
ABSTRACT 

KAUR, INDERJOT. Thermal-Hydraulic Performance Enhancement by Combination Concepts of 

Longitudinal Vortex Generators, V-Shaped Concavities and Protrusions (Under the direction of 

Dr. Srinath V. Ekkad). 

 

 Modern industrial machinery including turbines, thermoelectric generators, heat 

exchangers, solar receivers, etc. deal with high thermal loads. For some applications, such as 

turbines, high inlet temperature is recommended to improve the thermal efficiency which, on the 

other hand, reduces its life. Therefore, continuous cooling is required in such operating conditions. 

Equipments like thermoelectric generator are required to absorb more heat from the flowing fluid 

for higher thermal hydraulic performance. Whether its dissipation from or absorption into the 

system, heat transfer can be enhanced by creating disturbances in the flow field. These disturbances 

can be created either by using features that extend into the flow field, such as winglet pairs, or by 

the cavities, such as dimples, on the walls restraining the flow.  

 The heat transfer enhancing features not only increase the heat transfer but also the pressure 

drop. The pressure penalty associated with these features is an important parameter because it is 

related to the pumping power required to maintain the desired flow. This influences the economy 

associated with the process. The surfaces which extend into the flow field are associated with high 

flow losses as compared to cavities. On the other hand, the heat transfer enhancement of these 

extended surfaces is much higher than those of the cavities. The combination of both types of 

features can be explored to improve the overall thermal-hydraulic performance of the system.  

 This study reports the thermal-hydraulic performance enhancement of winglet pairs using 

V-shaped dimples. Three configurations, viz. rectangular winglet pair alone, rectangular winglet 

pair with one V-dimple and rectangular winglet pair with two V-dimples is analyzed using k-ε 



turbulence model at Reynolds number equal to 25000. The compound configurations had 6.6% 

higher thermal-hydraulic performance than rectangular winglet pair alone case.  

 V-shaped dimples are relatively new features, whose flow physics, heat transfer and 

pressure loss characteristics need to be investigated in detail. The present study compares the 

performance of three configurations: viz. inline V-dimple, staggered V-dimple and V-shaped 

protrusion. V-shaped protrusion is a novel design which is being suggested by the authors. The 

protrusions on the wall do not extend very deep into the flow field. Thus they have lesser pressure 

penalty than conventional features such as pins fins, winglets, etc. Proposed V-shaped protrusion 

gave the highest thermal-hydraulic performance which was about 25% higher than the V-dimple 

configuration. The complete flow physics of all the configurations is explained. Heat transfer 

enhancement, pressure penalty and thermal-hydraulic performance parameter is reported for 

Reynolds number ranging between 10000 to 60000. 
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CHAPTER 1 

THERMAL-HYDRAULIC PERFORMANCE ENHANCEMENT BY COMBINATION 

OF RECTANGULAR WINGLET PAIR AND V-SHAPED DIMPLES 

 

Inderjot Kaur, Prashant Singh, Srinath V. Ekkad 

Department of Mechanical and Aerospace Engineering 

North Carolina State University 

Raleigh, NC, USA - 27695 

 

 

Abstract 

Numerical study on heat transfer enhancement due to combination of rectangular winglet 

pair array with V-shaped dimples is presented. Three different configurations, viz. rectangular 

winglet pair, rectangular winglet pair with one V-dimple between two consecutive winglets and 

rectangular winglet pair with two V-dimples packed in a pitch, are studied. Rectangular winglet 

pair arrays enhance heat transfer; however, the associated flow losses result in reduced levels of 

thermal-hydraulic performance. Hence, the combination of winglets with V-dimples are studied to 

improve the overall performance of the arrays. Heat transfer enhancement mechanism due to 

combination of winglet pair and V-dimples is discussed through detailed analysis of associated 

flow physics. The variation of heat transfer enhancement, pressure drop and thermal-hydraulic 

performance (THP) with respect to winglet-to-winglet (S) spacing variation for rectangular winglet 

pair and rectangular winglet pair with one V-dimple configuration is presented at Reynolds number 

of 25000. The angle of attack of winglets in all the cases was kept at 45-degrees. The dimensions 

are normalized with respect to channel height (H). For the S/H values being studied, the THP of 

rectangular winglet pair configuration decreases up to S/H equal to 2.5 and then increases. For 
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rectangular winglet pair with one V-dimple, three values of winglet-to-dimple (P) spacing are 

analyzed. Among the three configurations studied, rectangular winglet pair with two V-dimples 

resulted in the highest thermal-hydraulic performance. 

