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ABSTRACT
This study conducts a numerical analysis of six different V-shaped rib configurations

installed in a square internal cooling passage (aspect ratio, AR=1:1), representing a typical
gas turbine blade cooling channel. Using the RNG 𝑘 −𝜀 turbulence model, simulations were
conducted for Re ranging from 5,000 - 30,000 to evaluate heat transfer and flow characteris-
tics through three primary metrics: the Nusselt number (Nu), friction factor ( 𝑓 ), and thermal
enhancement factor (TEF). As Re increases, secondary vortices intensify, enhancing mixing
and heat transfer. Although continuous V-shaped ribs (Model 1) provide the greatest heat
transfer rate, they generate considerable flow resistance. Alternating continuous ribs (Model
2) achieve the highest TEF, particularly at lower Reynolds numbers, by balancing heat trans-
fer improvement with moderate pressure losses. Discontinuous and alternating rib designs
(Models 3–6) effectively decrease the pressure drop while sustaining acceptable heat transfer
levels. These findings emphasize the importance of rib geometry in controlling turbulence,
pressure loss, and thermal performance, offering valuable guidelines for optimizing internal
cooling designs in turbine blades.

Keywords: Cooling passage; Gas turbine cooling; Thermal enhancement factor; Rib con-
figurations; V-shaped ribs

1. Introduction
Gas turbines serve an essential func-

tion in the realms of energy generation
and propulsion; however, their constituent

elements—most notably the blades—are
perpetually subjected to extreme thermal
conditions. As a result, achieving effec-
tive internal cooling is essential. Among
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the various cooling strategies, embedding
V-shaped ribs within internal passages has
been shown to markedly improve convec-
tive heat transfer by breaking up boundary
layers and stirring the flow [1, 2].

Researchers have explored diverse
rib designs to enhance performance. For
instance, Wang et al. introduced inter-
rupted V-shaped ribs that strategically dis-
rupt flow, significantly boosting local cool-
ing efficiency [1]. Pandya and Ekkad
found that broken V ribs offer particu-
larly strong heat transfer performance un-
der high-Reynolds-number conditions [2].
Pathak and Kumar’s work on combined V-
rib–dimple geometries achieved a harmo-
nious balance of enhanced cooling with
moderate pressure loss [3]. Tamang et
al. then designed a new rib shape suited
for square ducts, achieving TEF ≈ 2.05
and highlighting its applicability in com-
pact flow passages [4]. Continuing this
trend, Say et al. developed Vspline ribs
that deliver uniform heat transfer improve-
ments [5]. Su and Liu’s research compari-
son of shaped ribs in trapezoidal channels
favored the V rib design, recording TEF
≈ 2.18 [6]. Narrower passage designs, in-
cluding work by Krishnaswamy et al., con-
firmed that both V and Wribs effectively
improve cooling in high aspect-ratio chan-
nels [7], while Matsuura et al. showed that
side-wall ribs significantly shape bound-
ary behavior and lift TEF to ≈ 2.22 [8].
Numerical and experimental investigations
by Kamat’s group reaffirmed the superi-
ority of V-rib pavement, with TEFs rang-
ing from ≈ 2.08 to 2.12 across condi-
tions [9,10]. Leveraging CFD and AI-
based genetic algorithms, Damavandi et al.
achieved high-performing asymmetric V-
rib configurations [11], which Kumar and
Amano then validated experimentally using
brokenV ribs [12].

In the context of rotating passages,
studies showed W-shaped ribs as superior
performers in balancing thermal and hy-
draulic efficiency [13]. Guo et al. revealed
that dual-path U-channel designs with V-
ribs drive efficient vortex structures that el-
evate heat transfer [14], and Chen et al. ex-
plored the effects of profiled V-ribs under
rotation [15]. Computational analyses of
modified V-rib layouts also proved effec-
tive in mitigating dead zones and enhancing
TEF by ≈ 2.09 [16].

In more complex routes, Yoon et al.
identified that alternating rib placements in
serpentine channels notably improves ther-
mal performance [17], while Thirumalai
and Ekkad demonstrated that 45◦ broken V-
ribs under rotation sustain high efficiency
[18]. Real-world blade studies highlighted
the importance of outlet geometry on cool-
ing effectiveness [19], and Shi et al. con-
cluded that combining dimple and protru-
sion features yields the best thermal advan-
tage yet recorded [20].

