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Abstract: With the rising complexity of internal cooling structures in gas turbine blades, the lim-
ited cooling air volume and pressure head provided by the compressor have become significant
constraints to further enhancements in the overall efficiency of gas turbines. To address this, micro-
turbulators have been proposed as a viable solution in recent research. The rib turbulators, as
a typical internal cooling structure, have inherent limitations in heat transfer measurements. In
this study, a segmented lumped parameter method was employed to experimentally analyze the
aerothermal dynamic characteristics of micro ribs under varying rib heights and Reynolds numbers
in channel flow. It was found that heat transfer performance closely correlates with both rib height
and the height of the incoming boundary layer. Under certain conditions of dimensionless height
and dimensionless number, optimal heat transfer enhancement near the micro-rib was observed,
leading to an approximately 30% increase in the overall thermal performance (OTP) compared to
the results from research into traditional 90◦ ribs. Numerical results based on the Reynolds stress
model (RSM) suggest that this improvement is primarily due to the increased turbulence intensity
in the near-wall region (y+ = 20–55) of the boundary layer caused by the micro ribs. This study
presents a new characteristic parameter e+/

√
Re that offers improved representation of the heat

transfer performance of micro ribs, and reveals that when this parameter is around 40, micro ribs can
provide high heat transfer with low pressure loss, thereby improving the overall efficiency. These
results underscore the potential applicability of micro ribs in advancing the efficiency of gas turbines
and other related fields.

Keywords: gas turbine cooling; micro ribs; heat transfer; pressure loss; CFD; lumped parameter
method; boundary layer

1. Introduction

In pursuit of superior cycle thermal efficiency and the reduction in pollutant emissions,
the inlet temperature of gas turbines has experienced a notable escalation. Consequently,
turbine inlet temperatures often exceed the melting point of metal components. Due to
limitations associated with air coolant, it is necessary to develop efficient and effective
cooling technologies.

Internal cooling is a primary technique in turbine blade cooling, which often makes
use of rib turbulators installed at periodic intervals in serpentine channels within the
turbine blade. As cooling air flows through the ribs, the boundary layer separates and
reattaches; secondary flows are also created in the channels, which improve mixing and
heat transfer. The correlations between heat transfer and friction have been described by
Webb [1]. The performance of heat transfer in a stationary ribbed channel is primarily
determined by the channel aspect ratio (AR), rib shape, Reynolds number (Re), blocking
ratio (e/D), spacing ratio (p/e), and rib angle (α) [2]. In the following decades, further
research on ribs greatly expanded the range of research parameters for ribbed channels, and
many engineering-related flow and heat transfer properties of ribbed channels have been
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experimentally and numerically summarized [3–16], as shown in Table 1. The blocking
ratio (e/D) is one of the main factors affecting the heat transfer performance of the ribbed
channel. In most studies, the blocking ratio ranges from 0.05 to 0.3.

Table 1. Research on rib cooling.

Reference Rib Configurations AR e/Dh p/e Re α

Han [3] Transverse rib 1/4–4 0.047, 0.078 10, 20 10,000–60,000 90◦

Tanda [4] Transverse rib, Angled rib,
V-ribs, Broken ribs 5 0.15,0.25 8, 13.3 9000–35,500 45◦–90◦

Liou [5] Transverse rib 2 0.133 10 33,000 90◦

Taslim [6] Transverse, Angled, V-Shaped,
Discrete Ribs 2 0.083–0.167 10 5000–30,000 45◦, 90◦

Park [7] Angled rib 1/4–4 0.047, 0.078 10 10,000–60,000 30◦–90◦

SriHarsha [8] Continuous ribs, V-broken ribs 1 0.0625–0.25 10 10,000–30,000 60◦, 90◦

Cho [9] Transverse, Angled ribs 0.08 8 60◦, 90◦

Tanda [10] Angled ribs 5 0.09–0.15 6.6–20 8900–36,000 45◦

Wright [11] Angled ribs 3 0.079 2.6–14.6 10,000–70,000 45◦

Hossain [12] Angled ribs 0.0264 15 100,000–200,000 45◦, 90◦

Dees [13] Transverse ribs, 10,000–40,000 90◦

Coletti [14] Angled ribs, 7.5 67,500 30◦

Liou [15] Transverse rib 1.41 0.1 10 10,000 90◦

Kaewchoothong [16] Transverse rib, Angled rib,
V-ribs, Broken ribs 2.5 0.18 10 400–1200 30◦–90◦

Present work Transverse ribs 4 0.0063–0.063 10–100 5000–60,000 90◦

Conventional internal cooling techniques are known to positively impact the heat
transfer of turbine blade surfaces. Despite this, some scholars have noted that these methods
predominantly find application below the Reynolds number line. This indicates that while
flow losses increase, heat transfer enhancement remains limited. Drawbacks in large-scale
cooling are significant, and a shift toward micro-cooling methods has therefore gained
attention. Bunker thoroughly discussed this shift and its underlying reasons. Studies
indicate that micro-cooling structures significantly decrease cooling airflow by up to 40%,
while lowering thermal stress by 50% [17]. Considering the pressure loss constraints
associated with turbine blades, there is a critical need to develop cooling techniques that
operate above the Reynolds analogy line. Early insights into surface roughness and the
recent advancements in active control of surface turbulators, inspired by bionics, suggest
that micro-structures hold the potential to significantly enhance the heat transfer coefficient
while minimizing flow losses to the maximum extent possible [18]. This has led to an
increased research interest in surface micro ribs, a typical example of such surface structures.

