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Abstract: Convective heat transfer enhancement using rib turbulators is effective for turbine blade
internal cooling. Detailed heat transfer measurement of X-shaped ribs in a trapezoidal cooling
channel was experimentally conducted using infrared thermography. The novel X-shaped ribs
were designed by combining two V-shaped ribs, and more secondary flows generated by the X
rib delivered higher heat transfer enhancement. The Reynolds numbers in this study were 10,000,
20,000, and 30,000. These ribs were installed on two opposite walls of a trapezoidal channel in a
staggered arrangement. The rib pitch-to-height ratios were 10 and 20, and the rib height-to-hydraulic
diameter ratio was 0.128. Results indicated that higher heat transfer distribution was observed in the
vicinity of the shorter base in the trapezoidal channel. The full X-shaped ribs and the V-shaped ribs
demonstrated the highest Nusselt number ratios among all the cases. Although full X-shaped ribs
contributed to higher heat transfer improvement due to intensified secondary flows, they also caused
significant pressure loss. Therefore, the cutback X-shaped ribs were proposed by removing a segment
in the rib at either upstream or downstream region. Consequently, the upstream cutback X-shaped
rib and the V-shaped rib produced the highest thermal performance in this trapezoidal channel.

Keywords: heat transfer; rib; internal cooling; turbine blade; infrared thermography

1. Introduction

Internal cooling channels in gas turbine blades are generally roughened with ribs to
achieve higher heat transfer enhancement [1]. Heat transfer and pressure loss caused by
these ribs are related to the parameters such as rib angle of attack, pitch-to-height ratio (P/e),
height-to hydraulic diameter ratio (e/Dh), channel aspect ratio, and Reynolds number [2–4].
It was found that the correlation for the average heat transfer coefficient in the ribbed
channel can be developed using the rib spacing, height, and Reynolds number [5]. Heat
transfer can be further improved using different rib configurations and layouts, and V-
shaped ribs are one of the popular designs that generate intensive secondary flows and
higher thermal performance compared with the typical orthogonal or angled ribs. In a
square channel, the V-shaped ribs with 60◦ angle of attack produced the highest heat
transfer and therefore, could be superior to the traditional full continuous ribs in the
internal cooling passages [6]. In addition, heat transfer enhancement from the broken
V-shaped ribs was superior compared to the continuous V-shaped ribs [7].

To understand the mechanism of heat transfer enhancement caused by ribs, detailed
measurement of heat transfer distribution on the rib-roughened surfaces would be useful.
These measurements include liquid crystal thermography, infrared thermography, and
naphthalene sublimation method. Ribs generated secondary flow and contributed to
noticeable spanwise and streamwise variations of local heat/mass transfer coefficients on
the exposed surface [8]. Wang and Sunden [9] investigated heat transfer and fluid flow of
broken V-shaped ribs using liquid crystal thermography and particle image velocimetry,
respectively. The ribs caused a change in the mean velocity profile and additional secondary
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flows, and the broken ribs had better performance at high Reynolds numbers. However,
the broken transverse ribs could outperform the broken V-shaped ribs when applied in
difference aspect ratio channels [10]. The discrete or broken V-shaped ribs on the surface
produced asymmetric secondary flow, and the channel aspect ratio also influenced the
performance of the broken V-shaped ribs [11]. The 60◦ broken V-shaped ribs provided
higher heat transfer and lower pressure drop than those of the 90◦ continuous ribs [12].
However, an increase in the rib height could lead to lower enhancement for broken ribs.
Moreover, the V-shaped and discrete V-shaped ribs were also the most effective design for
heat transfer enhancement in the rotating triangular cooling channels [13]. The performance
of the V-shaped ribs could be further improved, such as by adding the grooves between
the ribs [14]. In addition to the air flow, the broken V-shaped ribs were also effective for
raising the air–water mist cooling effect [15].