Despite significant advances in rib
design, a comprehensive comparison of dif-
ferent V-shaped rib geometries under iden-
tical boundary conditions remains lacking.
To address this gap, the present study con-
ducts numerical simulations using compu-
tational fluid dynamics (CFD) to evaluate
six V-rib configurations including of con-
tinuous, alternating, truncated, and discrete
within a rectangular channel with aspect ra-
tio AR of 1:1. Key performance metrics, in-
cluding Nusselt number (Nu), friction fac-
tor ( 𝑓 ), and thermal enhancement factor
(TEF), are assessed across a Reynolds num-
ber range of 5,000 to 30,000, with the goal
of identifying optimal rib geometries for en-
hanced thermal performance in gas turbine
cooling applications.
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Fig. 1. (a) Illustration showing internal cooling methods used in modern gas turbine blades, and (b)
a close-up view of the cooling passage.

2. Geometry of Cooling Passages and
V-shaped Baffles

The cooling passages had a rectangu-
lar cross-section. V-type baffles were ar-
ranged on the heated surface on both the
top and bottom walls, as illustrated in Fig.
1. The objective was to generate a pri-
mary vortex flow, in conjunction with a sec-
ondary motion that exhibits characteristics
akin to those of an impinging jet. This flow
interaction helped enhance thermal trans-
fer due to minimized pressure losses along-
side increased thermal exchange efficiency
introduced via different V-shaped arrange-
ments inside the duct, as shown in Fig. 2.
The constructed channel was a single-pass
rectangular duct characterized by dimen-
sions of width (W) and height (H) eachmea-
suring 30 mm, leading to an aspect ratio
(AR) of 1:1 and a hydraulic diameter (𝐷𝑎)
of 30 mm. The parameters of the baffle en-
compassed an angle of attack (𝛼), a pitch
ratio (PR = p/H), and a blockage ratio (BR
= b/H), which were established at 30◦, 1.0,
and 0.1, respectively. The groove length
(e/H) in each configuration was also spec-
ified. The turbulent flow regime was ex-
amined across a range of Reynolds numbers
spanning from 5,000 to 30,000.

3. Boundary Conditions
The computational domain and mesh

setup are illustrated in Fig. 3. Air was
employed as the working medium, with
its thermophysical properties evaluated at
300K as detailed in Table 1. A nonslip con-
dition was imposed on all walls. A con-
stant heat flux of 600 W/m2 was imposed
on both the upper and lower walls. The side
walls (left and right) were treated as adia-
batic, and the heat conduction through these
walls was considered negligible.

Table 1. Thermophysical properties of air as
working fluid at 300 K [22].

Unit Value
Prandtl number (Pr) 0.707
Density, 𝜌(kg/m3) 1.1614
Specific heat, Cp (J/kg·K) 1007
Thermal conductivity, ka (W/m·K) 0.0263
Dynamic viscosity, 𝜇(kg/m·s) 0.00001846

4. Governing Equations and Numer-
ical Methodology

The simulation of turbulent flow and
heat transfer was carried out by solv-
ing the governing equations, assuming a
steady, three-dimensional, and incompress-
ible flow field. In this model, heat transfer
was limited to convection only, excluding
conduction within the solid walls.
The governing equations were as follows:
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Fig. 2. Details of the various model V-shaped configuration.

Fig. 3. (a) Geometry of the simulation domain
and (b) generated mesh arrangement.

Continuity equation:

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0. (4.1)

Momentum equation:

𝜕

𝜕𝑥 𝑗
(𝜌𝑢𝑖𝑢 𝑗) = − 𝜕𝑝

𝜕𝑥𝑖
+ 𝜕

𝜕𝑥 𝑗
×

[
𝜇

(
𝜕𝑢𝑖
𝜕𝑥 𝑗

− 𝜌𝑢′𝑖𝑢′𝑗
)]
. (4.2)

Equation of Energy:

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑇) =

𝜕

𝜕𝑥 𝑗

((
𝜇

Pr
− 𝜇𝑡
Pr𝑡

)
𝜕𝑇

𝜕𝑥 𝑗

)
,

(4.3)

where

𝜇𝑡 = 𝜌𝐶𝜇𝑘
2/𝜀 and 𝑘 = 0.5𝑢′𝑖𝑢

′
𝑗 .