The initial perspective on the application of micro-turbulators comes from research
on surface roughness. The effect of roughness in fully turbulent boundary layers and
channel flows has been addressed by several researchers, starting with the classic work
of Nikuradse [18]. In TBL, Townsend’s wall similarity hypothesis states that the turbu-
lent motions outside the roughness sublayer are independent of the surface roughness.
Jiménez [19] reviewed a variety of roughness topologies investigated by several researchers
and noted that the dimensionless parameters, dimensionless height e+ and blockage ratio
δ/e, control the effect of roughness on turbulent boundary layers. According to Chung’s
review [20], the surface roughness in the transition region exhibits flow and heat transfer
mechanisms that differ from those of fully rough behavior. For most micro-turbulators
located in the transitional zone of the boundary layer, they exhibit complex behaviors that
are similar to those of transitional surface roughness. Scholars began to pay attention to the
combined effects of micro-turbulators on flow and heat transfer. Previous studies analyzed
the flow and heat transfer characteristics of longitudinal vortex turbulence elements in the
boundary layer [21–23] and channel flow [24–27]. The performance and layout of these
longitudinal vortex turbulence elements were compared. The results show that the surface
roughness can not only reduce the boundary layer and cause the macroscopic mixing of
fluid, but also increase the turbulence intensity, which leads to better heat transfer. Mul-



Energies 2023, 16, 5986 3 of 24

hearn [28] investigated turbulent flow across a surface roughened by regularly spaced,
two-dimensional roughness elements, and observed that the measured Reynolds shear
stress decreases as the surface is approached. Savage et al. [29] investigated the effect of
micro-turbulators on heat and momentum transfer. The increase in heat transfer coefficient
is due to a change in the turbulence pattern close to the wall brought about by the presence
of the surface protuberances. Furthermore, micro-turbulators are widely used in other
cooling approaches, such as impinging jets. Gabour and Lienhard [30] measured stagnation
region heat transfer coefficients, including beneath single hole impingement jets. Results
show that stagnation region heat transfer coefficients increase by as much as 50 percent,
relative to smooth surface values, which is attributed, in part, to the reduced boundary layer
thickness associated with the impact and development of impingement flow along target
plate surfaces. Ren et al. [31], both experimentally and numerically, examined the effect of
rectangular and triangular surface roughness on the jet impingement cooling augmentation.
Oda and Takeishi et al. [32] carried out experimental and numerical studies on heat transfer
enhancement of single hole impingement cooling on a ribbed target surface. Currently, the
majority of the research on micro-turbulators focuses on flow and heat transfer effects of
different cooling forms or different shapes. However, the effect of the characteristic size of
micro-turbulators on the flow and heat transfer, as well as its interaction with the boundary
layer, has not been sufficiently investigated.

Furthermore, the surface heat transfer coefficient is a highly significant parameter. At
present, the commonly employed internal cooling measurement methods include point
measurement based primarily on a thermocouple, and surface measurement based mainly
on liquid crystal or infrared imagery to determine temperature distribution. From the
perspective of measurement principles, these methods are mainly divided into two cate-
gories: steady-state measurement and transient measurement. In addition to the previously
mentioned approaches that are applied to the ribs, examples of this type of measurement
method in internal cooling are now presented.

Hahn et al. [33] aimed to investigate the heat transfer rate in an internal passage of a
typical gas turbine blade with various internal geometries, using multiple thermocouples
placed on the surface of a heating plate and distributed along the channel. Four rib geome-
tries, wrapped in copper foil, were then positioned on the heating plate. Benson et al. [34]
experimentally studied the complex internal cooling flow in gas turbine blades using
steady-state infrared (IR) thermometry. Based on quantitative and qualitative comparisons,
flow velocity and cooling performance showed a strong correlation within the flow chan-
nel. The uncertainty in the measurement of the Nusselt number is approximately ±10%.
Choi et al. [35] studied the heat transfer and air-cooling problem of the trailing edge of a
notched turbine blade and the effect of lateral impingement of two rows of passive elements
on cooling gas using steady-state liquid crystal measurement technology. Cunha et al. [36]
proposed closed-form analytical solutions for transient liquid crystal methods to describe
the temperature distribution of four typical trailing edge configurations. Amro et al. [37]
used a triangular channel with rounded edges as a model for the leading edge cooling chan-
nel of gas turbine blades and studied the heat transfer characteristics of internal cooling in
circular-edged triangular channels in the Reynolds number range of 50,000–200,000, finding
that the most efficient rib arrangement for leading edge cooling is a dual-sided overlap of
3D ribs at a 45-degree angle and a curved region. Funazaki et al. [38] used acrylic resin to
manufacture two flow channel test models and evaluated the internal and external heat
transfer coefficients and cooling efficiency of the test models using transient liquid crystal
methods. Schüler et al. [39] aimed to analyze the influence of sidewall mass extraction on
the pressure loss and heat transfer distribution in the two channels with cooling channels
in the direction of the trailing edge flow. Saha et al. [40] conducted experimental studies on
simulated turbine blade internal cooling channels, using inclined grooves and groove–rib
combinations to enhance heat transfer from the wall. Tariq et al. [41] measured the flow and
heat transfer characteristics of continuous ribs and perforated ribs with different exit angles,
and the results showed that perforated ribs are helpful in improving the distribution of
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the downstream stagnation zone. Since the transient heat transfer measurement method
is based on the assumption of a semi-infinite plate and has strict requirements for the
one-dimensional heat conduction assumption of the measured surface, there are strong
three-dimensional effects in the disturbed flow ribs and their surrounding regions, which
do not satisfy the semi-infinite plate assumption and are bound to introduce errors into
the measurement.

