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Abstract

This paper presents a detailed numerical investigation of the effect of hub-mounted riblets
on the thermal and aerodynamic performance of a radial turbine rotor. While prior studies
have shown that riblets reduce wall shear stress and improve aerodynamic efficiency, their
influence on heat transfer and thermal losses remains underexplored. Using numerical
simulations, this study examines the heat transfer characteristics within the rotor passage,
comparing ribbed and smooth hub configurations under the same operating conditions.
Results reveal that although riblets reduce frictional drag, they also enhance convective
heat transfer—leading to a 6% increase in the heat transfer coefficient at the hub and 2.8%
at the blade surfaces. This intensification of heat transfer results in a 4.3% rise in overall
thermal losses, counteracting some of the aerodynamic gains. The findings provide new
insights into the thermofluidic implications of surface modifications in turbomachinery
and emphasise the importance of considering surface finish not only for aerodynamic
optimisation but also for thermal efficiency. These results can inform future turbine design
and manufacturing practices aimed at controlling surface roughness to minimise heat loss.

Keywords: riblets; radial turbine; heat transfer; shear stress reduction; micro gas turbines

1. Introduction
Over the past two decades, there has been significant attention directed toward the

development of micro gas turbines (MGTs). This growing interest stems from the need
for compact, efficient, and reliable power generation solutions, particularly in off-grid
areas where traditional power infrastructure is unavailable. Micro gas turbines offer a
versatile energy source for a range of applications, such as remote communities, emergency
backup power, and mobile power units. Their compact size and modular design make them
ideal for use in portable power systems, range extenders for electric vehicles, autonomous
robots, and military operations where flexibility and mobility are critical [1,2]. One of
the key advantages of micro gas turbines is their capability to support distributed power
generation, which enhances energy resilience by reducing reliance on centralised grids.
Moreover, micro gas turbines (MGTs) can be incorporated into combined heat and power
(CHP) systems, generating both electricity and usable thermal energy in a single process.
This dual-output approach substantially enhances overall energy efficiency. This makes
them an attractive solution for commercial and residential buildings, as well as industrial
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applications where both power and heat are required [3]. Furthermore, micro gas turbines
are well-suited for fuel-flexible power generation, capable of operating on a wide variety
of fuels, including natural gas, biogas, hydrogen, and even liquid fuels. This adaptability
is particularly advantageous in the context of transitioning to cleaner energy sources, as
MGTs can run on renewable fuels like biofuels and hydrogen with minimal modifications.
Additionally, integrating micro gas turbines with renewable energy sources such as solar
can provide hybrid systems that further enhance energy security and sustainability [4,5].

Despite that, large gas turbines used in power generation can achieve high efficiencies,
MGTs still suffering from low efficiency. This came as a result of size reduction which led to
reduce the performance of the turbomachinery components, limits the maximum operating
temperature to the material limits in the absence of cooling to the blades of the turbine
and the increase in the thermal loss from the turbine side to the other components of the
MGT due to size restrictions and shaft arrangement. The aerodynamic efficiency penalty
arises from several factors: shorter blade heights, tighter machining tolerances, increased
clearance-to-blade-height ratios, and the challenges of low Reynolds number operation.
The latter exacerbates losses by elevating skin friction and heat transfer effects [6–8].

Riblets are surface structures with different shapes and arrangements, where they
are normally arranged such that the grooves between them are parallel to the blades.
These structures were initially inspired by the riblets found on shark skin, where they
proved to reduce their body drag during swimming [9]. Later, those structures started
to be implemented in industrial applications in an attempt to improve the aerodynamic
performance of certain components, such as aeroplane wings. The coming literature review
sheds light on the previous studies performed to identify the effect of riblets on drag in
different applications.

Walsh [10] experimentally demonstrated that V-groove riblets applied to a flat plate
can achieve up to 8% drag reduction, with performance varying across different riblet
geometries and dimensional parameters. And on a different application, Kim et al. [11]
and Miao et al. [12] fabricated different shapes and sizes of riblets on the endwall of 90◦

turning ducts with a rectangular cross-section to investigate their ability to reduce the
secondary flow generation within the mainstream flow. As a result, they found that adding
riblets alleviates the size of the streamwise vortex and has a positive effect on reducing the
pressure drop along the ducts.

Oehlert et al. [13] and Zhong et al. [14] tested the effect of adding riblets at the hub
surface of an axial compressor cascade hub. The analysis revealed that fence-crossflow
interaction effectively suppresses secondary flow by generating counter-rotating vortical
structures. These opposing vortices weaken the primary passage vortex, thereby reducing
vertical fluid oscillations. This flow modification subsequently decreases wall shear stress
and skin friction drag.