The RNG 𝑘−𝜀 turbulence model was
utilized to address this problem and is de-
scribed as follows:

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥 𝑗

(
𝜎𝑘 (𝜇 + 𝜇𝑡 )

𝜕𝑘

𝜕𝑥 𝑗

)
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+𝐺𝑘 + 𝜌𝜀 for 𝑘,
(4.4)

and

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥 𝑗

(
𝜎𝜀 (𝜇 + 𝜇𝑡 )

𝜕𝜀

𝜕𝑥 𝑗

)
+𝐶′

1𝜀
𝜀

𝑘
𝐺𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
for 𝜀,

(4.5)

where the 𝐶′
1𝜀 can be expressed as

𝐶′
1𝜀 = 𝐶1𝜀 −

𝜂(1 − 𝜂/𝜂0)
1 + 𝜆𝜂3

where

𝜂 = (2·𝐸𝑖 𝑗 ·𝐸𝑖 𝑗 )1/2 𝑘

𝜀
and 𝐸𝑖 𝑗 =

1
2

(
𝜕𝑢𝑖
𝜕𝑥 𝑗

+
𝜕𝑢 𝑗

𝜕𝑥𝑖

)
.

The constant values were

𝐶𝜇 = 0.09, 𝜎𝜀 = 1.3, 𝜎𝑘 = 1.0, 𝐶1𝜀 = 1.42,

𝐶2𝜀 = 1.68, 𝜂0 = 4.377, 𝜆 = 0.012.

The governing equations were dis-
cretized using the Finite Volume Method
[24]. A convergence threshold of 10−9

was set for the energy equation, whereas
10−5 was used for the remaining equations.
The key parameters of interest in this study
are summarized as follows: The Reynolds
number:

Re = 𝜌𝑢𝐷ℎ/𝜇, (4.6)

which 𝑢 denotes the mean velocity The fric-
tion factor:

𝑓 = ((−𝑑𝑝/𝑑𝑥)𝐷ℎ)/(
1
2
𝜌𝑢2). (4.7)

The local Nusselt number:

𝑁𝑢𝑥 = ℎ𝑥𝐷ℎ/𝑘𝑎 . (4.8)

The average Nusselt number:

𝑁𝑢 =
1
𝐴

∫
𝑁𝑢𝑥𝑑𝐴. (4.9)

The hydraulic diameter of duct, 𝐷ℎ is de-
fined as

𝐷ℎ = (2 ×𝑊 × 𝐻)/(𝑊 + 𝐻). (4.10)

The thermal enhancement factor
(TEF) was adopted as the key metric for
performance evaluation [23, 25]

𝑇𝐸𝐹 =

(
𝑁𝑢

𝑁𝑢0

) / (
𝑓

𝑓0

) 16
55

Re
. (4.11)

Nu0 and 𝑓0 were the values of the smooth
rectangular duct only.

5. Results and Discussion
5.1 Validation of the numerical model

A comparative analysis of the Nus-
selt number (Nu) and friction factor ( 𝑓 ) for
a smooth channel was carried out using dif-
ferent turbulence models. These included
the 𝑘 − 𝜔 models (Standard and SST) and
𝑘 − 𝜀 variants (Standard, Realizable, and
RNG), with results benchmarked against
experimental data [21] and established cor-
relations [22, 25], as illustrated in Fig. 4.

The simulation results showed that
the variations of the Nusselt number (Nu)
and friction factor ( 𝑓 ) were consistent with
the values predicted by empirical correla-
tions and supported by experimental data.
Among the evaluated models, the RNG-
based 𝑘 − 𝜀 turbulence model yielded Nu
and f values closely aligned with the refer-
ence data, with discrepancies within ±7%.

5.2 Grid independence
The effect of mesh resolution was

examined using Model 1 with parameters
BR = 0.1, 𝑃𝑅 = 1.0, = 30◦ and Reynolds
number of 5000. Seven different grids
of 120,000, 260,000, 380,000, 510,000,
620,000, 730,000 and 850,000 were inves-
tigated at the same situation. Results in-
dicated that increasing the grid count from
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Fig. 4. Profiles of (a) Nusselt number and (b)
friction factor along the flow.

730,000 to 850,000 caused a deviation in
Nusselt number and friction factor of less
than 0.5%. Considering both solution accu-
racy and computational time, the mesh size
of 730,000 was selected for use in all simu-
lations.

Fig. 5. Grid independent study for cooling pas-
sages.