As observed, there are certain limitations to the measurement principles of common
steady-state and transient heat transfer measurement methods. In the case of micro ribs,
the rib itself and its surrounding areas exhibit strong three-dimensional effects compared
to larger-scale ribs, making it challenging to accurately measure heat transfer. For example,
in steady-state measurements using thermocouples, the heat transfer of the ribbed portion
is often averaged in the final result. However, in liquid crystal measurements, due to
the aforementioned difficulties with principles and measurement conditions, the heat
transfer enhancement of the rib itself is often not considered. Therefore, to comprehensively
evaluate the cooling effectiveness of micro ribs, an accurate and comparable experimental
method needs to be developed.

In the present research, the aerothermal characteristics of micro-ribbed channels under
array conditions were obtained by a PID-controlled segmented lumped parameter method,
to evaluate the heat transfer performance in a channel with different rib heights and
Reynolds numbers. The measured blocking ratios (e/D) ranged from 0.0063 to 0.063. The
Reynolds number ranged from 5000 to 60,000. Based on the boundary layer parameters
of the incoming flow, the dimensionless height (e+) of all operating conditions was set
between 2.8 and 281. The numerical results obtained from the Reynolds stress model (RSM)
were used to analyze the experimental results.

2. Experimental Setup and Procedure

Specific details of measurement and parameter determinations are presented for the
experimental facility at Tsinghua University in Beijing, China, and shown in this section.

2.1. Experimental Apparatus

Figure 1a presents the facility used for the experiment, including the test section, PID
controller, data acquisition, pressure transducer, mass flowmeter, plenum and the test
section. A centrifugal flowmeter is installed behind the measuring section to measure the
mass flow. The suction wind tunnel is realized by the suction generated by the blower,
ensuring that the incoming flow temperature is not affected by the temperature rise of
the blower.

Figure 1c shows the arrangement of the test section. The flow channel of the test
section is designed to minimize heat loss and air leakage. The test section consists of
eight copper blocks, each measuring 20.0 mm wide, 80.0 mm long, and 12.0 mm thick.
Insulating materials are installed between adjacent copper blocks. In this arrangement,
copper blocks serve as regional heat transfer surfaces to maintain a uniform temperature.
Three machined holes are used on the centerline of each copper block to accommodate
three different installation depths of thermocouples. Thermal films were applied to the
bottom of each copper block to provide a constant surface heat flux boundary condition.
On the side of the thermal film facing the environment, insulation foam was injected using
a glue gun to create an insulation layer, minimizing heat losses and providing additional
mechanical support to the copper blocks. In this study, the thermal film provided a surface
heat flux density ranging from 0 to 5 kW/m2. The temperature range of the copper blocks
is from 30 ◦C to 80 ◦C. Small holes with a diameter of 1 mm were arranged before and
after the test section, and two micro-pressure transmitters with a range of ±12.45 Pa and
±245 Pa were used to measure the average static pressure through the micro-rib front
and rear passages, to meet the precision requirements of different pressure ranges under
different work conditions.
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Figure 1. Experiment facility: (a) schematic of the experiment facility; (b) fully developed section
and test section; (c) copper blocks with film heater and insulation layer.

The test section consists of a copper block, an insulation sheet, a heating film, and an
insulation layer. The insulation sheets between the copper blocks are made of processed
ABS plastic and processed to a suitable height, serving as the ribs for the study. The purpose
of this approach is to eliminate the influence of the rib’s own heat transfer. The copper
block and the insulation sheet are installed sequentially on one side of the runner, and a
caulking agent with low thermal conductivity (0.022 W/(m·K)) is injected on the outer side
as an insulation layer. Since the thermal conductivity of the copper block (401 W/(m·K)) is
much larger than that of the insulation sheet (0.25 W/(m·K)), each copper block separated
by the insulation sheet satisfies the measurement conditions of the lumped parameter
method. That is, it can be assumed that the internal temperature of each copper block can
be stabilized at the same temperature in the steady state.

2.2. Experiment Design

The flow and heat transfer performance of micro-rib heights were investigated by
machining ribs of different heights on a copper block, as shown in Table 2. The width and
height of the ribs are consistent with the width and height of the channel, to ensure they can
be placed tightly in the channel from the outside. Ribs of different heights, ranging from
0.2 mm to 2 mm, were machined on the inner side of the channel, with e/D ranging from
0.0063 to 0.0625 and maintaining a width-to-height ratio (W/H) of 4. The flow and heat
transfer characteristics were measured under different working conditions with Reynolds
numbers ranging from 5000 to 60,000. The total length of the channel is 1000 mm, with the
ribbed section placed at 700 mm to ensure fully developed flow.
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Table 2. Experiment parameters.