Zhang et al. [15] and Govardhan et al. [16] investigated the application of engineered
riblets on axial turbine hub surfaces to enhance aerodynamic performance. Their findings
demonstrated that riblet structures effectively attenuate both the pressure-side leg of the
horseshoe vortex and the subsequent development of the passage vortex. This flow control
mechanism reduces turbulent mixing within the turbine passage, thereby decreasing the
overall pressure drop and improving turbine efficiency. The application of riblets has been
extended to radial inflow turbines through investigations by Khader et al. [17,18]. Their
studies examined cusp-shaped riblets with varying heights and spacings on rotor hubs,
demonstrating that these surface modifications reduce hub wall shear stress by suppressing
cross-stream motion of low-momentum fluid. This suppression limits streamwise vortex
interaction with the hub surface. However, the riblet-crossflow interaction generates
secondary flow structures that increase passage pressure losses. Notably, the net effect
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proves aerodynamically beneficial when riblet heights are maintained below 19.3 wall
units, as this configuration optimally balances shear stress reduction against secondary
flow losses.

The application of riblets was not only limited to reducing the aerodynamic losses,
but also it was used to manipulate the heat transfer coefficient near the surface in certain
applications. The following studies studied the effect of riblets on enhancing the heat
transfer between the surfaces and the surrounding fluid. Camci et al. [19] studied the effect
of adding a single blade-shaped riblet on the heat transfer near the endwall of a 90◦ turning
duct. In his experiment, he compared the values of the convective heat transfer coefficient
over a smooth surface and a surface with a riblet located at the mid distance between the
pressure and the suction surfaces of the duct. The comparison included different riblet
heights and widths. For all cases, the endwall heat transfer was enhanced up to 30%
compared to the smooth wall.

In more recent studies, Miao et al. [20,21] investigated the ability of riblets to improve
the film-cooling effectiveness of an axial turbine rotor hub. The investigation was carried
out experimentally and numerically, comparing the purged flow cooling effectiveness over
a smooth surface and a surface with riblets. Both computational analysis and experiments
confirmed the ability of riblets to improve the heat transfer coefficient near the endwall,
leading to better cooling effectiveness.

Wang et al. [22,23] studied numerically the effect of adding wavy riblets to the end
walls of straight and U-shaped channels mimicking the cooling channels used in the axial
turbine blades. The results showed an improvement in the heat transfer rate through the
walls with riblets, while the heat transfer rate through the smooth side walls is reduced as
riblets limit the congestion of the secondary flows close to the side walls of the channels.
As an overall result, the heat transfer improved by up to 30%.

Kaewchoothong et al. [24] studied the effect of riblet arrangement on the heat transfer
coefficient in a stationary channel that mimics the cooling channels in axial turbomachinery
blades. This study revealed that the arrangement of the riblets has a strong impact on
the local heat transfer coefficient, where the latter can be improved by around 32% by
optimising the angle of the riblets relative to the mainstream flow direction. Building on
this theme, Davletshin et al. [25] investigated the enhancement of convective heat transfer
by covering a channel wall with regularly spaced, small-sized ribs through combined
experimental measurements and CFD simulations. Their study demonstrated that these
ribs generate streamwise and secondary vortices that disrupt the thermal boundary layer,
intensify fluid mixing near the wall, and elevate local turbulence levels, leading to a
substantial rise in wall heat transfer. Detailed flow visualisations confirmed that rib-
induced vortical structures break up thermal gradients, contributing to an increase in both
local and average Nusselt numbers. Extending the analysis to annular geometries, Mantri
and Abraham [26] conducted experimental and numerical investigations to evaluate the
impact of rib turbulation on heat transfer and flow characteristics within the annular space
of a double-pipe heat exchanger. Their study demonstrated that the introduction of ribs
in the annulus induces secondary flows and enhances turbulence, leading to a significant
disruption of the thermal boundary layer. This disruption results in improved convective
heat transfer rates.