Keywords: rectangular winglet pair, V-dimples, bulk flow impingement, secondary flows, 

longitudinal vortices 

 

1.1) Introduction  

To improve the overall performance of the systems involving heat exchanging devices, 

such as solar receivers, thermoelectric-generators, plate-fin heat exchangers etc., it is required to 

achieve high heat transfer at the cost of minimal flow losses. In order to achieve this, disturbances 

are created in the flow field using heat transfer enhancing features. Protrusions in the form of 

winglets are one of these features that can either be mounted or stamped out of the surface to 

disturb the flow field. These winglets generate longitudinal vortices which persist up to a fairly 

long distance downstream. Strong swirling motion of the fluid causes better mixing of the fluid 

and eventually leads to high heat transfer. These longitudinal vortex generators (LVGs) are capable 

of enhancing the heat transfer at the cost of moderate to high pressure drops depending on their 

parameters. 

Heat transfer and frictional characteristics of LVGs have been studied extensively. Fiebig 

et al. [1] experimentally investigated the heat transfer and flow loss characteristics of delta wings 

and winglets. Various parameters such as aspect ratio of LVGs and angle of attack were 

investigated. The authors reported heat transfer and drag coefficient enhancement as high as 50% 

and 45% respectively. They reported that the stability of the vortices depended on the angle of 

attack and Reynolds number. When the angle of attack was 90⁰, the vortices were purely transverse 
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in nature. Eibeck and Eaton [2] experimentally studied the heat transfer effects of longitudinal 

vortices (LVs) embedded in turbulent boundary layer. Three possible mechanisms of heat transfer 

enhancement were proposed by the authors: (a) modification of turbulence field, (b) change in 

mean flow through thinning and thickening of boundary layer, (c) shear friction by cross flow. The 

dominating effect was of thickening and thinning of boundary layer in up-wash and down-wash 

region respectively. Gentry and Jacobi [3] experimentally studied the heat and mass transfer by 

the vortices generated by LVGs where the authors reported 50% to 60% heat transfer enhancement. 

Fiebig [4] reported that for a single vortex generator, heat transfer increases with the angle of attack 

and the maximum value occurs at around 45⁰. The heat transfer increased with increment in 

winglet height and LVG area. The authors also observed the formation of main vortex, corner and 

induced vortices.  

Wu and Tao [5] carried out computational study on major influence factors such as winglet 

height, transverse spacing and location of LVGs with respect to the channel entrance. Location of 

LVGs had no significant influence on pressure drop but the overall heat transfer value decreased 

with increase in winglet distance from the entrance. The authors also suggested that while keeping 

area constant, increasing the length of rectangular winglet pair (RWP) resulted in enhanced heat 

transfer and reduced flow loss increment as opposed to increasing the height of the LVG. Stamping 

out winglets creates holes in the surface. Wu and Tao [6] analyzed the effect of these holes on heat 

transfer and flow losses. The winglet configuration with holes gave 1.1% higher heat transfer and 

1.2% lower flow losses as compared to configuration without holes. Bjerg et al. [7] performed 

LES on the staggered rectangular winglet pair for various winglet-to-winglet pitch distances as 

well as winglet heights. Overall pressure loss enhancement of 3.3 to 33.5 and heat transfer 

enhancement of 2.2 to 4.6 was observed. The overall thermal-hydraulic performance was better 



   