L (mm) 1000

Ls (mm) 700

W (mm) 80

H (mm) 20

e (mm) 0.2, 0.4, 0.6, 1, 2

p (mm) 10

D (mm) 32

e/D 0.0063, 0.0125, 0.0188, 0.0313, 0.0625

W/H 4

Rein 5000, 10,000, 20,000, 40,000, 60,000

As the micro ribs are all merged in the turbulent boundary layer, the dimensionless
height of the micro ribs is determined by the boundary layer’s dimensionless scale:

e+ =
uτe
ν

(1)

where uτ is the friction velocity of incoming flow.
For the experiment, e+ can be determined by the measured friction factor and

Reynolds number:

e+ = (
f
2
)

1/2
Re

e
D

(2)

In this study, according to different values of the Reynolds number, the value of e+

varies between 2.794 and 280.9. In order to investigate whether the value of e+ has a
significant impact on the effect of micro ribs, RANS numerical simulation was added to
the condition of the gray part in Table 3 to analyze the effect of flow parameters on the
characteristics of micro ribs.

Table 3. Experimental and numerical cases.

e+ 0.2 mm 0.4 mm 0.6 mm 1 mm 2 mm
5000 2.794 5.588 8.382 13.97 27.94

10,000 5.16 10.32 15.48 25.8 51.6
20,000 10.43 20.86 31.29 52.15 104.3
40,000 18.282 36.564 54.846 91.41 182.82
60,000 28.09 56.18 84.27 140.45 280.9

2.3. Heat Transfer Measurment Techniques

The lumped parameter method was used to measure the heat transfer coefficient, and
the typical heat transfer diagram of the copper block is shown in Figure 2. The thermal
conductivity of the copper block is 401 W/m·K. To evaluate the uniformity of temperature
inside the copper block, the Bi number is introduced as follows:

Bi =
l · h

k
(3)

where l is the characteristic length, generally taken as the ratio of the body volume to the
heat transfer area; and h and k are the convective heat transfer coefficient and the thermal
conductivity of the object surface, respectively. In the experiment, the Bi number of the
copper block is significantly less than 0.1, indicating that the temperature distribution inside
the copper block is uniform and satisfies the condition of the lumped parameter method.
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Since the copper block meets the central parameter conditions, the final heat transfer
coefficient with the projection area as the heat transfer area is obtained as follows:

hau =
q

(Tw − Tf )
(4)

where Tw and Tf represent the temperature of the copper block and the stagnation tempera-
ture of the supply gas chamber, respectively, and q is the heat flux density. hau represents
the heat transfer coefficient with the projected area

The steady-state heat flux density q is provided by the heating film attached to the
back of the copper block. The heat flux density is determined by measuring the resistance
and voltage of the heating film as follows:

h f =
q− λ

b (Tw−Tf )−σ(T4
∞−T4

w)

Tw−Tf
= q−qloss

Tw−Tf
= U2−U2

s
RA(Tw−Tf ) (5)

where A is the area of the lower surface of the copper block, which is the same as the
projected area of the upper surface of the copper block. U and R are the voltage and
resistance of the heating film, respectively, and are measured by a digital multimeter.
The heat loss qloss is calculated using finite element analysis and one-dimensional heat
conduction analysis. The specific analysis process is described in Section 2.4.

In the present experiment, the heat flow output is controlled by a PID system to ensure
the same temperature for each copper block. The average heat transfer coefficient at the
location of each copper block is calculated with the obtained heat flux. The heat loss in the
steady-state measurement is quantified by measuring the heat flow density at the same
copper block temperature at rest. The schematic of the PID controller system is shown in
Figure 2.

The PID temperature control system and heat flux density measurement system have
two functions and goals: 1. To ensure that the temperature of the copper block quickly,
stably, and accurately reaches the given value under different flow conditions. 2. To
measure the heat flux density that maintains the temperature of a certain copper block with
high accuracy, which can be used to quantify experimental errors.

The heat loss can be measured during the experiment due to the use of the PID
temperature control system and the heat flux density measurement system. The specific
evaluation method is as follows: conducting a preliminary experiment without the main
flow, setting the target temperature of the copper block Tc, and automatically adjusting
it using the PID to make the temperature reach the target value. The measured heat flux
density at this temperature is the heat loss qloss at this temperature. Based on this, the formal
experiment is carried out with the main flow applied, and the temperature of the copper
block decreases. The PID system adjusts the heat flux density automatically to return the
temperature of the copper block to the target value Tc. At this time, the measured heat flux
density minus the heat loss obtained from the preliminary experiment represents the net
heat flux density at this temperature and flow condition. By evaluating heat dissipation
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in this way, all known and unknown heat dissipation losses can be evaluated accurately
and reliably.

2.4. Uncertainty Analysis

This section focuses on the main parameters that affect the uncertainty of heat transfer
measurement, including environment temperature, copper block temperature, voltage,
and resistance. The temperature uncertainty in the environment is estimated to be about
0.1 K. Temperature uncertainty in copper bars is estimated to be about 0.5 K, which is a
combination of the thermocouple temperature (0.1 K) and the heat conduction within the
copper block (0.4 K). The experimental uncertainties of voltage and heater resistance mea-
surements are 0.144 V and 0.1%, respectively. The uncertainty quantification of Equation (5)
is applied, as shown in Equation (6). Because the machining accuracy of the copper block
size is 0.01–0.015 mm, the uncertainty of the area A of the copper block is a higher-order
small quantity, which is omitted in the calculation. The uncertainty of the experiment is
calculated by other uncertainties. An uncertainty analysis is conducted for a typical case
with e/D = 0.063 and Re = 20,000. As shown in Table 4, the maximum uncertainty for the
heat transfer coefficient is about 7%. Based on the measuring range of the micro-pressure
gauge and the pressure drop range of the experimental conditions, the uncertainty of the
pressure drop and the resistance coefficient in this experiment are 3.5% and 5%, respectively.
The uncertainty quantification method in this study is based on Moffat’s approach [42].

