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ABSTRACT 

A numerical study is performed in a square channel with 

a V-rib-dimple hybrid structure under both rotating and non-

rotating conditions, which is also compared with the case with 

V rib only and smooth wall. A Reynolds number 25,000 is 

fixed in the calculations and the rotation numbers (Ro) varies 

from 0.0 to 0.12. Results show that the channel with V rib-

dimple hybrid structure on two sides can effectively increase 

the heat transfer by 2.26 times compared with the smooth 

channel in the non-rotating case and 2.58 times on trailing 

surface at Ro=0.12. The drop of average Nusselt number on 

the leading surface at Ro=0.12 comparing to the non-rotating 

case is smaller when the hybrid structure is applied (12%) 

when compared with the pure V-rib channel (32.4%). This 

shows a more stable and more uniformly distributed 

enhancement in the heat transfer when this new hybrid 

structure is applied under rotating conditions. 

INTRODUCTION 
Increasing the turbine inlet temperature is one of the 

important ways to ensure the overall efficiency of the gas 

turbine. Advanced cooling techniques such as convective 

cooling with turbulators are applied in turbine blades.  
One of the traditional cooling structures is rib turbulator 

(Han, 1984, Han, 1988, Ligrani, 2013), which has a significant 

improvement in the heat transfer but causes relatively large 

pressure loss. Dimple is another cooling structure, which 

becomes increasingly interesting in present researches for gas 

turbine cooling applications. The dimple structures can 

comparably improve the heat transfer, which is 30%-40% 

higher than the smooth channels (Afanasyev et al., 1993) but 

gives a lower flow resistant (Ekkad and Nasir, 2003). A 

detailed study on the heat transfer performance and flow 

friction in a channel with different dimple shapes is performed 

(Rao et al., 2015). Their study was performed under conditions 

with Reynolds numbers range from 8,500 to 60,000 and 

results show that the dimple shapes have distinctive effects on 

heat transfer distribution on the dimpled surfaces as well as on 

the flow structure.  

Coriolis force and buoyancy forces caused by rotating 

effects can have a significant effect on the flow pattern in the 

channel. Secondary flow induced by rotation can have 

interactions with secondary flow induced by the turbulator, 

which further complicates the flow structure (Berrabah and 

Aminallah, 2017).  

Transient liquid crystal method is applied to studying the 

heat transfer distribution for channels with dimples on the 

rotating surface (Yeong Choi et al., 2013). The rotation speed 

is fixed at 550rpm and Re varies from 19,000 to 44,000 and 

experiments are done with channels with dimples at different 

depths. Their results indicate that, on the trailing surface, the 

heat transfer increases when the depth of the dimple increases.  

In order to further enhance the heat transfer, some 

researchers tried to combine multiple cooling techniques such 

as ribs and dimples. 

An experimental study on a channel with angled rib and 

angled rib-dimple hybrid structure under rotating conditions is 

realized (Chang et al., 2012). Compared with the Dittus-

Boelter formula, the channel with angled rib increases the heat 

transfer 2.76-5.79 times on the rib, 3.06-5.71 times between 

the ribs, and for rib-dimple hybrid structure 3.77-6.71 times 

and 3.44-5.71 times respectively. 

The combined structure of parallel rib-dimple/protrusion 

in a U channel under rotating condition by numerical 

simulation is investigated (Shen et al., 2016). The sst-k-ω is 

applied in the study under the condition with Re=12,500, 

Ro=0, 0.4 and 0.6. The rid-protrusion combination is found 

more favorable for the heat transfer enhancement. 

LES is used to carry out a simulation on the channel with 

dimples on one side and protrusions on the other side (Elyyan 

and Tafti, 2010). At Ro=0.77 the dimple on trailing surface 

can effectively improve the heat transfer 3.5-3.8 times 

comparing to the Dittus-Boelter formula. However, compared 

with the stationary condition, the rotation does not effectively 

improve the heat transfer on the surface with the protrusion. 