4 

 

for higher longitudinal pitch distances and lower winglet heights. Tiggelbeck et al. [8] 

experimentally studied two rows of delta winglet pairs (DWP). The enhancement was higher for 

second row. Spacing of 7-10 times winglet height was found to be optimum for the case being 

studied. The stream-wise heat transfer enhancement decreased slightly faster behind the second 

row. Therefore, it was suggested that the distance between the second to third row, if any, should 

be smaller than that between the first and the second. Zhu et al. [9] studied four different types of 

vortex generators in fully turbulent flow regime. Zhu et al. [10] numerically studied the periodic 

rectangular winglet pair element for highly turbulent regime. Heat transfer enhancement of 2.9 to 

3.41 was reported whereas, the frictional losses were as high as 22.5-32 times that for a heat 

transfer enhancement featureless configuration.  

In one of the configurations studied experimentally by Kotcioglu et al. [11], total pressure 

loss of as high as fifty times the plane channel was observed. Tian et al. [12] studied two different 

configurations, common flow up (CFU) and common flow down (CFD) for both rectangular 

winglet pair and delta winglet pair. Rectangular winglet pair (RWP) enhanced heat transfer by 8% 

to 46% and delta winglet pair (DWP) by 3% to 26%. The thermal hydraulic performance of DWP 

was better than RWP. Awais and Bhuiyan [13] provided a review on the use of delta winglet pair 

(DWP) and rectangular winglet pair (RWP) in fin-tube heat exchangers. The authors concluded 

that DWP performs better than RWP. The optimum angle of attack was in the range of 30⁰-40⁰. 

Both common-flow down (CFD) and common-flow up (CFU) configurations provided significant 

heat transfer augmentation. Zhou and Feng [14] experimentally compared the heat transfer 

enhancement by plane and curved winglet type vortex generators with punched holes. The hole 

improved the thermal-hydraulic performance and reduced the flow resistance. Min et al. [15] 

numerically investigated the heat transfer characteristics of rectangular winglet vortex generator 
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with attached accessory wing in a turbulent flow channel. The novel design increased the heat 

transfer by 4.7% to 104.1% in the range of Reynolds number studied. Influence of various 

parameters related to vortex generator was studied. It was concluded that attack angle had the most 

significant influence on the performance. 

The above studies indicate that various parameters influencing the performance of the 

LVGs such as transverse and longitudinal spacing, height and area of LVG, positioning with 

respect to channel entrance, angle of attack, and orientation have been studied extensively but there 

is very limited literature pertaining to combination of winglets with other heat transfer enhancing 

features. Promvonge et al. [16] studied the combined effect of winglets and twisted tapes. The 

combination gave 17% higher thermal performance than twisted tapes alone. Luo et al. [17] studied 

the combination of dimples and delta winglet vortex generators on solar receiver in turbulent range. 

The combination provided enhancements of 36.23% in heat transfer, 36.29% in frictional loss and 

28.50% in thermal-hydraulic performance. Chompookham et al. [18] studied heat transfer 

augmentation for a combination of wedge ribs and winglet pair. The study was performed for both 

in-line and staggered configurations. The mean increment in the friction factor was reported to be 

7% to 38% higher than smooth channel. Depaiwa et al. [19] studied the heat transfer enhancement 

and frictional losses behind a row of 10 rectangular winglet vortex generators oriented in two 

different configurations, viz. pointing upwards (PU) and pointing downwards (PD). In most of 

these studies, the LVGs were not intrinsic part all through-out the configurational domain. 

Above studies indicate that rectangular winglet pairs are associated with high heat transfer 

but also a large pressure drop due to which the thermal-hydraulic performance drops, especially 

when they are employed in the form of arrays. The performance of the rectangular vortex generator 

arrays can be improved by optimizing various parameters related to its geometry. Another 
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approach to improve thermal-hydraulic performance could be to combine the winglets with other 

heat transfer enhancing features such as dimples. Dimples alone enhance the heat transfer at 

relatively less pressure drop penalty. Hence the combination of rectangular winglet pairs with 

dimples can improve the overall thermal-hydraulic performance of the arrays.  