δh f =

√√√√(
∂h f

∂U
δU)

2

+ (
∂h f

∂Us
δUs)

2

+ (
∂h f

∂R
δR)

2

+ (
∂h f

∂A
δA)

2

+ (
∂h f

∂Tw
δTw)

2

+ (
∂h f

∂Tf
δTf )

2

(6)

Table 4. Uncertainty analysis.

Quantity Values Error ecr (%) Copper Bar
Number Uncertainty

h (W/(m2·K)) 103.34 - - 1 5.60%
U (V) 11.13 0.144 2.58 2 6.31%
R (Ω) 28.8 0.1 0.35 3 6.14%

qloss (W/m2) 83.7 7.17 0.27 4 7.12%
Tw (◦C) 50 0.5 2.0 5 6.74%
Tf (◦C) 25.1 0.1 0.4 6 7.08%

Uncertainty
(%)

- - 5.60
7 6.76%
8 7.13%

The heat insulation sheet is machined and integrated to ensure the same rib height
at different positions of the same group of cases through integrated processing, and the
uncertainty of ABS material processed using the machine tool is less than 0.01 mm.

3. Numerical Methodology and Data Reduction
3.1. Numerical Setup

The numerical simulations were performed with the CFD software FLUENT 19.0. The
Reynolds stress model (RSM) is adopted in this research. RSM solves the Reynolds stress
transport equation as well as the dissipation rate equation directly instead of using the
vortex viscosity assumption to close the equations. Therefore, it requires solving seven
additional equations in the three-dimensional solution. Compared with the traditional
RANS vortex viscosity model, RSM has higher confidence in its separation flow prediction.
The Reynolds stress model has a natural theoretical advantage for flow phenomena with
Reynolds stress anisotropy, such as reverse pressure gradient and surge-induced separation,
because the Reynolds stress and its component relationships are not modeled. The channel
used for CFD is consistent with the geometry of the experiment, and its parameters are
shown in Table 2. The relevant boundary conditions are shown in Figure 3. The detailed
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information for the numerical methods and boundary settings is shown in Table 5, and the
mesh condition is shown in Figure 4.
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Table 5. Numerical methods and boundary settings.

NUMERICAL SETTINGS

TURBULENCE MODEL Reynolds stress model with enhanced wall
treatment, linear pressure

MESH SETUP Structure mesh, near-wall ∆y+ = 1
Grid number is about 3.9 million

BOUNDARY CONDITION
INLET Mass flow inlet, T = 320 K

OUTLET Pressure outlet, gauge pressure = 0
SIDE SURFACE Periodical boundary condition

SURFACE BETWEEN THE RIBS No slip stationary wall, temperature thermal
condition T = 300 K

RIB SURFACE AND OTHER SURFACE Adiabatic condition
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3.2. Data Reduction

To analyze the numerical results, the following definitions are provided:

Re =
umD

ν
(7)

where um represents the bulk velocity, D represents the hydraulic diameter of the channel.
v represents fluid kinematic viscosity. For the CFD case, temperature boundary conditions
are implemented for all channel walls except rib surfaces. The heat transfer coefficient is
given by the equation:

h =
qw

(Tm − Tw)
(8)

The channel’s heat transfer is nondimensionalized through the Nusselt number, and
the definition of spatially averaged Nusselt number is as follows:

=
Nu =

s

s
NudS

S
=

s

S
hdS

S
× d

λ
(9)
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In order to eliminate the effects of inlet and outlet disturbances, the area for S is
chosen to be the region between the 4th and 7th copper blocks, consistent with the
experimental setup.

Using the pressure difference between the calculated areas, the fanning friction factor
is used to calculate pressure losses in the channel, as follows:

f =
∆PD

2ρum2L
(10)

Heat transfer enhancement is evaluated by comparing the experimental Nusselt num-
bers with those for fully developed turbulent flow in a smooth channel. Fully developed
turbulent flow Nusselt numbers in a smooth channel are calculated based on the Dittus–
Boelter correlation. Friction factors for fully developed turbulent flow in a smooth channel
are standardized using the Blasius correlation, as follows:

Nu0 = 0.023Re0.8Pr0.4

f0 = 0.079Re−0.25 (11)

Based on the flow and heat transfer characteristics of the channel, the overall thermal
performance (OTP) of the channel was calculated, which is discussed and recommended
according to Ref. [43]:

OTP =

=
Nu/Nu0

( f / f0)
1/3 (12)

3.3. Numerical Validation

In all RANS simulations, the near-wall mesh was appropriately set to ensure that wall
y+ values were less than 1. A typical case with e/D = 0.0188 and Re = 20,000 was selected
for grid independence validation. Four cases with different grid sizes were considered:
0.9 million, 1.8 million, 3.9 million, and 7.6 million elements as shown in Figure 5. The
comparison of the average Nusselt number for cases 3 and 4 revealed that the difference
between the finest and medium grid was less than 0.2%. Therefore, it was concluded that a
grid size of 3.9 million elements balanced both economy and accuracy of computation, and
was thus chosen for all calculations.
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Figure 6 presents the trend of the average Nusselt number with respect to rib height,
comparing numerical results from different turbulence models and experimental results.
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Both the k-ε and k-ωmodels significantly deviate from the experimentally obtained trend
to varying degrees. For instance, the k-ε model overall overestimates Nu at low rib
heights, while the k-ω, SST, and Transition SST models underestimate the average heat
transfer at high rib heights. Overall, although there are still quantitative differences, the
RSM model qualitatively captures the trend of heat transfer performance observed in the
experiments. Therefore, the RSM model was chosen for the analysis of flow field and
turbulence information.
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Figure 6. Comparison of different turbulence models.

