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The modern gas turbines need to run at very high inlet temperature to promote their power output. Thus, improvements in
cooling technologies play a significant role for enhancing the gas turbine blade life. In this paper, thermohydraulic
performance (THP) of a two-pass square channel with inclined ribs at 45° was scrutinized employing the k – ε realizable model
with enhanced wall treatment in ANSYS Fluent. The calculations were performed for the rib pitch to height ratio (p/e) of 5-10,
rib height to hydraulic diameter ratio (e/Dh) of 0.1-0.2, and Reynolds number (Re) of 20,000-40,000. Detailed analysis of the
flow structure in a double passage square duct was carried out to understand the interaction of the rib and bend-induced
secondary flows and its contribution to heat transfer enhancement for the rib configurations with distinct p/e and e/Dh, which
was not available in any other existing numerical or experimental investigations. The results revealed that the ribs with higher
e/Dh generated the stronger stream-wise secondary flows which led to the augmentation of the cooling performance with the
disadvantage of pressure loss increment. The maximum THP of 26.55% was achieved with the ribbed configuration having
p/e = 5 and e/Dh = 0 1 at Re = 20,000. The new correlations were developed from the computational data to predict the
normalized Nusselt number and friction factor (Nu/Nu0 and f /f0, where 0 is the correlation), taking the e/Dh and flow Re
into consideration.

1. Introduction

Gas turbines have a variety of applications such as aircraft,
marine, and locomotive propulsion; electric power genera-
tion; and industrial uses. High operating temperature (above
2000K) is required to elevate thermal efficiency and output
capability of this century’s gas turbines [1]. But temperature
in the turbine is far beyond the blade material-softening
temperature which will create extreme thermal stress owing
to metallurgical constraints, and thus, there is a need to limit
the temperature to prevent blade failure [2]. Advances in
cooling techniques play a vital role to prolong the turbine
blade lifetime [3]. The blades are cooled using the coolant
air. Internal cooling is attained by passing cooling gas within
the blade passages and removing the heat from them.

Rib turbulators cast on the passage walls are used to
decrease the blade surface temperature with increasing the
turbulence level immediately near the wall in the serpentine
channels [4]. The presence of ribs leads to breaking the lam-
inar sublayer adjacent to the blade surfaces and generating
local turbulence by separating and reattaching the flow.
Therefore, using ribs in the channel reduces thermal resis-
tance and thus increases heat transfer from the passage sur-
faces to the coolant.

The ribs are characterized by various geometrical fea-
tures such as rib shape, rib height (e), the distance between
ribs known as pitch (p), attack angle (α), and rib orientation.
The geometrical features of the ribs significantly affect flow
mixing and heat transfer performance. Ribs of various
shapes like rectangular, square, triangular, semicircular,
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circular, and elliptical are used to cool the blade. Agrawal et al.
[5–8] searched experimentally distinct discrete double-arc rib
configurations with different arc angles of 30°-75°, a fixed rib
height to hydraulic diameter ratio (e/Dh = 0 027), and the rib
pitch to height ratio (p/e = 6 67 − 11 67) at Reynolds number
(Re) of 3000-14000. They noticed that an increase in Re led
to a considerable enhancement in Nusselt number with a
decrease of friction factor (f ). Thermohydraulic performance
(THP) reached the peak value for p/e = 8 33 at an arc angle
of 60° [5–8]. Sahu et al. [9] analyzed the impact of triangular,
semicircular, and hybrid (the combination of triangular and
semicircular) cross-section ribs on THP in a channel with
aspect ratio (AR) of 4 : 1 and p/e = 6 6 − 53 3 at Re = 12640
− 52410. The maximum THP was achieved with hybrid
cross-section ribs at p/e = 13 3.

Ribs can be located orthogonal or at angle to flow direc-
tion in the channel. Angled ribs developing cross-stream
secondary flows contribute to promoting fluid mixing and
heat transfer in the ducts. It was observed that the Nusselt
number ratio in the ribbed channel with α=30°, 45°, and
60° were higher than that with α=90° owing to the flow sep-
aration and reattachment along the ribs [1].