The thermal effects of riblet surfaces in rotating machinery remain poorly understood,
particularly in radial turbine applications where wall heat transfer directly influences
operational efficiency. While riblets have been extensively investigated for aerodynamic
modifications, their impact on thermal boundary layer development under rotating condi-
tions has not been systematically examined. In this study, the alteration of wall heat transfer
behaviour by riblet textures is investigated through comparative analysis of smooth and
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modified rotor surfaces. The fundamental modifications to near-wall turbulence structures
and thermal transport mechanisms are characterised, with particular attention given to
the net influence on turbine thermal performance. It is demonstrated that while local heat
transfer enhancement occurs at riblet-modified surfaces, this is accompanied by increased
overall thermal losses—a paradoxical outcome that persists even when aerodynamically
optimised geometries are employed. These findings challenge established assumptions
regarding surface texturing applications in turbomachinery.

2. Geometric Definition and Turbine Configuration
Recent investigations by the authors [17,18] examined the influence of residual surface

structures on radial turbine performance. The studies identified riblet height as the primary
geometric parameter affecting performance, with inter-riblet spacing demonstrating only a
marginal impact. Optimal performance enhancement was achieved using riblets measuring
1.5% of the rotor inlet blade height (0.06 mm). Based on these findings, such riblets were
applied to the hub surface of a 6 kWe micro gas turbine rotor to evaluate their effect on pas-
sage heat transfer characteristics. The turbine stage was subsequently analysed numerically
at design point conditions (Table 1), with Figure 1 illustrating the key rotor dimensions. The
effects of the residual surface structures on the radial turbine’s performance. They found
that the main geometrical parameters that affect the riblets’ performance are the height
of the riblets, while the spacing between them has a marginal effect on their performance.
Additionally, it was found that riblets with a height of 1.5% of the rotor inlet blade height
have the largest benefit on the turbine performance. Therefore, riblets of height 0.06 mm
(1.5% of the rotor inlet blade height) were introduced to the hub surface of a turbine rotor
designed for a 6 kWe micro gas turbine to study their effect on heat transfer within the
rotor passage. The turbine stage was then analysed numerically at design point operating
conditions listed in Table 1. The main dimensions of the turbine rotor are shown in Figure 1.

Table 1. Design point specifications of the radial turbine.

Unit

Total pressure ratio 3.0 -

Inlet total temperature 1073 K

Mass flow rate 0.09 kg/s

Output power 21 kW

Rotational speed 130,000 rpm

Figure 1. Rotor dimensions [mm].
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This study employed the dimensionless parameter (hrel = h/b) to characterise riblet
height, where h represents the cusp height and b denotes the rotor inlet blade height (see
Figure 2). The inter-riblet spacing (s) was designed with a convergent profile, progres-
sively decreasing along the flow passage from inlet to outlet. Thus, the polar angle (∅)
between riblets was kept constant, and the spacing s was calculated at a certain radius from
Equation (1). Table 2 contains the dimensions of the riblets used in this study.

s = rhub∅ (1)

Figure 2. Riblets terminology.

Table 2. Geometric parameters of cusp-shaped riblets.

Height (h)
[mm]

Relative Height (hrel)
[mm] Radius (R) [mm] Spacing (s) [3 Riblets]

∅ = 4.45◦

0.06 1.5% 0.8 0.078 rhub

3. Conjugate Heat Transfer Analysis and CFD Methodology
To understand the effect of riblets on the aero-thermal performance of the turbine, we

conducted a conjugate heat transfer (CHT) analysis, which will allow us to evaluate the
change in the heat flux through the hub surface when riblets are added, alongside studying
the effect of riblets on the heat transfer coefficient along the hub surface. The computational
domain consists of fluid and solid domains. The fluid domain comprises a single rotor
passage of the turbine, and the solid domain consists of a 1/13th of the turbine rotor, shaft,
and 1/8th of the compressor impeller.

The fluid domain was discretized using unstructured meshing techniques imple-
mented in ANSYS Workbench, with separate computational grids generated for both the
baseline smooth hub configuration and the modified riblet-equipped geometry. Consistent
meshing methodologies were applied to the solid domain components using the same soft-
ware framework. Numerical solutions were obtained through ANSYS CFX 2025 R1, a com-
mercial computational fluid dynamics solver employing Reynolds-Average Navier–Stokes
(RANS) methodology. The finite volume discretisation scheme was utilised throughout the
solution domain. At the rotor inlet section, the flow conditions corresponded to a Reynolds
number of 27,000, calculated using the passage hydraulic diameter as the characteristic
length scale. This Reynolds number value confirmed turbulent flow conditions, leading to
the specification of 5% turbulence intensity at the domain inlet. This turbulence parameter
selection was informed by the experimental work of Dai et al. [27], whose measurements
established 7% as the upper bound for turbulence intensity in comparable rotor passages.