4. Results and Discussion

First, before conducting all the experiments, a smooth channel experiment was con-
ducted as a control, comparing it with the classical empirical correlation to validate the
reliability of the experimental method. In Figures 7 and 8, the variations in pressure drop
and average Nusselt number with Reynolds number ranging from 5000 to 60,000 are pre-
sented, and compared with the classical Blasius solution and Dittus–Boelter correlation,
respectively. The experimental results are in good agreement with the correlation results,
confirming the reliability of the experimental method.
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4.1. The Resistance and Heat Transfer Characteristics of Arrayed Micro Ribs

This section mainly introduces the resistance and heat transfer characteristics of the ar-
ray micro ribs obtained from experiments, analyzing and explaining them from two dimen-
sions of experimental design: Reynolds number and rib height variations. Figures 9 and 10,
respectively, show the trends of the resistance coefficient ratio and the Nusselt number
under different e/D values. For the resistance coefficient, it keeps increasing with the
increase in rib height, and the trends are roughly the same for different Reynolds num-
bers, except for slight differences at lower Reynolds numbers. This indicates that under
high Reynolds numbers, the resistance coefficient amplification of each micro-rib height is
similar, representing a strong correlation between the resistance coefficient amplification
of the array micro ribs and rib height, and a relatively small relationship with Reynolds
number variations. Regarding the Nusselt number, the trend is quite different from that
of the resistance coefficient. At low Reynolds numbers, the Nusselt number continuously
increases with increasing rib height. However, as the Reynolds number increases, the
Nusselt number no longer increases with increasing rib height. When the Reynolds num-
ber reaches 40,000–60,000, the Nusselt number increases first and then decreases with
increasing rib height.
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Figures 11 and 12 show the trends of the resistance coefficient ratio and the Nusselt
number ratio under different Re (Reynolds number) values. For the resistance coefficient,
Figure 11 clearly demonstrates the fluctuation in the resistance coefficient amplification at
low Reynolds numbers, while at high Reynolds numbers, the amplification remains almost
unchanged with the variation in Reynolds number. Regarding the Nusselt number, it can
be observed that, at different rib heights, the amplification of the Nusselt number increases
first and then decreases with increasing Reynolds number, but the position of the inflection
point varies with different rib heights.
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By observing the amplification of the resistance coefficient, it can be noted that when
Re > 20,000, the amplification of the resistance coefficient tends to approach a constant value
with increasing rib height. This indicates that at high Reynolds numbers, the micro-rib wall
behavior is closer to that of a fully rough surface, and the amplification of the resistance
coefficient is mainly influenced by the variation in rib height. On the other hand, the
variation in the resistance coefficient at low Reynolds numbers is more chaotic, showing
different amplification trends at different rib heights. Regarding the Nusselt number, it
can be observed that both Reynolds number and rib height have significant impacts on
its amplification. This leads to different dominant performances of the Nusselt number
at different rib heights and Reynolds numbers. For example, at Re = 20,000, the working
conditions with e/D = 0.188 and 0.313 exhibit optimal heat transfer performance ratios. A
reasonable conjecture is that the influence of micro ribs on heat transfer performance is
related to rib height and the height of the turbulent boundary layer, which will be further
discussed in the following sections.

4.2. The Near-Wall Reinforcement Mechanism of Micro Ribs

Figures 13 and 14 show the comparison between experimental and numerical calcula-
tions of the drag coefficient and Nusselt number. Overall, the difference is relatively small;
the maximum error between experimental and numerical results is less than 20%, as shown
in Table 6, and the numerical calculations successfully capture the changes exhibited by
the experimental data. Given the inherent computational bias in RANS calculations, it is
believed that the RANS method used in this paper is effective in capturing the patterns
expressed by the experimental data. Subsequently, the flow field data obtained from RANS
calculations will be used for analysis in the following sections.
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Table 6. The difference in friction factor and Nusselt number for the experiment and CFD.

Difference e/D = 0.0063 e/D = 0.0125 e/D = 0.0183 e/D = 0.0313 e/D = 0.063

f 17% 16% 16% 7% 1%
Nu 12% 10% 2% 12% 19%

Figure 15 displays the relationship between streamline patterns and the corresponding
shear stress on the wall between the ribs at different rib heights. It can be observed that
as the rib height increases, the magnitude of shear stress on the intercostal wall initially
increases and then decreases. The maximum magnitude is obtained when e/D = 0.0183,
and overall, there is a strengthening trend in the region between the ribs. At this point,
the main factor contributing to the increase in resistance is frictional resistance on the wall.
However, when the rib height further increases, the shear stress on the wall decreases,
and the recirculation zone between the ribs increases significantly. In the case of large rib
heights, the resistance coefficient is mainly generated by the pressure difference caused by
the ribs.
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Figure 16 explains the reasons for micro-rib resistance at different Reynolds numbers.
At low Reynolds numbers (Re < 20,000), due to the thicker incoming boundary layer and
the development of recirculation vortices, the morphology and extent of the recirculation
zone exhibit unstable changes. This leads to variations in the resistance coefficient ratio
with Reynolds number at lower Reynolds numbers. However, when Re > 20,000, the size
and impact range of the recirculation vortices become relatively stable. Therefore, the
resistance coefficient ratio does not vary with changes in the Reynolds number.