Present study focuses on the performance analysis of rectangular winglet pair with V-

dimples at Reynolds number of 25000. There have been very few studies on heat transfer and flow 

characteristics of V-dimples and one such study was carried out by Ranaware and Bhosale [20] 

where the authors experimentally studied v-shaped dimples and effect of dimple depths on heat 

transfer enhancement. Jordan and Wright [21] carried out experimental study on V-dimples in a 

rectangular channel with aspect ratio 3:1. The results in both these experimental studies are 

contradictory. Jordan and Wright [21] reported increment in heat transfer enhancement with 

increasing Reynolds number whereas in the study of Ranaware and Bhosale [20], this trend is 

decreasing, which is typical feature of other types of dimples present in the literature.  In the 

present study, three cases are studied. These include rectangular winglet pair array, winglet pair 

with one V-dimple and winglet pair with two V-dimples. The flow physics, heat transfer 

characteristics, frictional characteristics as well as thermal-hydraulic performance with respect to 

different winglet-to-winglet (S) and winglet-to-dimple (P) pitch have been presented. The working 

fluid was dry air (𝑃𝑟 = 0.7). 

 

1.2) Configurational set up and geometrical details 

Figure 1.1 shows schematic of the three configurations that were studied numerically. An 

array of 8 x 5 winglet pairs was analyzed where 8 rows were employed in stream-wise (x) direction 

and 5 rows were arranged in span-wise (y) direction. 
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Figure 1.1: Top view of schematic of three different configurations: Case1- rectangular winglet pair, 

Case2-rectangular winglet pair with one V-dimple, Case3-rectangular winglet pair with two V-dimples 

 

The height (H) of the channel was 10 mm and the breadth was 20H. The dimple parameters 

used in all the configurations were same and adopted from the design used by Jordan and Wright 

[21]. As mentioned in [21], the V-dimples were designed using hemispherical dimple arrangement. 

The dimple diameter (D) was 6.35 mm and the dimple depth (δ) was 0.3D. The winglet-to-winglet 

(S) spacing and winglet-to-dimple (P) spacing was varied for Case1 and Case2 only. The pitch 

values used in Case3 were fixed. The angle of attack for rectangular winglet pairs was 45⁰ and 

transverse winglet-to-winglet (V) pitch was 4H in all the cases. Hydraulic diameter (𝑑ℎ) of the 

channel was 19 mm.  
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Figure 1.2: Geometrical parameters of (a) winglet pair, (b) V-dimple, (c) isometric view of V-dimple  

 

Figure 1.2 provides the details of dimple and winglet geometry. Since the winglet-to-

dimple spacing is an important consideration in the present study, it is necessary to mention how 

the distance of the dimple from the winglet tip was measured. As shown in Fig. 1.2b, the V-dimple 

was made from four hemispherical dimples. The winglet-to-dimple (P) distance was measured 

between the tip of the winglet and the center of the circle at the leading edge of the dimple. The 

winglet-to-dimple (P) distance measurement criterion is shown in Fig. 1.3a. Cut section view of 

the V-dimples is provided in Fig. 1.3b and the nomenclature used in the present study is shown in 

Fig. 1.3c. The cavity section in the front region was named as the upstream region. The convex 

type protruded surface behind upstream zone was termed as downstream. The dimple had two 

inclined legs. The edge bordering the trailing portion was divided into two main parts: mid trailing 

edge and the side trailing edge. Table 1.1 shows the values of parameters related to the geometrical 

configurations. Table 1.2 provides the details of the stream-wise pitch values for each case. 
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Figure 1.3: (a) winglet-to-dimple pitch measurement criterion, (b) i) section planes through V-dimple, ii) 

cut-section view through plane A-A, iii) cut-section view through plane B-B, (c) nomenclature used for 

describing V-dimple 
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Table 1.1: Geometrical Parameters 
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Table 1.2: Pitch dimensions for each case 

 

 

 

1.3) Computational method 

Commercial computational software package ANSYS FLUENT 18.1 version was used to 

carry out the simulations. The thermo-physical properties were taken to be constant for the 

temperature ranges we have worked on. Three-dimensional steady-state incompressible Reynolds-

averaged Navier-Stokes equation were solved using finite volume based solver. Naik et al. [22] 

tested three k-ε turbulence models: Standard, RNG and Realizable. They compared their results 

with an experimental study. Realizable model was able to match with experimental results with 

the least deviation. Hence, in the present study Realizable k-ε model is adopted for the simulations. 