For turbulence closure, the k-epsilon model was implemented based on the recommen-
dations provided by Miao et al. [20] for similar turbomachinery applications. The solver’s
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conjugate heat transfer capabilities enabled simultaneous resolution of fluid dynamics and
solid heat conduction phenomena. Within solid regions, thermal energy transport was
governed by the fundamental energy conservation equation, with heat transfer occurring
exclusively through conduction mechanisms.

All passage surfaces in the fluid domain were modelled with no-slip wall boundary
conditions. To ensure proper resolution of near-wall flow features, the non-dimensional
wall distance (y+) was maintained below unity throughout the computational domain. A
stage interface with mixing plane treatment was implemented between rotor and stator
components, where circumferentially averaged flow quantities were transferred across the
interface while preserving conservation laws. The computational model employed the
boundary specifications in Table 3:

Table 3. MGT components’ boundary conditions.

Boundary Condition Value Component

Inlet total pressure 2.92 (bar)

Turbine
Inlet total temperature 1073 (K)
Outlet static pressure 1 (bar)

Mass flow rate 0.09 (kg/s)

Wall surface temperature 333 (K) Compressor
Wall heat transfer coefficient 1000 (w/m2)

Turbine side-bearing temperature 383 (K) Bearing contact surface of
the shaftCompressor side-bearing temperature 343 (K)

The steady-state solution was obtained by iterating the coupled flow equations to
convergence using ANSYS CFX’s implicit solver. Convergence was achieved when all
residual monitors showed asymptotic behaviour and key performance parameters (mass
flow, efficiency) exhibited variations below 0.1% over successive iterations.

3.1. Mesh Independence Verification

A comprehensive grid convergence study was conducted to ensure numerical solu-
tions were independent of mesh resolution. The verification process examined both fluid
and solid domains separately using the following methodology.

For the fluid domain analysis, five systematically refined grids were evaluated by
monitoring:

• Mass flow rate variations at the inlet and outlet sections;
• Absolute velocity profiles at key monitoring planes;
• Pressure distribution along the passage walls.

The solid domain verification employed a fixed temperature boundary condition on
the turbine rotor surface while comparing the heat flux magnitude through the compressor
impeller surface and the temperature gradients in critical structural components.

Mesh densities were progressively increased until variations in all monitored param-
eters fell below 1% relative to the finest grid solution. This rigorous validation process
confirmed that further refinement produced negligible changes in solution accuracy.

The final validated mesh configurations are presented in Table 4, which includes
quantitative mesh statistics such as element counts and quality metrics, Figure 3, which
visualises the fluid domain mesh, and Figure 4, which illustrates the solid domain discreti-
sation details.
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Table 4. Mesh statistics for the MGT components.

Component Nodes

Turbine fluid domain (smooth hub) 2,911,452
Turbo shaft solid domain (smooth hub) 753,915
Turbine fluid domain (hub with riblets) 3,315,606

Turbo shaft solid domain (hub with riblets) 833,919

 
(a) 

 
(b) 

Figure 3. Computational grid: (a) rotor passage with riblets, (b) rotor passage without riblets.

Figure 4. Solid domain unstructured mesh used in the analysis.

3.2. CFD Methodology Validation Against Experimental Data

To ensure the reliability of computational fluid dynamics (CFD) results in predicting
heat transfer in turbine passages, a validation exercise was conducted using experimental
data obtained from a curved duct configuration [28]. The construction of the test rig used in
this study consists of a square cross-sectional duct with a 90◦ turning section. The duct has
a width of 20.3 cm and a radius ratio of 2.3, which is defined as the mean radius divided by
the duct width. The geometry of the duct is illustrated in Figure 5. The test section is located
downstream of an open-loop wind tunnel, which includes an axial air blower, diffuser with
multiple screens, plenum chamber, circular nozzle, circular-to-square transition nozzle, and
a constant cross-sectional duct.

Although this geometry does not include riblets, it serves as a rigorous benchmark
for near-wall flow physics critical to riblet performance. The duct’s curvature induces
Dean vortices, which are analogous to the cross-stream vortices manipulated by riblets in
turbulent boundary layers, thereby validating our model’s ability to capture secondary
flow effects. Additionally, the high Reynolds number (Re = 360,000) ensures a turbulent
flow regime representative of similar turbine environments.
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Figure 5. Geometry of test section used in validation study.