Figures 17 and 18 explain the mechanism of heat transfer enhancement in micro
ribs by considering the variations in rib height and Reynolds number, respectively. By
comparing the distribution of the average Nusselt number between ribs in Figure 15a and
the distribution of turbulent kinetic energy at different y+ values on the right side, it can
be observed that the enhancement of turbulence intensity in the transition layer to the
logarithmic layer (y+ = 20–55) of the boundary layer is the main reason for heat transfer
enhancement. Figure 16 further validates this point by considering different Reynolds
numbers. It indicates that when the height of the ribs varies within the range of the
non-dimensional height of this boundary layer, it can enhance the turbulence intensity in
the near-wall region, thereby causing heat transfer enhancement. However, as the non-
dimensional height further increases, the heat transfer in the near-wall region cannot be
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further enhanced, resulting in the inability to further improve the heat transfer capacity.
Clearly, for heat transfer, both rib height and Reynolds number influences the heat transfer
enhancement effect of micro ribs. This also suggests the use of non-dimensional rib height
as a measure to assess the heat transfer performance of micro ribs. This viewpoint will be
discussed in detail in the next section.
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Figure 17. The distribution of the Nusselt number between the ribs for different e/D compared with
turbulent kinetic energy at different y+, for Re = 20,000: (a) spanwise averaged Nusselt number;
(b) turbulence kinetic energy at y+ = 10.86; (c) turbulence kinetic energy at y+ = 21.72; (d) turbulence
kinetic energy at y+ = 54.29; (e) turbulence kinetic energy at y+=108.58.
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Figure 18. The distribution of the Nusselt number between the ribs for different Re compared with
turbulent kinetic energy at different y+, for e/D = 0.0183: (a) spanwise averaged Nusselt number;
(b) turbulence intensity at y+ = 10.86; (c) turbulence intensity at y+ = 21.72; (d) turbulence intensity at
y+ = 54.29; (e) turbulence intensity at y+ = 108.58.

4.3. Characteristic Dimensionless Numbers for Heat Transfer Enhancement of Micro Ribs

Regarding the experimentally obtained data on the resistance and heat transfer char-
acteristics of the array micro ribs, this study employs the classical power-law form to fit the
flow and heat transfer characteristics of the micro ribs. The fitting results are as follows:

Nu = 0.03537(e/D)0.1459Re0.8289

f = 1.765[(e/D)1.421 + 0.0148]Re−0.14 (13)

The coefficient of determination (R2) for the fitting is 0.987 for the resistance coefficient
and 0.975 for the heat transfer coefficient. For the resistance coefficient, as e/D approaches
zero, there still exists a smooth channel resistance component based on frictional resistance.
Therefore, a constant term has been added to the equation on e/D. Regarding the fitting
results, the power-law exponents of e/D and Re provide a visual understanding of the
relative influences of these two parameters on Nu and f. For example, for Nu, the influence
of rib height is significantly smaller compared to the impact of Reynolds number, while
for f, it is the opposite, with rib height dominating its effect. This can be visually observed
from the fitting surfaces in Figures 19 and 20.
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Figure 20. The fitting surface of the Nusselt number.

Figures 21 and 22 illustrate the comparison between the predicted and actual values
of the drag coefficient and Nusselt number based on the correlation equations. It can be
observed that although both overall trends are good, there are still certain deviations. As
mentioned earlier, for the Nusselt number, a phenomenon of decreasing values can be
observed for high Reynolds numbers and high e/D conditions, which is difficult to demon-
strate in the form of power-law fitting. Therefore, this study uses the non-dimensional
height of rib e+ to redraw the experimental data. The results are shown in Figure 23, reveal-
ing that the Nusselt number, when solely using the non-dimensional height e+, exhibits
a good agreement trend at different Reynolds numbers. However, there is a deviation at
low Reynolds numbers, which may be attributed to the incomplete turbulence behavior
that may exist at low Reynolds numbers. The physical laws governing such behavior differ
from those of fully developed turbulent boundary layers.
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Figure 23. Nusselt number variation with e+, for different Re.

In this study, a new non-dimensional scale e+/
√

Re is taken as the basis, and the results
are shown in Figure 24. Within this non-dimensional scale, the heat transfer performance
of micro ribs can be divided into three intervals. In the range of 0 < e+/

√
Re < 10, the

heat transfer ability hardly increases with the increase in the non-dimensional scale. In the
interval of 10 < e+/

√
Re < 40, the heat transfer ability increases with the increase in the

non-dimensional scale. However, after e+/Re > 40, the heat transfer ability between micro
ribs decreases with the increase in the non-dimensional number.

Energies 2023, 16, x FOR PEER REVIEW 21 of 26 
 

 

 

Figure 24. The non-dimensional number as a parameter of micro ribs for heat transfer. 

It can be observed that the new non-dimensional number, as a better parameter to 

measure the heat transfer performance of micro ribs, differentiates the heat transfer per-

formance of micro ribs at different Reynolds numbers and rib heights and reveals the op-

timal comprehensive performance range of micro ribs. 