SIMPLE scheme was adopted for solving pressure-velocity coupling. Second order upwind 

scheme was employed for discretization of momentum, energy and turbulence parameters 

equations. Under-relaxation factors of 0.3 and 0.7 were set for pressure and momentum 

respectively. The convergence criterion for continuity, x-velocity, y-velocity, z-velocity and 
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turbulence parameters was set as 10-6. The convergence criterion for energy equation was set to a 

lower value of 10-8. Enhanced wall treatment option was selected to capture the near-wall flow 

characteristics accurately. 

 

1.4) Computational domain and boundary conditions 

Figure 1.4 shows the computational domain and the boundary conditions applied to the 

domain during simulations. Due to symmetry of the configuration at the central plane, only one 

half of the domain was solved numerically. In every case the leading edge of the first row of heat 

enhancing features was set at a distance of 22H from the channel inlet to achieve fully developed 

flow at the first row of winglets. Uniform inlet velocity (𝑣𝑖𝑛) and constant air temperature 

(𝑇𝑖𝑛) was specified at the inlet. The outlet was set at zero-gauge pressure condition. Constant heat 

flux (5000 𝑊/𝑚2) was given at the lower and upper boundary walls. The side wall and winglets 

were declared adiabatic. Symmetry boundary conditions were applied at the central plane. 

Turbulence intensity of 5% and hydraulic diameter of 0.019m was set as the turbulence conditions 

at the inlet. Since the pitch was varied in every case, it was ensured that the outlet was sufficiently 

extended so that there was no reverse flow or back pressure effects. No-slip boundary condition 

was provided on all the fluid walls.  
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Figure 1.4: Computational domain and the boundary conditions employed during simulations 

 

 

 

1.5) Grid generation 

Unstructured hybrid grid was generated using ANSYS FLUENT meshing software. The 

mesh consisted of tetrahedral, pyramidal and prismatic elements. Figure 1.5 shows the mesh grid 

used during simulations. Very fine mesh was generated on the surface as well as in the vicinity of 

the V-dimple to ensure that the results or convergence were not affected due to its curvature. The 

heat enhancement features used in the present study, rectangular winglet pairs and V-dimples are 

associated with flow separations. The edges of the winglet pairs as well as the dimples are crucial 

areas. To visualize these near wall phenomenon, enhanced wall treatment option was used. In order 

to obtain accurate results using enhanced wall treatment it is recommended that the y-plus value 

be maintained between 1 and 3. To ensure that the y-plus values lie in this range, prismatic 

elements in the form of 10-15 inflation layers with a growth rate of 1.2 were created on the fluid 

walls. This value of y-plus was maintained in all the simulations. Figure 1.6 shows the inflation 

layers given on the channel walls, winglets and the dimple wall. 
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Figure 1.5: (a) unstructured mesh generated during simulations, (b) refinement provided on the dimple 

surface 

 

 

 

Figure 1.6: (a) inflation layers provided at the upper and the lower wall, (b) inflation layers around the 

winglet wall, (c) inflation layers on the dimple walls 

 

 
1.6) Data reduction 

 

Globally averaged Nusselt number and friction factor coefficients are calculated for all 

the cases. The local steady-state heat transfer coefficient is calculated as following: 

ℎ(𝑥, 𝑦) =
𝑞"