The experimental setup includes a steady-state heat transfer measurement surface
constructed from a composite of an acrylic endwall (12.7 mm thick), double-sided tape
(0.110 mm thick), and Inconel 600 foil (0.0254 mm thick). The surface was further coated
with multiple layers of black paint and chiral nematic liquid crystals, which were used
for temperature mapping during heat transfer analysis. During the experiments, the flow
conditions were set to a Reynolds number of 360,000, which was calculated using the inlet
centreline velocity (28.3 m/s), duct width, and ambient free-stream temperature.

Heat transfer measurements were conducted using liquid crystal thermography to
determine surface temperatures. A finite element method was used to calculate the heat
flux distribution on the heat transfer surface. The boundary conditions for the heat flux
calculation involved a uniform potential at the bus bar and heater foil junctions and zero
current flux normal to the unbounded streamwise edges (refer to [28] for a full description
of the experimental setup).

The experimental results (refer to Figure 6a) consistently showed characteristic heat
transfer patterns associated with secondary flow development in curved geometries. A
distinct increase in heat transfer along the outer wall of the bend, caused by centrifugal
forces and associated secondary vortices, was evident in both experimental representations.
The inner wall, in contrast, exhibited comparatively lower heat transfer coefficients, aligning
with the expected fluid dynamic behaviour.

(a)  (b) 

Figure 6. Wall heat transfer coefficient: (a) experimentally estimated wall heat transfer coefficient
contours (recreated from [28]), (b) wall heat transfer coefficient contours generated from CFD results.

The CFD simulation, employing the Reynolds-Average Navier–Stokes (RANS) ap-
proach with a standard k–ε turbulence model, was able to reproduce these key qualitative
trends (refer to Figure 6b). The location and shape of the high-heat-transfer regions along
the outer bend matched those seen in the experimental datasets. This indicates that the
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model successfully captured the dominant flow structures responsible for heat transfer
enhancement.

In terms of spatial resolution and gradient representation, the CFD results showed
smoother transitions and slightly broader high-heat-transfer zones compared to the exper-
imental colour map. This is likely due to the known diffusion characteristics of the k–ε

model and the inherent averaging in RANS simulations. While some fine-scale details
observed in the experimental contours were less distinct in the CFD output, the major flow
phenomena and thermal behaviour were adequately captured.

Overall, the CFD model demonstrated good agreement with experimental observa-
tions in both the magnitude and distribution of wall heat transfer. It reliably captures the
primary thermal and fluid dynamic features and can be confidently applied to investigate
similar configurations, such as the turbine passage that is the focus of this study.

4. Results and Discussion
To study the effect of adding riblets over the hub surface on the heat transfer perfor-

mance within the rotor passage, it is necessary to understand the flow characteristics there
and how riblets affect the flow behaviour close to the passage surfaces.

4.1. Flow Characteristics Along the Rotor Passage and Riblets’ Effect on the Secondary Flow

In this study, we will focus on the flow within the rotor passages, which is the area
confined between two consecutive blades. During the operation of the turbine, the flow
enters the passages almost radially towards the axis of rotation. In this section, Coriolis ac-
celeration has the dominant effect on the secondary fluid near the passage walls. Therefore,
the tendency of the low-momentum fluids is to move from the pressure surface (PS) to the
suction surface (SS), where the reduced static pressure (Pr = Ps − 1

2 ρω2r2) is minimum.
The length of the section depends on the design of the rotor, where low specific speed
rotors have a longer radial section than high specific speed ones (see Figure 7).

 

Figure 7. Radial turbine rotor with different specific speeds.

After passing the inlet section, the flow enters the bend section, where the flow tends
to change direction from radial to axial. In the section, the low-momentum fluid starts to
move from the PS to the suction surface due to the Coriolis force and from hub to shroud
to compensate for the reduction in the rotation radius due to the bend happened to the
passage [1]. At the outlet section of the rotor, the curvature of the passage tangentially
increases. This drives secondary flow at the hub and shroud towards the SS towards the
smaller radius of curvature. Meanwhile, Coriolis forces still drive the low-momentum
fluids near the PS and SS radially towards the shroud. The secondary flow motion at each
section along the rotor is summarised in Figure 8.
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Figure 8. Secondary flow directions at 15% (developing), 44% (interacting), and 75% (exiting)
axial positions.

This motion of low-momentum fluid driven by different mechanisms is the main
source of passage vortices generation. To have a better understanding of the development
of the passage vortical structures, λ2 criterion was used in Figure 9 to generate a full
visualisation surface for the vortices at surfaces located at 15%, 44%, and 75% of the
streamwise length of the fluid domain of the rotor, as shown in Figure 9.