A combined miniature V rib-dimple hybrid structure on 

one wall by numerical simulation is investigated (Zhang et al., 

2018). The heat transfer increases as the V rib height increases 
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and the local Nusselt number is more uniformly distributed in 

comparison to the dimpled only surface. 

Therefore, in the present study, the novel hybrid cooling 

structure with dimples and miniature V-shaped ribs is 

investigated under rotating and non-rotation conditions by 

conducting numerical simulations. 

NUMERICAL SETUP 

Description of the model 

Figure 1 is a geometrical parameters of the miniature V 

rib-dimples and V ribs. The V rib-dimple channel has a length 

of 280mm and a width of 25mm. The channel aspect ratio AR 

is designed to be 1 thus the hydraulic diameter of the channel 

is 25mm. The print diameter of each dimple is 20 mm and the 

depth is 4 mm. For the V rib only channel, the P/e is 10. An 

inlet section of length 250mm is added to guarantee a fully 

developed flow when reaching the hybrid structure zone. A 

200mm length’s outlet section is also used to avoid 

circulation. The channels with V rib-dimple, V rib structure 

and smooth wall are re performed in the following study. 

 
Figure 1 Geometrical parameters of the of the miniature 

V-shaped rib dimples and V-shaped rib; 

 

Figure 2 Schematic of computational channel with 
boundary condition 

Boundary conditions 

The schematic of the computational boundary condition 

is shown in figure 2. A 340K constant temperature is applied 

to the four walls of the computational domain. The inlet and 

outlet sections are assumed as adiabatic. A velocity inlet with 

air at 300K and a pressure outlet are set as boundary 

conditions. In the rotating case, the two surfaces with V-rib-

dimple structure are noted as leading and trailing surface 

according to the rotating direction while the two heated 

smooth wall are noted as side walls. A rotation frame is used 

and the radius from the axis of rotation to the entrance of the 

heated zone was 13Dh. In this study, the Reynolds number 

(Re) is fixed to 25,000 and the rotating number (Ro) varies 

from 0 to 0.12. A piecewise-linear density is used for the 

calculation and the coolant-to-wall density ∆ρ/ρ is about 0.1. 

The three-dimensional numerical simulations are 

performed by using ANSYS FLUENT using the low-

Reynolds number Abe Kondoh Nagano (AKN) k-ε model who 

gives a reliable prediction of flow friction and heat transfer in 

the V-rib-dimple structure according to the study of Rao et al. 

Polyhedral meshes are generated with Star-CCM+. Table 

1 shows a mesh refinement study. A 7% variation in the 

surface averaged Nusselt number is observed when the grid is 

refined from 370 × 104  to 440 × 104  in vertex number. 

Further refinement gives no improvement in the prediction of 

heat transfer result. Mesh2 with 440 × 104 in vertex number 

will be consequently used in the study. 

 
 Vertex 

 

(× 𝟏𝟎𝟒) 

Total heat flux on V-

rib-dimple surface 

（W/m^2/K） 

Averaged 

Nu 

Mesh1 370 5444 135 

Mesh2 440 5035 124.2 

Mesh3 660 5065 124.9 

Table 1 Grid refinement study 

Data Reduction 

In this section, definitions for data reduction are given. 

The logarithmic mean temperature is defined by:  
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Where Tw is the heating temperature of the wall, which 

is 340K in the calculating case. Tin and Tout are inlet and 

outlet temperature respectively. The averaged convective heat 

transfer coefficient of the dimpled channels is defined by: 

m

Q
h

T



             (2) 

Where Q is the net heat transferred of the surface.  

The area-averaged Nusselt number is defined as:  


 hhD

Nu                (3) 

Where λ is the thermal conductivity of the fluid, Dh is the 

channel hydraulic diameter. 

The Darcy friction factor of the flow across the V rib-

dimple channel is defined as follows 

21
( ) ( )

2
in out hf P P D V L  

        (4) 
The Dittus–Boelter correlation for the Nusselt number in 

the smooth duct is defined by:  
0.8 0.4

0 0.023Nu Re Pr         (5)                      

The Blasius formula for the Darcy friction factor for 

turbulent flow in a smooth channel is: 
0.25

0 0.316f Re           (6)                          
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The heat transfer and friction factor for fully developed 

turbulent flow in a smooth duct are generally served as bases 

of the comparisons in Nu and friction factor.  