5.3 Flow development and heat transfer
characteristics

The velocity distributions inside the
rectangular channel, illustrating the impact
of baffle arrangements, are shown in Fig.
6. These profiles were obtained at the mid
span positions of y/H = 0.5 and z/H = 0.5
for every case. In general, the flow behav-
ior can be separated into two regions: the
entrance zone and the fully developed peri-
odic section. The V-shaped ribs accelerate
the airflow due to the reduction of the flow
cross-sectional area. For all cases, the flow
reached a fully developed condition around
x/H = 19. Similarly, the fully developed
heat transfer data were collected at y/H = 0
and z/H = 0.5 for every model, with the pro-
files becoming periodic at approximately
x/H = 18. The distribution of fully devel-
oped heat transfer oefficients (Nu/Nu0) was
found to closely follow the same trend as the
velocity profiles, as displayed in Fig. 7.

5.4 Turbulent kinetic energy field and
2D local Nusselt number

Turbulent kinetic energy (TKE) con-
tours in cross-sectional planes for Model 1
at different Reynolds numbers are shown in
Fig. 8. As the Reynolds number increases,
the vortex strength intensifies, indicated by
the broader and denser TKE regions adja-
cent to the rib surfaces, reflecting stronger
mixing and higher turbulence levels.

Comparison of TKE contours at
Re=5000 for different V-shaped rib config-
urations is presented in Fig. 9. The results
reveal that discrete and truncated ribs tend
to generate stronger secondary flows and
higher localized turbulence near the wall
compared to continuous rib patterns, influ-
encing heat transfer performance.

Fig. 10 shows local Nusselt num-
ber (Nu) contours at Re = 5000 for differ-
ent V-shaped rib configurations. The heat
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Fig. 6. Variation of 𝑢/𝑢0 along the channel for the various rib configurations.

Fig. 7. Variation of Nu/Nu0 along the channel for the various rib configurations.

Fig. 8. Distribution of turbulent kinetic energy (TKE) across multiple cross-sectional planes in Model
1 at Re = 5,000, 10,000, and 15,000.

transfer distribution along the cooling chan-
nel bottom walls. The truncated and dis-

cretized ribs (models 3–6) show higher Nu
concentrations near rib tips and downstream
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regions, indicating stronger thermal bound-
ary layer disruption. V-shaped ribs (mod-
els 1–2) yield more uniform but slightly
lower Nu patterns. Alternating configura-
tions produce asymmetrical contours, sug-
gesting improved mixing. The results high-
light the influence of rib geometry on local
heat transfer enhancement.

Fig. 9. The influence of local Nusselt number
contour of Re=5000.

5.5 Comprehensive Assessment of
Thermal–Hydraulic Performance

5.5.1 Analysis of heat transfer
characteristics

Fig. 11(a) demonstrates that the av-
erage local wall Nusselt number increases
consistently with the rise of Re for all
rib configurations. This behavior reflects
the enhanced convective transport that ac-
companies fully developed turbulent flow
within internal cooling passages. Among
the studied models, Model 1 exhibits the
highest Nu across the entire Reynolds num-
ber range. Model 2 and Model 4 also show
competitive heat transfer performance, par-
ticularly in the low to moderate Reynolds
number regime (below 15,000). Models 5

and 6, which employ discontinuous and al-
ternating rib arrangements, produce slightly
lower Nu values but still provide significant
heat transfer augmentation.

Fig. 10. The variations of (a) Nu and (b)
Nu/Nu0 various Re.

The distribution of the normalized
Nusselt number (Nu/Nu0) relative to a
smooth duct is depicted in Fig. 11(b).
A downward trend of Nu/Nu� is evident
as the Reynolds number increases. At
Reynolds numbers below 10,000, several
rib configurations achieve Nu/Nu� values
above 3.0, underscoring the effectiveness
of rib-induced turbulence in promoting con-
vective heat transfer under low to mod-
erate flow conditions. As Re increases,
however, the contribution of ribs to tur-
bulence generation becomes progressively
less dominant compared to inertial effects
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in the flow, resulting in a gradual decrease
of Nu/Nu0 despite the continuing rise in
absolute Nu. Comparative analysis shows
that Model 2 maintains the highest Nu/Nu�
over most of the studied range, emphasiz-
ing its suitability for thermal enhancement
in low and moderate Re applications. In
contrast, Model 6 displays a sharper de-
cline in Nu/Nu0 as Re grows, indicating a
design better suited to flow regimes where
Reynolds numbers remain relatively low.