Figure 9a shows the passage vortices at a section located 15% of the passage streamwise
length from the rotor inlet. The flow structure along this section represents a sample of the
flow structure within the rotor passage radial section (see Figure 7). The vortices at the hub
and shroud are mainly the result of the Coriolis acceleration effect on the low-momentum
fluid, while those vortices at the corners are the result of the incidence of the incoming flow
with rotor blades.

As the flow travels further down (Figure 9b,c), the vortices at the passage bottom
corners getting weaker while the ones at the shroud corner, where the reduced static
pressure is the lowest, gets stronger as the low-momentum fluid accumulates there. In
Figure 10, the reduced static pressure contours have been plotted at the same sections as in
Figure 9. The pressure contours explain the accumulation of the passage vortices in the
suction side shroud corner, as the static pressure with regards to the rotating passage is the
lowest at that area along the passage length. On the other hand, the pressure is highest at
the opposite corner (hub pressure side corner) where the vortices vanish towards the end
of the passage.

 
(a) 15% of streamwise length of the rotor passage 

Figure 9. Cont.
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(b) 44% of streamwise length of the rotor passage 

 
(c) 75% of streamwise length of the rotor passage 

Figure 9. Iso surfaces of λ2 at a different section within a rotor passage.

 
(a) 15% of streamwise length of the rotor passage 

Figure 10. Cont.
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(b) 44% of streamwise length of the rotor passage 

(c) 75% of streamwise length of the rotor passage 

Figure 10. Reduced static pressure contours.

By focusing on the radial section of the passage, we found that the strong pressure
gradient between the blades and Coriolis forces drives the low-momentum fluid from the
pressure side to the suction side of the passage, as shown in Figure 11. By placing riblets
on the hub surface, this motion is reduced, and the fluid kinetic energy within the valley
drops, leading to a reduction in the momentum transfer within the boundary layer and
a drop in the wall shear. The benefit of having the riblets at the rotor hub surface has
been previously investigated thoroughly by the authors (please refer to [17]). Nonetheless,
riblets, as discussed in the Introduction, have been reported to improve the heat transfer
at the surfaces where it was attached. In the next section, the effect of riblets on the heat
transfer along the rotor passage will be explored.

 

Figure 11. Limiting streamlines at the rotor hub.
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4.2. Hub Heat Transfer

To study the effect of riblets on heat transfer along the hub surface, steady-state
conjugate heat transfer analysis was performed for the case of a smooth hub rotor and
the rotor with riblets of size and arrangement shown in Table 2. Figure 12a,b show the
heat transfer coefficient distribution along the smooth hub surface and surface with riblets,
respectively. The figures clearly show the effect of riblets on the heat transfer characteristics
along the passage, where riblets tend to increase the heat transfer coefficient, especially in
the valley area between two consecutive riblets. To quantify this effect, the area average
heat transfer was calculated in both cases. For the hub with riblets, the averaged heat
transfer coefficient is 1083 (W/m2.k), while for the smooth hub, it is 1022 (W/m2.k), which
means the heat transfer coefficient was increased by around 6% when riblets were added
to the hub surfaces. A very similar increment in heat transfer coefficient was reported by
Choi et al. [29] when they tested the effect of adding riblets to a straight duct.

(a)  (b) 

Figure 12. (a) Heat transfer coefficient over smooth hub, (b) heat transfer coefficient over the hub
with riblets.

This leap in the heat transfer coefficient urged us to investigate the effect of secondary
flows on the heat transport at the hub surface. The normalised flow velocity contours
(U/Uc) have been plotted in Figure 13a,b for the smooth rotor passage and passage with
riblets, respectively, at the 15% section (refer to Figure 8). The first thing to notice in these
plots is that the flow across the passage is almost divided into a jet wake-like flow, where a
low velocity flow is concentrated near the pressure surface and the high velocity flow is
concentrated near the suction side. This disruption in the flow is caused mainly by pressure
difference across the passage, where the fluid contours show the same behaviour as the
reduced static pressure ones in Figure 10a. It is of no doubt that part of the momentum
transfer happened across the passage is caused by the motion of the secondary flows from
the pressure to the suction side, where in Figure 13a the core of the jet flow is larger than
that in Figure 13b, reflecting reduction in losses caused by mixing the main stream flow
with low velocity secondary flow.