Recent numerical studies [10–23] have concentrated on
the secondary flow triggered by ribs orientated 45° and their
influences on heat transfer. Lei et al. [12] examined the influ-
ences of p/e on the thermal performance in a rotating two-pass
channel with anAR = 2 1. They indicated that the heat trans-
fer augmented with reducing p/e at stationary condition. Sid-
dique et al. [14] conducted a numerical study to scrutinize
THP of a 45°-angled ribbed channel withAR = 1 3 in the first
pass and AR = 1 1 in the second pass and the sharp 180°

bend. It was found that the pressure loss in the channel with
AR = 1 3 was less than that with AR = 1 2 in the inlet pass
[13] and pressure drop reduced with rising the distance of
divider-to-tip wall. Gao et al. [16] simulated the secondary
flow behavior and heat transfer characteristic of air and steam
in a 45°-ribbed channel with AR = 4 1 and e/Dh = 0 078 at
Re = 10, 000 − 60,000. They noticed that the secondary flow
formation, separation, and mixing over the ribbed wall inten-
sified the strength of local heat transfer.

Ravi et al. [17] numerically evaluated the friction and heat
transfer features of 45°, M, V, andW ribs in a two-pass station-
ary channel with a fixed p/e of 16 and e/Dh of 0.125, and they
reported that the overall THP of 45° and V ribs were better
than those of the M and W ribs. Gong et al. [19] observed
the distribution of heat transfer in a duct having 45° oblique
ribs truncated continuously and discontinuously on one side
with certain truncated lengths of 1.9, 3.8, and 5.7mm at
Re = 10, 000 − 60,000. The findings indicated that the case of
ribs truncated continuously at 3.8mm increased average Nus-
selt number and THP by 24.6% and 17.8%, respectively. Gong
et al. [20] numerically predicted thermohydraulic behavior of
mist/steam in the square channels with distinct orientations of
45° angled at Re = 10, 000 − 60,000. They pointed out that sec-
ondary flow structures in the channel were greatly dependent
on rib orientations and THP of mist/steam coolant in the
channels was much higher than that with steam ones due to
the presence of water droplets, especially at higher Re.

Tanda and Satta [21] scrutinized thermohydraulic effi-
ciency of a 5 : 1 channel with standard, one central, and
two equally spaced intersecting 45°-angled ribs for Re =
10,000 and 20,000. Their CFD results illustrated that the
presence of single or double intersecting ribs induced addi-
tional vortex which contributed to elevate the friction and
heat transfer in comparison to the standard inclined rib case.
Zhang et al. [23] performed a CFD study on the effect of 45°-
inclined a-quarter-cylinder, petal-shaped, and square ribs
for a fixed cross-section area and rib height on THP in a
two-passage channel. It was concluded that the ribs having
curved surfaces improved turbulent mixing and THP.
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Figure 1: Schematic of the ribbed channel and geometrical
parameters.
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Figure 2: Ribbed channel configurations.
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Literature studies showed that using 45°-inclined ribs is a
common practice to elevate heat transfer in the turbine blade
channels at the cost of further pressure loss and THP of a
square channel was strongly affected by variations of rib
spacing and height. The current work focuses on the influ-
ences of 45°-angled ribs having p/e of 5-10 and e/Dh of 0.1-
0.2 on the flow pattern and THP in a square channel at Re
= 20, 000 − 40,000 employing ANSYS Fluent.

The detailed analysis of secondary flows produced by
180° bend and 45° ribs is limited in the literature. The cur-
rent study provides new knowledge and insight into second-
ary vortical structure in the turn and ribbed walls. The study
is aimed at understanding the relationship between strength
of secondary flows and geometrical parameters of ribs to
augment heat transfer performance and minimize pressure
drop in the channel. The present computational work can
be useful for the design engineers and researchers to better
comprehend fluid flow and heat transfer mechanism in the
ribbed channel.

2. Computational Procedure

The steps of the three-dimensional (3D) CFD model prepa-
ration, computational parameters, and model validity are
described in detail in this section.
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Figure 4: The inflation grid structure near the bottom wall.
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Figure 3: Mesh structure of channel configurations: (a) smooth, (b) e/Dh = 0 1, and (c) e/Dh = 0 2.