In the rotating case, the rotating number (Rossby number) 

is defined by: 

D
Ro= h

U


                 (7)                                                                         

As a rotating frame is applied in the calculation, two 

fictitious forces are to be considered: the Coriolis force and 

the centrifugal force, who can be presented as the following 

form:  

2corioli rF V              (8)                                                             

( )centrifugalF r           (9) 

𝑟 is the radius from the axis to the considered position. 

The centrifugal force gives a position work: 

entrifugalcentrifugal cW F r           (10) 

This work should be subtracted when we consider the 

friction performance induced by the turbulating structure. 

RESULTS AND DISCUSSION 

Heat transfer and friction factor 

In order to better illustrate the characteristic of the V rib-

dimple structure in heat transfer enhancement under rotating 

conditions, same calculations are realized using a smooth 

channel and a channel with 1mm-hight V rib (P/e=10) on both 

leading and trailing surfaces. As shown in figure 3 and figure 

4, comparisons are made. 

 

Figure 3 Comparison of Nu/Nu0 on the trailing 
surface  

On the trailing surface, the increasing tendency with 

rotation number is evident for the V rib-dimple channel and 

the smooth channel. At Ro=0.12, the Nusselt number of the 

channel with V rib-dimple and V rib only is about 2.56 and 

2.92, which shows a high heat transfer enhancement under 

rotating state. However, in the pure V rib channel, no 

significant impact on the surface heat transfer is observed as 

the rotation number increases. Meanwhile, the drop in average 

Nusselt number on leading surfaces is evident in these three 

models. At the highest rotation number, a 12% drop is 

observed on the leading face with V rib-dimple hybrid 

structure and 32.4% with the V rib only channel. This shows 

a more stable and more uniformly distributed enhancement in 

the heat transfer when this new hybrid structure is applied 

under rotating conditions. 

 

Figure 4 Comparison of Nu/Nu0 on leading surface  

According to the definition of friction factors given 

previously, the friction factors in the smooth, V-ribbed and V-

ribbed-dimple channels are summarized in Figure 5 for case 

3. It can be found that as the number of rotations increases, the 

friction factor increases and the growth trend is similar for the 

three channels. In a static state, the friction factor of V rib is 

8.2 times of the reference value while V-rib-dimple channel is 

5.8 times of f0. 

 

Figure 5 Comparison of f/f0 between smooth, V-rib 
and V-rib-dimple 

Under different rotation numbers, the friction factor of V-

rib-dimple channel is smaller than that of V rib channel. This 

comparison might not be rigorous as the P/e value of the V rib 

only channel is higher. However, a tendency of variation can 

be given from the comparison. 

Local heat transfer and flow structure 
At Re=25,000, the distribution of local Nusselt number 

on trailing surface under stationary and rotating cases are 

shown in figure 6. The enhancement effect of the hybrid 

structure on heat transfer are the most significant in the 

triangle zones after V-ribs and at the downstream of every 

dimple. This effect is appreciably improved as the rotation 

number increases, especially near the rim of the dimples.   

The presents of V rib in front of every dimple helps to 

reduce the recirculation zone at the upstream of the dimple. As 
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shown with the streamlines in figure 7, flow separation is 

caused by the existence of V rib, thus breaking the boundary 

layer. After the flow passes the rib, a flow attachment occurs 

in the triangle zone after the V rib apex, which guides the flow 

when it rushed into the upstream of the dimples. 

 

Figure 6 Distributions of Nusselt number on trailing 
surface of the V-rib-dimple channel 

Another attachment occurs when the flow enters the 

upstream of the dimple. A recirculation zone is found, which 

is similar to a pure dimpled surface shown in the study of Rao 

et al. but is relatively smaller when the V rib is added.  

 

Figure 7 Streamlines on the V-rib-dimple surface, 
Re=25000, Ro=0 

The turbulent kinetic energy distribution and the 

streamlines on the streamwise-normal section near the dimple 

on trailing surface are shown in figure 8 at Re=25,000 and at 

different rotation number.  