In turbomachinery ducts, both temperature and velocity fields are strongly inter-
linked, where the velocity field has a strong influence on the temperature distribution [30].
Figure 14 shows the normalised temperature defined as follows:

Tn =
Tw − T
Tw − Tc

(2)

where Tn is the normalised temperature, Tw is the wall temperature at the centre of the
hub, Tc is the temperature at the centre of the passage, and T is the local temperature. By
comparing both Figures 15 and 16, it can be seen that the contour distribution is almost
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identical. And in a similar fashion to the velocity, the temperature distribution was affected
by the riblets, which means the temperature distribution is affected by the secondary flow
motion within the duct. The change in the temperature field due to riblets is not limited
to the rotor entry region, as the figures compare the contours at a section located there,
but it also exists along the passage. As the comparison in the figures is not quantitative,
temperature distribution contours at different sections along the passage have not been
plotted to avoid figure redundancy. The change in the temperature field in Figure 13
indicates that the change in the heat transfer coefficient is not confined to the hub surface
only, but rather to all the passage surfaces. To quantify this effect, the area average heat
transfer was calculated over the blade surface. For the rotor with riblets, the averaged heat
transfer coefficient over the blade was found to be 1153 (W/m2.k), while for the blade of
the smooth rotor is 1127 (W/m2.k), which means a 2.3% increase due to adding riblets to
the rotor hub.

In the next section, the effect of the secondary flow on the thermal boundary layer and
the temperature fluctuations along the passage surfaces has been studied to understand
the effect of riblets on the heat transfer within the rotor passage.

Figure 13. Normalised velocity contours: (a) passage with riblets, (b) smooth passage.

Figure 14. Normalised temperature contours: (a) passage with riblets, (b) smooth passage.
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Figure 15. Non-dimensional temperature profile in the spanwise direction located at 44% streamwise
sectional plan.
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Figure 16. Normalised temperature (temperature gradient) in the spanwise direction located at 44%
streamwise sectional plan.

4.3. Thermal Boundary Layer and Temperature Fluctuations

In this section, the virtual origin was considered as the reference to compare the
velocity and the thermal boundary layers of the hub surface with riblet with those of a
smooth hub. The virtual origin was introduced by many researchers, in different ways, to
compensate for the drag caused by various surface roughness [31–33]. The definition that
was considered in the work is the one defined by Choi et al. [31], which proves to be more
accurate than the other definitions based on the study of Duan et al. [34], who examined the
accuracy of different definitions for the virtual origin. In Equation (3), the virtual origin (Yo)
can be evaluated based on the shift in the location of the maximum turbulent kinetic energy.

Yo = Ym − Y+
m υ

u∗
τ

(3)

where Ym is the normal distance from the wall to the locations of the maximum turbulent
kinetic energy for a smooth surface and Y+

m is the same distance but in wall units. u∗
τ is

the friction velocity and υ is the fluid kinematic viscosity. Figure 15 gives a comparison
between the temperature profiles over the hub surface with riblets and over a smooth hub.
The comparison was selected at a single section to avoid crowding, and that section is
located at 44% of the streamwise length of the passage (refer to Figure 8). The thermal
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boundary layer profile was plotted at the middle distance between the pressure and suction
surfaces of the passage. The non-dimensional temperature (T+) plotted in Figure 15 is
defined as follows:

T+ =
ρcpu∗

τ(Tw − T)
h(Tw − T∞)

(4)

where cp is the fluid’s constant pressure heat capacity, ρ is the density of the fluid, u*
τ is the

friction velocity, h is the convective heat transfer coefficient, Tw is the wall temperature, T∞

is the free-stream temperature, and T is the local temperature. The shift in the temperature
profile due to the existence of riblets was accommodated using the virtual origin distance
calculated at each section. The normalised wall distance was defined as

Y+ =
Yu∗

τρ

µ
.

It is obvious from Figure 15 that adding the riblets to the hub surface results in a
significant shift in the temperature profile normal to the surface. This shift suppresses
the thickness of the thermal viscous sublayer, which acts as a buffer layer that resists heat
transfer. This also indicates that the temperature gradient (Figure 16) at the hub surface
increases, leading to a higher heat transfer coefficient.

Figure 17 displays the turbulent kinetic energy (TKE) distribution at the identical axial
position previously shown for temperature profiles in Figure 15. The comparative analysis
reveals a substantial decrease in TKE over the riblet-textured hub surface compared to the
smooth reference case, demonstrating that the surface modifications effectively suppress
turbulent velocity fluctuations across all three components. This damping effect reduces
momentum exchange between the passage vortex and low-energy near-wall fluid while
fundamentally altering turbulent transport mechanisms in the hub region.
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Figure 17. Turbulent kinetic energy in the spanwise direction located at 44% streamwise sectional plan.