5.5.2 Analysis of frictional charac-
teristics

The relationship between the fric-
tion factor ( 𝑓 ) and Reynolds number (Re)
for all six rib configurations is shown in
Fig. 12(a). Across every configuration, the
value of 𝑓 declines as Re increases, reflect-
ing the decreasing relative influence of vis-
cous effects when flow velocity becomes
higher. Among the six models, the fully
continuous rib pattern ofModel 1 causes the
greatest flow obstruction, resulting in the
highest friction factor at all Reynolds num-
bers. In contrast, Model 3—with its discon-
tinuous segmented ribs—consistently gives
the lowest 𝑓 values, confirming that the
separated structure reduces resistance to the
moving fluid. A similar behavior is ob-
served in Fig. 12(b) when considering the
normalized friction factor ( 𝑓 / 𝑓0) relative to
a smooth square channel: the ratio grad-
ually decreases with increasing Re for all
designs. From the data, Model 1 stands
out with the largest 𝑓 / 𝑓0 (around 7.16 at
Re = 5000 and still 6.38 at Re = 30,000),
while Model 3 shows the smallest values
(about 5.12 at Re = 5000 and 4.29 at Re
= 30,000). These results indicate that rib
geometry strongly influences internal flow
resistance, where discontinuous and seg-
mented patterns reduce the pressure drop
yet maintain enough turbulence to assist

heat transfer. This makes such designs at-
tractive in applications where a balance be-
tween enhanced heat transfer and reduced
flow resistance is required.

Fig. 11. Variations of (a) 𝑓 and (b) 𝑓 / 𝑓0 various
Re.

5.5.3 Thermal enhancement factor
Evaluation of Thermal Enhancement

Factor (TEF) trends with Reynolds number
for all rib configurations, Fig. 13, shows a
consistent downward trend as the flow rate
increases due to the dominance of inertial
effects over turbulence-driven heat trans-
fer at higher Reynolds numbers. At low
Reynolds numbers (Re < 10,000), Model
1 demonstrates the highest TEF values,
reaching approximately 2.4, which high-
lights its effective balance between heat
transfer augmentation and the associated
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pressure loss. Model 2 follows closely with
values around 2.3, while Models 5 and 6,
featuring discontinuous and alternating rib
arrangements, provide TEF values in the
range of 2.0–2.2, indicating good overall
thermal performance with a moderate re-
duction in pressure drop. As the Reynolds
number increases up to 30,000, TEF val-
ues for all models decrease gradually but
remain above 1.2, confirming that these
ribbed configurations maintain efficiency
even in high-flow regimes. The data of cal-
culated TEF values supports these observa-
tions, with Model 1 consistently achieving
the highest TEF across the studied range,
while Model 3, despite its low friction fac-
tor, yields slightly lower TEF due to re-
duced heat transfer performance. These
results suggest that while continuous ribs
can maximize thermal enhancement, rib de-
signs incorporating discontinuities or alter-
nating patterns are advantageous when the
objective is to balance improved heat trans-
fer with reduced flow resistance, making
them suitable for a range of cooling appli-
cations.

Fig. 12. Variation of TEF with Reynolds num-
ber for different rib configurations.

6. Conclusion
The six model of the single-pass rect-

angular channel is explicitly. The baffle
has the attack angle (𝛼), pitch ratio (PR =
p/H), blockage ratios (BR = b/H) and as-
pect ratio (AR) were fixed at 30◦, 1.0, 0.1
and 1:1, respectively. The turbulent flow
regime was investigated on Reynold num-
bers in the range of 5,000 to 30,000, and the
main findings were as follows:

1. Effect of Reynolds Number on
Flow Behavior

Increasing the Reynolds number en-
hances turbulent kinetic energy, resulting in
more intense and coherent vortex structures
behind the ribs. This stronger turbulence
improves fluid mixing and convective heat
transfer, confirming the critical influence of
Re on turbulence-driven transport in ribbed
channels.

2. Effect of Rib Configurations on
Local Turbulence and Heat Transfer

Rib geometry significantly shapes
the flow structure. Discontinuous and al-
ternating ribs (Models 3–6) create stronger
localized turbulence than continuous ribs
(Models 1–2). Asymmetric rib placement
produces complex secondary flows, re-
duces recirculation zones, and raises local
heat transfer, especially at rib edges.