4.4. Effect of Micro Ribs on Overall Evaluation 

By using the overall thermal performance (OTP) as an indicator to analyze the overall 

effectiveness of micro ribs, Figure 25 presents the results for different operating condi-

tions. For low Reynolds numbers, the comprehensive performance of micro ribs continues 

to improve as the rib height increases. However, for higher Reynolds numbers, the com-

prehensive performance initially increases and then decreases with increasing rib height, 

indicating the existence of an optimal height. The analysis above indicates that as the rib 

height increases, although the resistance characteristics improve, the heat transfer perfor-

mance no longer improves further. The right graph illustrates the results of a non-dimen-

sional number based on the incoming boundary layer, which captures the trend of OTP 

well and indicates an optimal range of variation (30–60). It should be noted that this pa-

rameter’s description of heat transfer enhancement tendencies is not as accurate as its 

Figure 24. The non-dimensional number as a parameter of micro ribs for heat transfer.

It can be observed that the new non-dimensional number, as a better parameter
to measure the heat transfer performance of micro ribs, differentiates the heat transfer
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performance of micro ribs at different Reynolds numbers and rib heights and reveals the
optimal comprehensive performance range of micro ribs.

4.4. Effect of Micro Ribs on Overall Evaluation

By using the overall thermal performance (OTP) as an indicator to analyze the overall
effectiveness of micro ribs, Figure 25 presents the results for different operating conditions.
For low Reynolds numbers, the comprehensive performance of micro ribs continues to
improve as the rib height increases. However, for higher Reynolds numbers, the com-
prehensive performance initially increases and then decreases with increasing rib height,
indicating the existence of an optimal height. The analysis above indicates that as the
rib height increases, although the resistance characteristics improve, the heat transfer
performance no longer improves further. The right graph illustrates the results of a non-
dimensional number based on the incoming boundary layer, which captures the trend of
OTP well and indicates an optimal range of variation (30–60). It should be noted that this
parameter’s description of heat transfer enhancement tendencies is not as accurate as its
description of OTP trends, primarily due to fluctuations in the resistance characteristics of
micro ribs at low Reynolds numbers.
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Finally, the heat transfer enhancement characteristic was evaluated from the perspec-
tive of OTP and compared with other classical data of 90◦ ribs originating from Han [2],
Taslim [6], and Cho et al. [9], as shown in Figure 26.
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Compared to previous studies, the overall performance (OTP) of micro ribs in this
research revealed a higher cooling effectiveness. Within a specific parameter interval,
the micro ribs improve the heat transfer performance by about 30% compared with the
traditional 90◦ ribs. This optimized performance indicates the potential for achieving higher
heat transfer efficiency and energy utilization in various practical applications through the
design and application of micro ribs.

5. Conclusions

The present paper investigates the aerothermal dynamic performance in an array of
micro-rib channels using both experimental and numerical methods. A PID-controlled
segmented lumped parameter method was adopted to measure the heat transfer charac-
teristics of rib channels. Numerical simulation was used to obtain flow and heat transfer
information. The main conclusions from the present study are as follows:

(1) Regarding the drag characteristics of micro ribs, it was found that the drag contin-
uously increases with the increase in rib height and is not sensitive to changes in
Reynolds number, with only slight differences observed at low Reynolds numbers
(Re = 5000–10,000). The formation of recirculation vortices between the ribs due to
the increase in rib height is the main factor contributing to the increase in drag. These
findings apply specifically to micro ribs with smaller heights.

(2) The heat transfer characteristics of micro ribs are greatly influenced by rib height
and Reynolds number. At low Reynolds numbers, the heat transfer performance of
micro ribs increases continuously with the increase in rib height. As the Reynolds
number continues to increase, the heat transfer characteristics of micro ribs initially
increase and then decrease with the increase in rib height. Analysis of the turbulent
enhancement of the downstream flow caused by micro ribs under different operating
conditions reveals that micro ribs are the main cause of heat transfer enhancement
between ribs through the turbulent enhancement in the near-wall region of the bound-
ary layer (y+ = 20–55). With further increase in rib height, the region of turbulent
enhancement is elevated, which leads to no further increase in heat transfer.

(3) An empirical correlation of heat transfer and resistance based on the experimental
range in this study is proposed. The form of the correlation can further verify the
aforementioned heat transfer resistance characteristics. Additionally, a dimensionless
parameter e+/

√
Re related to the incoming boundary layer scale is proposed in this

paper. This parameter can effectively reflect the heat transfer characteristics of micro
ribs. It is revealed that micro ribs exhibit good overall heat transfer performance when
this dimensionless parameter is between 20 and 55.

(4) Overall, the micro ribs investigated in this study demonstrate excellent heat transfer
performance under specific operating conditions. This optimized performance indi-
cates the potential for achieving higher heat transfer efficiency and energy utilization
in various practical applications through the design and application of micro ribs.
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Nomenclature

Bi Biot number [-]
D Hydraulic diameter [m]
f Friction factor [-]
H Channel height [m]
e Rib height
e+ Rib dimensionless height [-]
I Turbulent intensity [-]
K Turbulent kinetic energy [m2/s2]
Nu Nusselt number [-]
p Rib pitch [m]
Pr Prandtl number
q Heat flux density [W/m2]
R Resistance [Ω]
Re Reynolds number [-]
S Surface area [m2]
T Temperature [K]
Tf Flow temperature [K]
Tw Wall temperature [K]
U Voltage [V]
um Bulk velocity [m/s]
u, v, w Velocity component in streamwise, wall-normal and spanwise direction [m/s]
V Velocity magnitude [m/s]
X, Y, Z Streamwise, wall normal and spanwise direction [mm]
α Thermal diffusivity [-]
∆P Pressure loss [Pa]
Λ Thermal conductivity [W/(m·k)]
ν Kinematic viscosity [m2/s]
ρ Density [kg/m3]
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