Consistent with Reynolds’ analogy, this modified momentum transport mechanism
necessitates a corresponding increase in heat transfer to maintain the fundamental re-
lationship between momentum and thermal transport within the boundary layer. The
riblet-induced reduction in wall friction consequently leads to an elevated heat transfer co-
efficient, preserving the constant ratio between momentum and heat transfer characteristic
of turbulent boundary layers.

These observations align with previous investigations by Puxaun et al. [35], Duan
et al. [34], and Lee et al. [36], who similarly reported riblet-mediated modifications to
turbulent kinetic energy distributions. The current results extend these findings by demon-
strating the coupled aero-thermal effects in the specific context of turbine hub flows.
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4.4. Riblets Effect on Thermal Losses

As stated previously, conjugate heat transfer analyses were conducted on a section
of the turbine shaft assembly, which will allow the evaluation of the heat transfer from
the working fluid through the solid parts of the turbine to the compressor and bearings’
housing. This is, eventually, a simplified case, but it will allow us to estimate the impact
of riblets on the heat loss from the rotor. The steady-state analysis was performed at the
design point condition for the turbine, where boundary conditions for the fluid and solid
domains are defined in Figure 18. In this analysis, the shaft surface was defined as perfectly
insulated (adiabatic).

Figure 18. Boundary conditions for the conjugate heat transfer analysis.

The results of the analysis revealed that the rotor heat loss in the case of a smooth hub
is 161 Watt, while in the case of a hub with riblets the heat loss is 168 Watt. Thus, adding
riblets to the hub increases the heat transfer from the rotor by 4.3%. In both cases, the heat
flux through the blades was responsible for 76% of the heat loss, while the flux through the
hub contributed to 24% of the heat loss. This result is expected as the area of the blades is
1.8 times larger than the area of the hub; also, the hub is located at the lowest radial point of
the rotor, which means it is in contact with the lowest temperature fluid within the passage,
resulting in a lower heat transfer rate through its surface than the blade surface.

5. Conclusions
This study employed numerical simulations to evaluate the impact of riblets applied

to the hub surface of a radial turbine rotor on convective heat transfer and overall thermal
losses. The results demonstrate that riblets increase the heat transfer coefficient by approxi-
mately 6% at the hub and 2.3% at the blade surfaces. Although the increase at the blade is
smaller, the blade’s larger surface area amplifies the total heat transfer effect.

A clear link was established between near-wall turbulent fluctuations and thermal
transport. Specifically, reductions in near-wall turbulent kinetic energy (TKE) were asso-
ciated with enhanced local heat transfer, suggesting a coupled aero-thermal interaction
driven by modified secondary flow structures.

Despite the enhancement in heat transfer coefficients, the overall increase in heat loss
from the rotor remains modest—approximately 7 W. This reflects the outcome of the steady-



Energies 2025, 18, 4366 18 of 20

state thermal solution, where the wall temperature closely approaches that of the working
fluid, resulting in a minimal temperature gradient and thus limited heat flux. Additionally,
the inherently high thermal resistance of the rotor shaft and the relatively small surface
area available for heat transfer further constrain thermal losses compared to other micro
gas turbine (MGT) components, such as the volute. Nonetheless, modifications to near-wall
flow structures significantly influence local thermal behaviour, and their impact becomes
increasingly pronounced as machine size increases.

These findings offer a foundation for further exploration into rotor cooling strategies,
particularly in the context of advanced additive manufacturing. Tailored surface geometries
may enable higher turbine operating temperatures, improved thermal management, and
extended component lifetimes.
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Nomenclature

Letters
h Average heat transfer coefficient (W/m2.K)
k Thermal conductivity (W/m.K)
Y+ Non-dimensional wall distance: Y+ =

Yu∗
τ ρ

µ

h+ Non-dimensional riblets height: h+ =
hu∗

τ ρ
µ

u∗
τ Friction velocity:

√
τo
/

ρ

τo Wall shear
ρ Density
T Temperature (K)
V velocity
r Rotor hub radius
PS Pressure surface of the blade
SS Suction surface of the blade
Greeks
µ Dynamic viscosity (m2/s)
∅ The polar angle between the riblets cusp and the rotor axis
Subscripts
s Surface, static
∞ Free-stream fluid
r Reduced
Abbreviations
CFD Computational Fluid Dynamics
CHT Conjugate Heat Transfer
HSG High-Speed Generator
MGT Micro Gas Turbine
RANS Reynolds-Average Navier–Stokes
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