 

Figure 8 Streamlines and turbulent kinetic energy 
located on the streamwise-normal section 

 

It can be found that the distribution of the turbulent 

kinetic energy becomes more intensified near the trailing 

surface when the rotation number increases, especially at the 

downstream of the V rib and the downstream of the dimple. 

This is coherent with the place where the highest heat transfer 

is found in the distribution of average Nusselt number on the 

trailing surface. 

The recirculation zone becomes smaller as the rotation 

effects become stronger, which can be an explanation to the 

increase of the average Nusselt number on trailing surface.  

Figure 9 shows on the spanwise-normal section a detailed 

flow structure under different rotation numbers in the channel 

with V-rib-dimple hybrid structure (figure 9 (g)-(i)). 

Streamlines in a smooth channel and a V ribbed channel are 

shown as well for comparisons. Numerical calculations are 

performed under the same conditions for the three channels. 

At stationary in the smooth channel, the flow gathers toward 

the middle of the channel, which shows that it is affected only 

by the wall and boundary layer and no secondary flow is 

found. At Ro=0.05, two reverse and symmetrical vortices are 

formed in the channel, occupying almost the entire channel 

(Figure 9 (b)).  

 

 

Figure 9 Streamlines and turbulent kinetic energy 
contours located on spanwise-normal section 

 

In the V rib and the hybrid structure channel, secondary 

flows are formed in stationary because of the turbulators. The 

flow is separated into four parts and two pairs of longitudinal 

vortices are found. When the rotation number increases, in the 
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V rib channel, the two pairs of vortices produced near trailing 

and leading surfaces squeeze each other under the action of 

rotation, and finally, due to the existence of Coriolis force, the 

pair of vortices near the trailing surface develop and influence 

more than a half of the channel. More flow moves toward the 

trailing surface under the affection of Coriolis force and the 

heat transfer increase on trailing surface and decrease on 

leading surface consequently. At the same time, in the V-rib-

dimple hybrid structure channel, the two pairs of vortices 

caused by the turbulator move toward to the trailing and 

leading surfaces respectively. Instead of development of one 

pair of vortices, new smaller vortices are formed in the middle 

under the affection of rotation. The flow structure remains 

more stable in near both trailing and leading surfaces in 

comparison to the V rib channel so the decrease of heat 

transfer on leading surface is slighter. 

 

 

Conclusion 

Numerical simulations are performed to investigate the 

heat transfer and flow structure in channels with V rib-dimple 

hybrid structure on leading and trailing surfaces. Calculations 

are done with AKN k-ε model under conditions with 

Re=25,000 and Ro= 0.02, 0.05 and 0.12. 

(1) Results show that the V-rib-dimple hybrid structure 

can effectively increase the heat transfer, whether it 

is arranged on the trailing surface or on the leading 

surface. 

(2) The drop of heat transfer on the leading surface is less 

significant at high rotation number for the V-rib-

dimple hybrid structure when compared to the pure 

V rib channel. 

(3) The secondary flow caused by the hybrid structure is 

less affected by the rotation effect and remains more 

stable near the leading surface.  

NOMENCLATURE 

Dh = channel hydraulic diameter (m) 

e = rib height (m) 

f = Darcy friction factor 

f0 = smooth duct friction factor 

h = heat transfer coefficient (W/(m2·K)) 

k = fluid conductivity [W/(m·K)] 

L = length of test section (m) 

λ = thermal conductivity(W/(m·K))  

Nu = Nusselt number 

P = Rib pitch 
p = static pressure (Pa) 

Pr = Prandtl number 
Q = net heating power (W) 

R = Radius of rotation(m) 

Ro = Rotation number 

Re = Reynolds number  

Tw = wall temperature (K) 

Tin = inlet air temperature (K) 

Tout = outlet air temperature (K) 

ΔTlm = logarithmic mean temperature(K) 

U = mean velocity in channel (m/s) 

Ω = rotational speed(m/s) 

ρ = density of coolant (kg/m3 ) 
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