Table 1: y + value at the heated bottom wall for various
configurations for Re = 30,000.

e/Dh p/e y +
0.1 5 0.0353

0.1 7.5 0.0332

0.1 10 0.0334

0.2 5 0.0392

Smooth 0.0231

3International Journal of Energy Research



2.1. Description of Physical Model. Figure 1 displays the
schematic view of a 45°-angled ribbed channel with a
24mm × 24mm cross section.

The dimensions of the channel used in the work in
Figure 1 are similar to those used by Erelli et al.’s experimen-
tal study [24].

The bottom wall is heated, whereas all other walls are
adiabatic. The heated part length (L1) containing the turn
area is 370mm. The length of the unheated entrance part
(L2) is 210mm. L2 is required to get the fully developed flow.

The first and second passages are separated by the
divider wall with 20mm thickness. The four different 45°-
angled ribbed channels are produced by locating square
cross-section ribs with various rib spacings (p/e = 5 − 10)
and rib heights (e/Dh = 0 1 − 0 2) on the bottom (heated
part) wall of both two passes in Figure 2.

2.2. Mesh Generation and Computational Settings. The
geometry of the smooth and ribbed channels was created
by using ANSYS DesignModeler and the hexahedral mesh
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Figure 5: Flowchart of CFD simulation procedure for the smooth and ribbed channel configurations.
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of the geometry was created by using Meshing in ANSYS
Workbench. The grids of the smooth and ribbed channel
configurations at p/e = 5 are illustrated in Figure 3.

The CFD simulation was conducted with ANSYS Flu-
ent. Erelli et al. [24] employed different turbulence models
(the standard and SST k – ω and the standard, realizable,
and RNG k – ε) to predict heat transfer of the smooth
channel whose dimensions considered in this study. They
reported that the realizable k – ε model gave better estima-
tions than others.

The turbulence in the channel was thus estimated by
employing the realizable k – ε model integrating with
enhanced wall treatment [25] in the CFD simulation. It is
a near wall modelling based on enhanced wall functions with
a two-layer model.

In this method, the mesh size near the wall should be
fine to provide that y + value is less than 1 [26]. Therefore,
in this study, 52 inflation layers were generated at the
bottom wall to keep the y + below 1 for all configurations
in Figure 4.

The area averaged y + values at the bottom wall for the
configurations are remarkably lower than one shown in
Table 1.

The mesh growth rate of 1.2 was specified for the transi-
tion layers. The computation was considered converged
when the residuals reached 10-5. For the solution method,
the steady pressure-based coupled algorithm was used and
pseudo transient was selected to improve the rate of solution
convergence. The gradient was calculated by least squares
cell-based approach which was less expensive in terms of
the simulation time. The second-order upwind scheme was
utilized to discretize the equations.

2.3. Boundary Conditions. In the present work, the cooling
air characteristics are considered to be fixed and not temper-
ature dependent. The flow is three-dimensional, steady and
turbulent. The velocity inlet and outflow are selected at the
inlet and outlet of all configurations. The inlet velocity is
uniform. It is calculated using Reynolds numbers. The inlet
temperature is 299.48K. Since the channel geometry
involves 180° sharp turn and rib-roughened surfaces, the
turbulent intensity is considered to be higher, and thus,
10% turbulent intensity is specified at the inlet. The nonslip
and stationary wall conditions are applied on the walls. A
fixed heat flux (q) of 2773W/m2 [24] is applied on the bot-
tom wall. All other walls are unheated.

The numerical study is performed using the steps out-
lined in the flowchart in Figure 5.

2.4. Definition of Parameters. Reynolds number (Re) is
calculated as

Re =
ρVDh

μ
, 1

where ρ, V , and μ are the density, velocity, and
dynamic viscosity of air, respectively, and Dh is the channel
hydraulic diameter. The local heat transfer coefficient (h) is
described as

h =
q

Tw − Tb
, 2

where Tb and Tw are the cooling air bulk mean and heated
wall temperatures. The Nusselt number (Nu) is computed by

Nu =
hDh

k
, 3

where k is the thermal conductivity of air. The Dittus and
Boelter equation [27–29] is utilized to normalize the Nusselt
number.