𝑇𝑤(𝑥, 𝑦) − 𝑇𝑏(𝑥)
   (𝐸𝑞. 1.1) 

where, 𝑞" is the heat flux applied at the walls, 𝑇𝑤 is the local wall temperature and 𝑇𝑏 is the local 

bulk fluid temperature. About ten planes were created along the stream-wise direction of the 
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channel and mass flow averaged bulk temperature were calculated on these planes. From the 

obtained data points, linear curve-fit for local bulk temperature was extracted for further 

interpolation. Local Nusselt number values were then obtained using the following formula: 

𝑁𝑢(𝑥, 𝑦) =
ℎ(𝑥, 𝑦)𝑑ℎ

𝜆
   (𝐸𝑞. 1.2) 

where, h is the local heat transfer coefficient, 𝑑ℎ is the hydraulic diameter of the channel and λ is 

the thermal conductivity of air. The above equation was area averaged over the region of interest 

to obtain global Nusselt number value. For comparing the enhancement with respect to the plane 

channel, the Nusselt values are normalized with respect to the following Dittus-Boelter correlation: 

  𝑁𝑢0 =  0.023𝑅𝑒0.8𝑃𝑟0.4   (𝐸𝑞. 1.3) 

The frictional losses were calculated using the following formula: 

𝑓 =
∆𝑝𝑑ℎ

2𝜌𝑣𝑖𝑛
2 𝐿

   (𝐸𝑞. 1. 4) 

where, Δp is the static pressure drop calculated at the beginning and end of the region of interest, 

𝑑ℎ is the hydraulic diameter and L is the length of the channel over which calculation is done and  

𝑣𝑖𝑛 is the bulk fluid velocity. The friction factor is normalized by Blasius formula for Fanning 

friction factor in plane channel: 

𝑓0 = 0.079𝑅𝑒−0.25 (𝐸𝑞. 1.5) 

Figure 1.7a shows the results obtained from the simulations of the three configurations at S/H 

equal to 5 and P/H equal to 3(Case2). The results show that the flow becomes fully developed after 

the fourth row. The trend was similar for all other cases as well. For the case where the winglet-

to-winglet (S) spacing was below 2H, the flow travelled relatively longer distance before becoming 

fully developed. In this particular case, the stream-wise number of rows were increased to 12 to 
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ensure that the calculation is done in the fully developed region. The global Nusselt values 

presented in this paper are calculated over three pitch values in the fully developed region as shown 

in Fig. 1.7b. The overall thermal-hydraulic performance (THP) is estimated by taking into account 

the heat transfer as well as the pressure drop. 

𝑇𝐻𝑃 = (𝑁𝑢 𝑁𝑢0⁄ ) (𝑓 𝑓0⁄ )1 3⁄   (𝐸𝑞. 1. 6)⁄  

 

 

 

Figure 1.7: (a) region-wise Nusselt number enhancement along the stream-wise direction, (b) shaded area 

showing the region over which Nusselt number was globally averaged and the points at which pressure 

was probed for measuring flow loss 

 

 

1.7) Grid independence study 

In order to ensure that the results were independent of the grid size, three grid sets were 

investigated. The coarsest grid had 12 million elements and the finest mesh had 16.8 million 
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elements. The normalized average Nusselt number and the friction factor values were compared 

for three grids using rectangular winglet pair array geometry for S/H equal to 5 and angle of attack 

of 45⁰. The difference between Nusselt number and friction factor enhancement for the medium 

and the finest mesh is less than 1%. Therefore, medium level mesh was adopted for further 

simulations. Figure 1.8 shows the variation of Nusselt number enhancement with respect to 

element count. 

 

 

 
Figure 1.8: Grid independence 

 

1.8) Validation 

The adopted turbulence model as well as the calculation technique is validated with the 

results presented by Zhu et al. [9]. The simulation was performed for one row of winglets with 

same parameters as adopted in [9]. Zhu et al. represented their result for Reynolds number of 50000 

(Reynolds number based on channel height). They used the constant temperature boundary 
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condition. Since the heating conditions adopted in the present study was constant heat flux, the 

simulations were performed for both types of heating conditions for validation purpose. The 

Nusselt number was averaged for 10H channel length. Figure 1.9 shows the results obtained for 

normalized Nusselt number values averaged over the bottom wall in both types of heating 

conditions. In case of constant temperature boundary conditions, the deviation was less than 1% 

whereas the value obtained in case of constant heat fluxed wall was 3.6% higher than that of [9]. 

