused by recirculation zones and upward secondary flow. 
However, perforations at the trailing end of the rib slopes are expected 
to deteriorate heat transfer performance.

Fig. 13 illustrates the normalized Nusselt number distributions on 
the bottom wall of the heated section for inclined rib cases. As shown in 
Figs. 14(a) and (b), a comparison between Case 2 and Case 4 reveals that 
both configurations exhibit similarly high heat transfer regions at the 
right end of the rib. However, in the perforated region at the left end of 
the rib, an increase in the Nusselt number is observed in the low heat 
transfer zones previously found at the rear of the ribs. Similarly, Figs. 14
(c), (d), and (e) illustrate that Case 5 shows a high heat transfer region 
near the right end of the rib, similar to Case 3, while also demonstrating 
improved heat transfer behind the perforations. However, comparison 
between Cases 5 and 6 shows that the Nusselt number decreases both 
downstream of the left-end perforations and around the additional 
perforations near the right ends of the ribs, reducing the overall heat 
transfer performance.

Fig. 14 compares the heat transfer performance affected by tailored 
local perforations based on the area-averaged Nusselt number in the 

Fig. 13. Normalized Nusselt number distributions at the bottom surface of the heated section.
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regions between ribs. Fig. 14(a) illustrates the four selected areas used to 
calculate the area-averaged Nusselt number between the five ribs by 
using Eq. (8). As shown in Fig. 14(b), the non-perforated rib cases (Cases 
1, 2, and 3) exhibit trends consistent with the normalized Nusselt 
numbers listed in Table 2. In contrast, Cases 4 and 5 exhibit increased 
Nusselt numbers across all rib regions, consistent with the previous 
analysis. The maximum heat transfer enhancements of 16.9 % and 11.4 
%, respectively, clearly show that localized perforations can effectively 
contribute to improving thermal performance. Conversely, Case 6, 
which contains 20 perforations, shows a reduction of up to 32.3 % in the 
Nusselt number compared to Case 3 - the corresponding non-perforated 
rib case inclined at 30◦. This result reveals an undesirable effect of 
excessive perforations on the heat transfer performance of rib structures.

Table 3 presents the normalized Nusselt numbers, normalized fric
tion losses, and overall thermal performance factors for Cases 4, 5, and 
6. Fig. 15 also compares the thermal and hydraulic performance across 

Fig. 14. (a) A schematic of the selected areas and (b) Area-averaged Nusselt numbers.

Table 3 
Thermal and hydraulic performance in cases 4, 5, and 6.

Case Nu/Nu0 f/f0 η

Case 4 1.647 3.752 1.060
Case 5 1.554 2.233 1.189
Case 6 1.403 2.191 1.080

Fig. 15. Comparison of thermal and hydraulic performance across all cases.
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all six cases. Similar to the trends observed in Table 2 and Fig. 14(b), the 
60◦ inclined ribs exhibited a higher normalized Nusselt number and 
higher normalized friction losses than the 30◦ inclined ribs. Compared to 
the corresponding non-perforated cases, Case 4 showed a 5.1 % increase 
in the normalized Nusselt number relative to Case 2, while Case 5 
exhibited a 4.5 % increase compared to Case 3. The reduction in flow 
blockage also decreased normalized friction losses by 1.5 % in Case 4 
and 5.7 % in Case 5. Consequently, the application of perforations 
improved overall thermal performance with increases of 5.7 % in Case 4 
and 6.5 % in Case 5, compared to the non-perforated ribs. In contrast, 
Case 6 showed a 9.7 % decrease in normalized Nusselt number 
compared to Case 5. Also, the normalized friction loss decreased by 1.9 
%, primarily due to the suppression of secondary flows induced by the 
10 additional perforations. Thus, the overall thermal performance factor 
of Case 6, which includes additional perforations, decreased by 3.3 % 
compared to Case 5, which contains 10 perforations only at the left end 
of the ribs.

4. Conclusions

The present study demonstrated enhanced heat transfer performance 
in inclined-rib channels by introducing partial perforations into the in
clined ribs. The investigated configurations included non-perforated ribs 
inclined at 90◦ (vertical ribs), 60◦, and 30◦; ribs with 10 perforations 
inclined at 60◦ and 30◦; and 30◦ inclined ribs with double perforations. 
The thermal and flow performance of the ribs was evaluated based on 
the Nusselt number, friction loss, and overall thermal performance 
factor. The conclusions are drawn as follows: 

1. The inclined rib configurations (60◦ and 30◦) demonstrated higher 
normalized Nusselt numbers than the 90◦ rib configuration, attrib
uted to strong secondary flows along the ribs that enhanced heat 
transfer performance along the channel surface. However, lower 
local Nusselt numbers were observed behind the ribs due to recir
culation flows and at the ends of the ribs due to upward secondary 
flows. The overall thermal performance factor of the inclined rib 
configurations was superior to that of the vertical rib configuration, 
with Cases 2 and 3 showing improvements of 11.9 % and 24.5 %, 
respectively, compared to Case 1.

2. Perforations at the end of the rib slopes can improve the low heat 
transfer regions observed in non-perforated inclined rib cases. They 
generated additional vortices behind the ribs, enhancing heat 
transfer in areas affected by recirculation and upward secondary 
flow zones. Results showed that the perforated rib configurations 
enhanced the overall thermal performance factor relative to the non- 
perforated rib configurations, with Cases 4 and 5 yielding improve
ments of 5.6 % and 6.5 %, respectively.

3. The 30◦ inclined rib configuration with 20 perforations showed a 
lower normalized friction loss due to reduced blockage. However, 
additional perforations at the right end of the rib slopes suppressed 
the formation of secondary flow, leading to a lower normalized 
Nusselt number. As a result, the overall thermal performance factor 
of Case 6 showed a 3.3 % reduction compared to Case 5, indicating a 
decrease in thermal efficiency. Therefore, the results indicate that 
the optimal design is Case 5, with ten perforations applied at the left 
end of the ribs, which are inclined at 30◦

It is noted that in real-world applications, various design factors 
could affect heat transfer in rib turbulators. In particular, the aspect ratio 
of the channel wall is one of the key factors closely associated with heat 
transfer and flow characteristics due to side wall effects. Therefore, 
future work will focus on investigating the influence of channel aspect 
ratio on the performance of inclined and perforated ribs.
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