Nu0 = 0 023 Re0 8Pr0 4, 4

where 0 denotes the correlation. The friction factor is com-
puted by [30]

f =
ΔPDh

2ρV2L
, 5
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Figure 6: The span-wise averaged Nusselt number ratios for three
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Figure 7: Bar graph of the percentage error for fine grid.
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where ΔP is the difference between the inlet and outlet pres-
sures and L is the channel length crossing the centerline
between inlet and outlet. Friction factor (f ) is normalized
employing the Blasius correlation [31]:

f0 =
0 046
Re0 2 6

THP is calculated by [10]

THP =
Nu/Nu0
f /f0

1/3
7

2.5. Grid Independence Study and Validation. Three grid
sizes, namely, coarse (1.58 million), medium (2.51 million),
and fine (3.62 million), are generated to ensure the mesh-
independent solution. Figure 6 demonstrates a comparison

of Nusselt number ratios for the grids and Erelli et al.’ mea-
sured data [24] at Re = 30,000. They evaluated the maximum
uncertainty in Nusselt number to be approximately 8.2%,
whereas the friction factor was measured with uncertainty
of ±0.3% [24].

The results of the coarse grid are remarkably different;
then, the results produced the medium and the fine grids
which are quite close to the measured data in both passages.

The percentage error of the predicted Nusselt number
ratio is calculated using the following equation:

Percentage error =
Nu/Nu0 measured − Nu/Nu0 predicted

Nu/Nu0 measured
× 100

8

Figure 7 shows the percentage error bar graph for the
fine grid.
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Figure 8: Velocity magnitude distribution at the planes in the middle between the inner and outer walls for (a) first pass and (b) second pass
of the smooth and ribbed channels (p/e = 5 − 10 and e/Dh = 0 1) at Re = 30,000.
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The percentage error bar graph obtained using MATLAB
indicates that the errors in the prediction of Nusselt number
ratios augmented in the turn region compared to the first

and second pass. Therefore, the peak percentage error of
35.9% is gained in the bend region, whereas theminimum per-
centage error of 0.2 is achieved in the second pass.
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Figure 9: Temperature distribution on the heated wall for the smooth and ribbed channels (p/e = 5 − 10 and e/Dh = 0 1) at Re = 30,000.
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Figure 10: Nusselt number ratio distribution on the heated wall for the smooth and ribbed channels (p/e = 5 − 10 and e/Dh = 0 1) at
Re = 30,000.
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The root mean square error (RMSE) and coefficient of
determination (R2) are utilized to compare the estimated
and experimental Nusselt number ratio values for the fine
grid:

RMSE =
1
n
〠
n

i=1

Nu
Nu0 measured

−
Nu
Nu0 predicted

2

, 9

R2 = 1 −
∑n

i=1 Nu/Nu0 measured − Nu/Nu0 predicted
2

∑n
i=1 Nu/Nu0 measured − Nu/Nu0 measured

2 ,

10

where Nu/Nu0 is the average value of measured data.
The lower RMSE values of 0.16 and 0.21 are obtained for

the first and second passes, while higher value of 0.59 is
obtained for the turn. R2 values are 0.71, 0.46, and 0.91 for
the first pass, turn, and second pass. Like the percentage
error, higher RMSE and lower R2 indicate that the model
prediction ability is poor in the turn region. This is due to
the inability of the model to predict anisotropic turbulence
causing a sudden shift in heat transfer in the turn.

Since the fine grid indicates considerably good agree-
ment with the experiment [24], this grid is selected for the
calculation. The number of division used the smooth chan-
nel is set to edges of the ribbed channels.

3. Result and Discussion

In this section, thermal and hydraulic performance of vari-
ous 45° rib configurations with varying rib spacings and rib
heights in a two-passage square channel is discussed.

3.1. Impact of p/e on the Thermohydraulic Characteristics.
Figure 8 illustrates the velocity magnitude contours at the
plans in the middle between the outer and inner walls for
the first and second passes of the smooth and ribbed
channels (p/e = 5 − 10 and e/Dh = 0 1) at Re = 30,000. It is
observed in Figure 8 that velocity increases with decreasing
rib spacing in both passages of ribbed channels compared
to smooth channel.