Many recent rib geometries are inspired from the V-shaped ribs, such as the W- and
M-shaped ribs. The W-shaped ribs and discrete W-shaped ribs provided highest heat
transfer in both rotating and nonrotating channels [16]. A numerical investigation found
that W-shaped ribs increased heat transfer enhancement at the cost of higher pressure
drop and the optimal pitch-to-rib height ratio was 10 [17]. In addition, the M-shaped
and W-shaped ribs were also useful for enhancing heat transfer in the entrance region
of a rotating cooling channel [18]. However, the thermal hydraulic performance of the
W-shaped and M-shaped ribs could be inferior to that of the V-shaped ribs [19].

From the aforementioned literature, it was possible to improve the V-shaped rib
performance by altering the rib configuration. Therefore, a novel X-shaped rib configuration
was proposed, which can be considered as a combination between a V-shaped rib and
an inverted V-shaped rib. For one single rib case, this X-shaped rib had better thermal
performance than that of the V-shaped rib [20]. Since the repeated ribs were used instead of
single rib for internal cooling passages, the two opposite walls in the trapezoidal channel
were fully roughened with ribs for experimental investigation. Since the X-shaped ribs
could cause substantial pressure loss, a cutback rib was also introduced by reducing the rib
length at either upstream or downstream region.

2. Experimental Setup and Procedures

A schematic of the flow facility and test section is shown in Figure 1. The air flow rate
from an air compressor was measured using a rotameter (Fong-Jei, Taipei, Taiwan, F-type)
installed upstream of the test section. A pressure regulator maintained the air pressure at
desirable level, and a valve controlled the flow rate. Meanwhile, the flow was directed into
a plenum chamber located upstream of the test section. The air temperature was 25 ◦C, and
the volume flow rate ranged from 200 to 600 L/min. The channel wall was heated using
resistance heaters, and an infrared camera (FLIR A325sc, Oregon, USA) detected the wall
temperature. The pressure drop of the ribbed channel was recorded using a differential
pressure gauge (Willes, WDMP 3000, 0–40 kPa, Anguilla, BWI). A translational stage was
used for precise positioning of the infrared camera so that the regions of interest for heat
transfer measurement could be obtained. Thermocouples were installed into the channel
at equally spaced points to record the air temperatures, and the data were recorded by a
thermocouple module (NI 9213, Texas, USA).
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Figure 1. Experimental setup for heat transfer measurement.

The drawing of the trapezoidal cooling channel manufactured from polyvinyl chlo-
ride (PVC) is shown in Figure 2, which has been used in our previous publication [20]. It
comprised an unheated entrance (105 mm), heated region (690 mm), and outlet section
(103 mm). A contraction part (100 mm length) connected the inlet plenum and the trape-
zoidal test section. The vertical and inclined walls were heated during the experiment,
and the areas were 690 × 20 and 690 × 25 mm2, respectively. In the current configuration,
each pixel size in the infrared image was estimated to be 0.2 × 0.2 mm2. The heating was
controlled using a polyimide film heater (0.15 mm thick). The heater surface for infrared
measurement was coated with black paint for uniform emissivity. To obtain the emissivity
of the surface, a copper block was also coated with the black paint and prepared for heating
to the predetermined temperatures. A thermocouple was installed in the copper block to
detect the temperature. Therefore, the emissivity on the surface can be obtained using the
temperature measurement from thermocouple and infrared camera. The emissivity on the
surface was 0.94 [21]. To prevent heater deformation, a stainless steel sheet (0.3 mm thick-
ness) was attached to the heater surface using a thermal tape (0.15 mm). These two heater
elements were tightly fastened to the outer frame of the test section. More information can
be found in our previously published paper [20].

Figure 3 plots the four rib geometries (V-shaped, full X-shaped, and upstream and
downstream cutback X-shaped). These acrylic ribs were placed on the inclined wall and
vertical wall in the right trapezoidal channel, exhibiting an angle of 53◦ at the longer base,
and this rib dimension is the same as that in our previous publication [20]. These ribs
had an angle of attack of 45◦ with respect to the mainstream flow. The square ribs had a
cross-section of 2 × 2 mm, giving a rib height-to-hydraulic diameter ratio of 0.128. It should
be noted that the ribs on the inclined wall were longer, and the ribs cannot be extended to
the corner of the shorter base. Since the wall temperature was taken from outer side of the
channel, the heat transfer results were presented on the smooth endwalls between ribs and
the regions underneath the ribs were excluded.
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Figure 3. Drawing of the test section.