3. Behavior of Nusselt number and
Nu/Nu0

Across all ribbed configurations, the
average Nusselt number shows a consistent
increase with the Reynolds number. At Re
= 5,000, the updated normalized Nusselt
number ratios (Nu/Nu0) for Models 1 to 6
were 7.16, 5.67, 5.12, 5.53, 5.92, and 6.24,
respectively. These results clearly indicate
that Model 1 provides the highest Nu/Nu�
value in the low Reynolds number regime.

4. Friction Factor and Flow Resis-
tance
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Model 1 has the highest relative re-
sistance, with 𝑓 / 𝑓0 = 4.66 at Re = 5,000,
due to the fully continuous rib design. In
contrast, Model 3 shows the lowest 𝑓 / 𝑓0 =
3.82, indicating better pressure-drop man-
agement while still sustaining turbulence
levels.

5. Thermal Performance Factor
(TEF)

The results show that the TEF values
at Re = 5,000 were 2.42, 2.39, 2.21, 2.19,
2.31 and 2.28 for Model 1-6, respectively.
Among these, Model 1 andModel 2 demon-
strate slightly better thermal–hydraulic bal-
ance, while Models 3–6 also provide ef-
fective trade-offs between heat transfer and
flow resistance. Despite TEF decreasing as
Re rises, segmented and alternating ribs re-
tain superior overall performance compared
to continuous ribs.

6. Recommended Rib Configura-
tions for Different Flow Regimes

Under different operating conditions,
the optimal rib configuration depends on
achieving a balance between heat transfer
and pressure loss. Continuous V-shaped
ribs (Model 1) are most effective at low
Reynolds numbers but impose high fric-
tion. Alternating ribs (Model 2) provide a
better thermal–hydraulic balance at moder-
ate Reynolds numbers. At higher Reynolds
numbers, discontinuous ribs (Models 3–6)
become preferable due to their lower pres-
sure drop, with Model 3 offering the lowest
friction for applications where minimizing
flow resistance is essential.

These findings guide optimal rib de-
sign for turbine blade cooling by balanc-
ing heat transfer and pressure loss. Future
work should consider the integration of per-
forated ribs or ribs with internal holes to
further manipulate flow structures and re-
duce pressure drop. Additionally, evaluat-
ing these rib configurations under rotating

conditions would provide a more realistic
assessment of their performance in actual
turbine environments.
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Appendix
Nomenclature
A surface area, m2

A𝑅 aspect ratio, (–)
B𝑅 blockage ratio, (–)
b baffle height, m
𝐶1𝜀 turbulence model coefficient, (–)
𝐶2𝜀 constant of the turbulence model,(–)
𝐶𝜇 mean strain and rotation rate function, (–)
𝐶𝑝 specific heat, J kg1 K1

𝐷ℎ hydraulic diameter, m
𝐸𝑖 𝑗 tensor of mean strain rate, s1
𝑓 friction factor, (–)
𝐺𝑘 turbulent kinetic energy production

by mean velocity gradients, kg s3 m1

H channel height, mm
ℎ𝑥 coefficient of the local convective heat transfer,

W m2𝐾^{–1}$
𝑘 turbulence kinetic energy, m2 s2
𝑘𝑎 air thermal conductivity, W m1 K1

Nu average Nusselt number, (–)
Nu𝑥 local wall Nusselt number, (–)
p static pressure, Pa
P𝑅 pitch ratio, (–)
Pr Prandtl number, (–)
P distance between baffles, m
Re Reynolds number, (–)

TEF thermal enhancement factor, (–)
T temperature, K
𝑢 air velocity, W ms1
𝑢𝑖 x𝑖–direction velocity component
𝑢′𝑖 x𝑖–direction fluctuation velocity
𝑢 𝑗 x 𝑗–direction velocity component
𝑢′𝑗 x 𝑗–direction fluctuation velocity
VG vortex generator, (–)
W channel width, mm
𝑥𝑖 , 𝑥 𝑗 coordinate direction, m

Greek letters
𝛼 attack angle, degree
𝜌 density, kg m3

𝛿𝑖 𝑗 Kronecker delta, m
𝜎𝑘 turbulent Prandtl numbers, (–)
𝜎𝜀 turbulent Prandtl numbers, (–)
𝜂 ratio of turbulence mean strain, (–)
𝜀 rate of turbulent dissipation, m2 s3
𝜇 dynamic viscosity, kg m1 s1

Subscripts
0 smooth flat channel
𝑎 air
𝑡 turbulence
𝑥 local

Superscripts
– average
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