Thus, the flow accelerates near the rib regions, which
leads to enhancing fluid mixing [32]. Due to 180° bend
and the divider wall, the stronger secondary flows are gener-
ated around the bend area of the smooth and ribbed chan-
nels. The higher velocity results in enhancing turbulence
level and flow mixing in the bend.

The intensity of secondary flows produced by the turn
diminishes gradually in the outlet passage of the smooth
configuration. But in the ribbed configurations, the second-
ary flows developed by 45° ribs interact with that induced
by the bend and the existence of the ribs results in increasing
velocity in the downstream of the turn in Figure 8(b).

Figures 7 and 8 illustrate temperature and Nusselt num-
ber ratio contours on the heated wall of the smooth and
ribbed channels, respectively. There is a considerable reduc-

tion in temperature in the ribbed channels in comparison to
the smooth one in Figure 9.

Besides, the ribbed surface temperature decreases with a
decrease in p/e, especially in the first pass. It is owing to a
rise in velocity near the rib regions in Figure 8. This leads
to an improvement in heat exchanging between the coolant
air and ribbed bottom wall in Figure 9. Thus, a remarkable
decrease of temperature on the ribbed wall is observed for
both the first and second passes in Figure 9. The interference
between secondary flows generated by the bend and ribs
also causes reducing temperature of the heated wall in
the bend region.

It is apparent in Figure 10 that the Nusselt number ratio
distribution on the smooth channel-heated surface shows a
significant change with the addition of 45° ribs. The ribbed
configurations enhance cooling performance in comparison
to the smooth channel in Figure 10. A decrease in p/e aug-
ments Nusselt number ratio, especially in the first pass.

Meanwhile, in the bend of ribbed channels, the Nusselt
number distribution is more uniform owing to interacting
secondary flows formed by the bend and ribs in Figure 10.

Nusselt number ratio diminishes gradually in the second
pass since the impact of secondary flow reduces in the
smooth channel. But a continued rise in the Nusselt number
ratio through the outlet pass is observed with the ribbed con-
figurations since secondary flows are formed by ribs, as
shown in Figure 10.

Table 2: The calculated results at Re = 30,000.

Configurations Nu/Nu0 f /f0 THP

Smooth 1.60 2.82 1.13

p/e = 5 2.31 5.34 1.32

p/e = 7 5 2.20 5.32 1.26

p/e = 10 2.12 5.12 1.23
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Figure 11: Nusselt number ratio versus Re for the smooth and
ribbed configurations.
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Table 2 illustrates the Nusselt number ratio, friction fac-
tor ratio, and THP for distinct configurations at Re = 30,000.

As shown in Table 2, Nusselt number ratio enhances
with decreasing in the p/e. It is obvious that the friction of
ribbed configurations is remarkably higher than the smooth
one in Table 2. The friction factor augments with a decrease
p/e from 10 to 7.5. On the other hand, the friction factor
remains nearly constant for p/e < 7 5. Therefore, the ribbed
channel having p/e = 5 and e/Dh = 0 1 ensures better heat
transfer augmentation and increases THP by 16.81% com-
pared to the smooth one.

3.2. Impact of e/Dh on the Thermohydraulic Characteristics.
In this section, since the maximum THP is obtained with
the ribbed configuration having p/e = 5 in Table 2, the
impact of the rib height (e/Dh = 0 1 − 0 2) on the thermohy-
draulic features is examined at p/e = 5 for Re = 20, 000 −
40,000.

The verification of the CFD simulation is made at Re =
30,000. Thus, the range of Re is selected according to lower
and higher than this value to understand the effect of turbu-
lent flow over rib-roughened surfaces on the friction and
heat transfer.

Figure 11 demonstrates the Nusselt number ratio plotted
with Re for the smooth and ribbed configurations. It is seen
that increasing e/Dh results in higher Nusselt number ratio
for Re = 20, 000 − 40,000 in Figure 11. Besides, Nusselt num-
ber ratio enhances with a decrease in Re.