The ribs were placed in a staggered arrangement on the inclined wall and vertical wall
as demonstrated in Figure 4. It should be noted that the ribs were placed from the entrance
of the channel, and the measurements were taken from x/Dh = 16.5 to 30.6 in the streamwise
direction. Because the measurement regions were slender, the measurements were taken at
four subsections as marked by the dashed lines to obtain higher-resolution infrared images.
The distances between the ribs were 20 mm and 40 mm, giving a rib spacing-to-height ratio
of 10 and 20, respectively. For the smaller rib spacing (P/e = 10), there were 32 and 33 ribs
on the vertical wall and inclined wall, respectively. For all X-shaped ribs, only larger rib
spacing (P/e = 20) was performed to avoid the rib interference issue.
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The heat transfer coefficient on the rib-roughened surface can be calculated as:

h =
Qin − Qloss
A(Tw − Tb)

(1)

The heat input (0.36–1.2 W/cm2) was calculated from power output of the film
heater. The wall temperature was recorded using the infrared camera, and the fluid
bulk temperature was measured using thermocouples. Since the infrared camera can only
capture the outer surface temperature, the real inner wall temperature was determined
using a thermal resistance model [21]. The temperature difference between the inner
and outer wall was within 1.5 ◦C. It should be noted that the heat transfer coefficient was
calculated for each pixel in the infrared images. The heat loss from conduction and radiation
was subtracted from the heat input so as to identify the net heat rate for heat convection.
The heat loss experiment was conducted without the air flow at several different wall
temperatures, and meanwhile, the insulation material was inserted into the channel to
eliminate natural convection. During the heating process, the heat input was equivalent
to the heat loss from the test channel to the ambient. Accordingly, the heat loss could be
linearly interpolated using the difference between the wall and ambient temperatures [20].
The Nusselt number can be calculated as:

Nu =
hDh

k
(2)
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This equation was calculated using the hydraulic diameter of the smooth channel
(15.6 mm). The air Prandtl number is 0.7, and the Nusselt number ratio was calculated
using the Gnielinski correlation [22]:

Nuo =

(
fp/8

)
(Re − 1000)Pr

1 + 12.7
(

fp/8
)1/2(Pr2/3 − 1

) (3)

where the friction factor was calculated using the literature correlation [22]:

fp = (0.79ln(Re)− 1.64)−2 (4)

The friction factor (f ) was calculated according to the pressure drop across the ribbed
channel and normalized using the correlation (fo):

f =
∆P

2(L/Dh)(ρV2)
(5)

fo = 0.079Re−0.25 (6)

The uncertainty analysis was performed using the method proposed by Kline and
McClintock [23]. For heat transfer measurement, the primary sources of uncertainties in
the experiment were the mainstream temperature, wall temperature, heat input, heat loss,
and fluid properties. The uncertainty for the Nusselt number was calculated as follows:

∆Nu
Nu

=
1

Nu

[(
∂Nu
∂h

∆h
)2

+

(
∂Nu
∂Dh

∆Dh

)2
+

(
∂Nu
∂ka

∆ka

)2
] 1

2

(7)

The maximal uncertainty in the Nusselt number was 6% at the Reynolds number of
10,000. For the flow Reynolds number, the uncertainty was primarily from the flow meter
and the uncertainty was calculated as follows:

∆Re
Re

=
1

Re

[(
∂Re
∂ρ

∆ρ

)2
+

(
∂Re
∂V

∆V
)2

+

(
∂Re
∂Dh

∆Dh

)2
+

(
∂Re
∂µ

∆µ

)2
] 1

2

(8)

The estimated maximal uncertainty in the Reynolds number was 4.4%. The uncertainty
of the friction factor was also estimated, and the uncertainties in these test parameters are
summarized in Table 1.