As a general trend, increasing Re promotes the heat
transfer. But, since Nusselt number ratio predicted in the
CFD simulation is lower than that calculated using Dittus-
Boelter equation, the peak Nusselt number ratio of 2.74 is
attained with e/Dh = 0 2 and p/e = 5 for Re = 20,000.

Using the regression analysis of commercial software of
MATLAB, the Nu/Nu0 correlation as a function of e/Dh
and Re is improved based on the computational data
gained employing ANSYS Fluent in Figure 11 and the value
of R2 is 0.98.

Nu
Nu0

= e/Dh
0 155 2 667 + 1 15 × 10−5 Re 11

Ravi et al. obtained the maximum Nusselt number ratio
of approximately 1.82, 1.98, 2.25, and 2.45 for the M, W,
45°, and V ribbed channels with p/e = 16 and e/Dh = 0 125
for Re = 19,500, respectively. In comparison to Ravi et al.’s
results, the configuration generated with a decrease in p/e
and an increase in e/Dh augments Nusselt number ratio
considerably at for Re = 20,000. Therefore, the Nusselt
number ratio distribution on the heated wall of the smooth
and ribbed channels (e/Dh = 0 1 − 0 2, p/e = 5) is examined
for Re of 20,000 in Figure 12.

Nusselt number ratio augments with increasing e/Dh
from 0.1 to 0.2, especially near the inner wall of the inlet pass
and outer wall of the outlet pass owing to the stronger sec-
ondary flow associated with higher velocity in this region
in Figure 12.

As the flow accelerates with increasing the rib height,
stronger flow impingement occurring on the surface of the
ribs promotes heat transfer. Therefore, higher thermal per-
formance is obtained with ribbed channel with e/Dh = 0 2
for Re = 20,000.

To provide more insight into the relationship between
the heat transfer and secondary flow structure, three differ-
ent planes are examined at Re = 20,000 in Figure 13.

Planes 1 and 3 are located at 48mm (2 ×Dh) from the tip
wall in the first and second passes of the channel, respec-
tively, and plane 2 is located at the midsection of the turn.

These planes are observed by a watcher travelling flow
direction in the channel.

Figure 14 indicates velocity vectors plotted at the selected
planes in the smooth and ribbed configurations.

At plane 1, a secondary flow vortex is not produced in
the smooth channel. But a vortex rotating in clockwise direc-
tion is generated by ribbed configurations in Figure 14(a). It
is evident that increasing e/Dh from 0.1 to 0.2 leads to

Smooth

Nusselt number ratio

0.0 0.4 0.8 1.2 1.6 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.4 5.8 6.2 6.6 7.0

e/Dh = 0.2

e/Dh = 0.1

X

Y

Figure 12: Nusselt number ratio distribution on the heated wall for the smooth and ribbed channels at Re = 20,000.
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increasing the intensity of the vortex and velocity near the
heated wall in Figure 14(a).

At plane 2, two strong and two weaker counter-rotating
vortices are produced, thanks to the bend in the smooth chan-
nel in Figure 14(b). But, owing to the impact of the turn and
ribs, two and three counter-rotating vortices are produced by
ribbed configurations with e/Dh of 0.1 and 0.2, respectively.

It is found that high pressure at outer wall and the cen-
trifugal force as a result of the sharper turning of the flow
improve vortex structure at plane 2 (the middle of the bend).

At plane 3, the impact of secondary flows developed by
the bend is reduced in the smooth channel, whereas in the
ribbed channels, two counter-rotating vortices are produced
owing to the existence of ribs in Figure 14(c). Increasing rib
height from 0.1 to 0.2 enhances the flow velocity near the rib
region in Figure 14(c).

Figure 15 illustrates the friction factor ratio plotted with
Re for the smooth and ribbed configurations.

The elevated rib height promotes the friction compared with
the smooth channel for Re = 20, 000 − 40,000 in Figure 15. The
impact of the rib height on friction factor ratio is much stronger
for the ribbed configuration with e/Dh = 0 2.