Table 1. Uncertainties in the test parameters.

Parameter Uncertainty

Voltage 0.01 V
Resistance 1 Ω

Fluid temperature (Thermocouple) 0.5 ◦C
Surface temperature (Infrared) 0.6 ◦C

Heat input 1.6%
Heat transfer coefficient 5.8%

Flow rate 4%
Pressure drop (Pressure transducer) 1%

Friction factor 8.2%

3. Results
3.1. Heat Transfer

In this trapezoidal channel, influences of ribs on heat transfer distribution were
reported on the vertical and inclined walls. Nusselt number ratios for the V-shaped ribs
with two rib spacings (P/e = 10 and 20) were selected as a baseline case. For the closer
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spacing (P/e = 10), the heat transfer enhancement caused by the flow reattachment from
ribs can be clearly observed in Figure 5. There is no appreciable difference in the Nusselt
number distribution within these four subsections, demonstrating that the number of ribs
were sufficient for the Nusselt number to reach a periodically fully developed value. Due
to the trapezoidal channel, the heat transfer distribution was asymmetric, and high heat
transfer regions was observed near the shorter base. This was primarily caused by the
flow accelerating through the shorter base since this region was not fully covered by ribs.
Overall, the heat transfer distribution on the vertical was more symmetric than that on
the inclined wall. On the inclined wall, the sharper corner (53◦) near the longer base was
not beneficial for heat transfer improvement. A similar finding was also presented for a
triangular channel with fully and partial ribbed walls, heat transfer enhancement near the
sharper corner was also quite low [24].
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Figure 6 shows the Nusselt number ratios for the larger rib spacing (P/e = 20). Although
heat transfer enhancement by the ribs were still observed, the larger spacing led to lower
heat transfer regions downstream of the reattachment zone, and the heat transfer started
to degrade as the flow started to develop. This wider rib spacing generated a thicker
boundary layer after flow reattachment as indicated in literature [25], leading to smaller
heat transfer enhancement than that of the smaller spacing case.
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To improve the performance of the V-shaped ribs, the X-shaped ribs were proposed,
and the Nusselt number ratios are shown in Figure 7. According to our previous study,
the single X-shaped rib caused additional flow vortices and more secondary flow cells [20].
Near the side wall, the secondary flow demonstrated flow accelerating and contributed to
higher heat transfer enhancement. A larger rib spacing of 20 was selected to avoid the rib
interference issue. Despite the large rib spacing, the elongated rib structure demonstrated
superior heat transfer enhancement, particularly on the vertical wall. This was primarily
caused by the high heat transfer zones from the flow reattachment near the corner. Com-
pared to the V-shaped ribs with the same rib spacing, the low heat transfer regions were
significantly reduced, which indicated that the X-shaped ribs were effective for disturbing
the boundary layer flow.
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The X-shaped ribs produced greater heat transfer enhancement, while the pressure
loss could be substantial because of the increased rib-roughened area. Therefore, the
cutback ribs were introduced. The geometry of the cutback ribs can be interpreted as a
combination of large and small V-shaped ribs. For the upstream cutback X-shaped ribs
(Figure 8), the additional upstream rib segment produced flow acceleration and promoted
heat transfer enhancement, which demonstrated higher Nusselt number ratios compared
with the V-shaped ribs. However, the heat transfer enhancement was lower than that of
the full X-shaped ribs because the cutback structure generated weaker secondary flow cells.
The high heat transfer enhancement caused by the secondary flow generated by ribs was
still noticeable downstream of the ribs and near the shorter base of the channel.
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For the downstream cutback ribs (Figure 9), the secondary flow generated by the
upstream V-shaped structure was hindered by the downstream cutback element, and the
higher heat transfer regions were observed near the longer and shorter bases. Consequently,
the heat transfer near the centerline was smaller for both the inclined and vertical walls.
Although downstream cutback design demonstrated higher heat transfer for the single rib
case [20], the secondary flows generated by the repeated ribs were less effective for heat
transfer enhancement. For both cutback rib cases, the heat transfer on the inclined wall
near the sharper corner was still low.
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The average Nusselt number ratios on the inclined and vertical wall were plotted in
Figure 10. These Nu ratios were the average values from every point on the measurement
plane, and the Nusselt number ratios on the vertical wall were slightly higher than those
on the inclined wall. Despite the larger rib spacing (P/e = 20) of the full X-shaped rib, it
showed superior heat transfer enhancement on both the inclined and vertical walls. The
Nusselt number ratios from the full X-shaped ribs were 15–25% higher than those from the
V-shaped ribs with the same rib spacing (P/e = 20). The full X-shaped rib and V-shaped rib
with smaller spacing (P/e = 10) showed the highest Nusselt number ratios among all the
cases. The upstream cutback ribs were better than the downstream cutback ribs, which was
different from the single rib case [20]. This was primarily caused by the repeated staggered
ribs, which generated lower heat transfer enhancement regions upstream of the ribs. The
V-shaped ribs with larger spacing showed the lowest Nusselt number ratios, approximately
2.1–2.5.
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3.2. Friction Factor and Thermal Performance