The peak friction factor ratio of 9.84 is attained with
e/Dh = 0 2 and p/e = 5 for Re = 40,000. Ravi et al. gained the
friction factor ratio of approximately 7.6, 8.2, 8.8, and 10 for
the M, W, 45°, and V ribbed channels with p/e = 16 and
e/Dh = 0 125 for Re = 35,500, respectively.

Figure 16 demonstrates THP plotted with Re for the
channel configurations.

THP is significantly augmented by the ribbed configura-
tions in Figure 16. It is noticed that the friction factor ratio
in Figure 15 is a dominant factor for enhancing THP. The
maximum THP of 26.55% is obtained with the ribbed con-
figuration having e/Dh = 0 1 at p/e = 5. Thus, this configura-
tion can be a promising option for the improvement of
cooling performance of ribbed channels in gas turbines.

Using first-order polynomial regression analysis of
commercial software of MATLAB, the f /f0 correlation as a
function of e/Dh and Re is improved based on the calculation
data obtained using ANSYS Fluent in Figure 16 and
R2 = 0 98.

f
f0

= e/Dh
0 821 4 604 + 2 35 × 10−5 Re 12

The main conclusion in this section is that the rib
height should be limited due to pressure drop increment

(a)

Velocity (m/s)

(b)

(c)

Smooth e/Dh = 1 e/Dh = 2

0 4 8 12 16 20 24

Figure 14: Secondary flow vectors at (a) plane 1, (b) plane 2, and
(c) plane 3 at Re = 20,000.
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Figure 15: Friction factor ratio versus Re for the smooth and
ribbed channels (p/e = 5, e/Dh = 0 1 − 0 2).

Flo
w di

rec
tio

n

2 ×
D h

Tip wall 

2

3

1

Z

Y
X

Figure 13: Velocity vector planes.
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and the geometrical features of ribs are very important
to improve secondary flow structures and thus elevate
THP of the ribbed channel.

4. Conclusions

In the current work, the combined influence of p/e and e/Dh
on the thermal and hydraulic performance is evaluated com-
putationally in a square channel consisting two passages
having 45° ribs. The geometrical model was validated by
the experiment [24]. The relevant conclusions are as follows:

(1) The 45°-angled ribbed channels significantly aug-
ment heat transfer performance at the expense of
elevated friction factor in comparison to smooth
channel

(2) Nusselt number ratio, flow velocity, and friction
losses augment with decreasing p/e for a fixed rib
height at Re = 30,000, while influence of p/e on pres-
sure loss significantly diminishes for p < 7 5

(3) The secondary flow vortices induced by the bend
and ribs enhance turbulent activity near the heated
surface and thus improve thermal performance

(4) Increasing e/Dh for a constant p/e further enhances
secondary flow structures and heat transfer but pro-
duces higher pressure drop at Re = 20, 000 − 40,000

(5) The rib height has a more marked influence on the
friction factor than rib spacing. The highest Nusselt
number ratio of 2.74 was obtained with the ribbed
channel having e/Dh = 0 2 and p/e = 5 due to higher
velocity enhancing flow impingement on the ribbed
surface compared to other configurations

(6) The configuration having e/Dh = 0 1 and p/e = 5 is a
good choice regarding higher pressure loss in the

ribbed channel, and this configuration increases
THP by 26.55% compared to the smooth one

(7) New correlations were developed to estimate Nu/N
u0 and f /f0 as a function of e/Dh and flow Re

The findings of this research study can be useful for
researchers, designers, and engineers to understand the
interaction between secondary flow structures, pressure
drop, and heat transfer features of the gas turbine blade
internal coolant passage with the ribs.

Nomenclature

Dh: Hydraulic diameter
e: Rib height
f : Friction factor
h: Heat transfer coefficient
k: Thermal conductivity
L: Length
Nu: Nusselt number
Pr: Prandtl number
q: Heat flux
Re: Reynolds number
T : Temperature
V : Velocity
X: Distance in the stream-wise direction.

Greek Letters

μ: Dynamic viscosity
ρ: Density.

Subscripts

0: Correlation
b: Bulk
w: Wall.

Abbreviations

CFD: Computational fluid dynamics
THP: Thermohydraulic performance.
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