The friction factor is shown in Figure 11, and the X-shaped ribs show the highest
friction factor. It should be noted that X-shaped rib even has higher friction factor than
that of the V-shaped ribs having smaller rib spacing (P/e = 10). The cutback X-shaped ribs
were effective for reducing the pressure drop across the channel, and the friction factor was
25–30% lower compared with the full X-shaped ribs. The V-shaped ribs with wider spacing
demonstrated the lowest friction factor. With the measured heat transfer and friction factor
results, the thermal performance was computed for each rib configuration, as shown in
Figure 12. Although the full X-shaped ribs exhibited the highest heat transfer, the thermal
performance was hindered by the noticeable pressure loss. In addition, the downstream
cutback X rib was successful for the single rib case [20], but the repeated rib configuration
led to the lowest thermal performance. For the upstream cutback rib, the smaller friction
factor was favorable for enhancing thermal performance. The V-shaped ribs (P/e = 10) and
upstream cutback X ribs showed the highest thermal performance.
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4. Conclusions

Heat transfer and friction factor of various X-shaped ribs were experimentally mea-
sured in a trapezoidal cooling channel. V-shaped, X-shape, and upstream and downstream
cutback X-shaped ribs were studied. The conclusion can be summarized as follows:

1. The X-shaped ribs produced the highest heat transfer despite the large rib spacing. The
expanded rib structure contributed to intensive flow mixing and expanded the heat
transfer enhancement regions around the ribs. However, this was also accompanied
by the largest pressure drop.

2. The cutback X-shaped ribs can effectively reduce the pressure loss caused by the full
X-shaped ribs. Consequently, the V-shaped ribs (P/e = 10) and upstream cutback X
ribs showed the highest thermal performance.

3. The Nusselt number ratios were higher in the vicinity of the shorter base in the
trapezoidal channel regardless of the rib configuration. It should be noted that the rib
spacing and height ratios may not be optimal, and detailed parametric study could
potentially increase the rib performance.
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Nomenclature

A Heat transfer area
Dh Hydraulic diameter of the trapezoidal channel
e Rib height
f Friction factor
fo Friction factor in the smooth tube with fully developed flow
h Convective heat transfer coefficient
k Thermal conductivity of air
L Length of the rib-roughened region
Nu Nusselt number
Nuo Nusselt number calculated using Gnielinski correlation
P Rib spacing
Pr Prandtl number of air
∆P Pressure drop across the ribbed region
Qin Heat input
Qloss Heat loss
Re Reynolds number (= ρVDh/µ)
Tw Surface temperature
Tb Bulk temperature
V Flow velocity
x Streamwise distance
y Spanwise distance
ρ Density of air
µ Dynamic viscosity of air
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