The values for heat flux condition were expected to be higher. Thus, the turbulence model and the 

interpolation method adopted in present study was able to predict the results with fair accuracy 

and can be used for calculating further results. 

 

 

 

Figure 1.9: Comparison of results obtained in the present study with that given by Zhu et al. [9] 

at Reynolds number of 50000 
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1.9) Results and discussion 

 

This section provides details of the flow field development, heat transfer enhancement, 

frictional characteristics and thermal-hydraulic performance of the different configurations 

studied. 

1.9.1) Flow Field 

 Figure 1.10 shows the three configurations for which the flow field and heat transfer 

characteristics are analyzed. For all the cases, the winglet-to-winglet (S) spacing was same (S/H 

=5). The winglet-to-dimple (P) spacing in Case2 was 3H, (P/H = 3). For Case3, as already 

mentioned above, the pitch values were fixed. Figure 1.11 shows the normalized velocity contours 

superimposed by velocity vectors and the streamlines at a plane which is at the distance of 0.025% 

of channel height (H) from the bottom wall. 

The flow impinges on the winglet tip and moves along the winglet length. In the 

downstream region behind the winglet walls, low velocity recirculation zones were observed in all 

the cases. Acceleration of the flow occurs through the narrow passage between the winglet tips. It 

can be observed from the streamlines that after escaping through this narrow passage, the entire 

flow field is distributed in v-form near the bottom wall. The secondary flows near the bottom wall 

accelerates in the direction of winglet length up to some distance downstream because of the 

pressure differential developed in the region by secondary vortices generated by the winglets 

normal to the flow direction. Fluid accelerates in the regions of low pressure and gradually slows 

down as it moves towards the high-pressure areas.  

The presence of dimples affects the flow field. Higher velocity values are encountered 

along the trailing edge of the V-dimple. The streamlines show that the secondary flow coming out 

from the V-dimples is divided into three streams: one main stream and two sub streams (Fig. 1.12), 
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where bulk flow refers to the primary flow approaching the dimple, main stream refers to the flow 

which exits the dimple at the center of the mid-trailing edge. This stream travels further in straight 

path without distortion. Two sub-streams refer to the flow which exits the dimple at the mid and 

side-trailing edges. These sub-streams are distributed in v-form by the strong longitudinal vortices 

generated by the LVGs in the plane normal to bulk flow direction. The main stream travels straight 

because of the fact that this region coincides with the mid-plane of the two counter-rotating 

vortices  

 

 

      

                            Figure 1.10: Three configurational set-ups to study the flow field development 
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Figure 1.11: (a) configurational set-up and data presentation region (highlighted in grey), (b) normalized 

velocity superimposed by velocity vectors at a plane 0.025% of H from the bottom wall, (c) streamlines at 

a plane 0.025% of H from the bottom wall 
 

 

 

        

Figure 1.12: Three main streams coming out of the V-dimple 
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generated by the LVGs. The effect of the two vortices is nullified at this region. On the contrary, 

the fluid which is an offset to this mid-plane is influenced by the vortices which results in the V-

shape distribution. Figure 1.13 shows the mid-plane of the two counter-rotating vortices generated 

by LVGs in the direction normal to bulk flow. The sub-stream coming out of the side trailing edge 

is oriented along the inclination of the legs of V-dimple. The distortion of the streamlines due to 

the presence of V-dimples is clearly visible between winglet pair and leading edge of V-dimple. 

The streamlines which were divided at the central line into V-shape are sucked in towards the 

dimple. The streamlines in the mid-area are more oriented towards the central line in Case2 and 

Case3 (central line is depicted in Fig. 1.12). 

 

 

 

Figure 1.13: Mid plane of the two secondary vortices in the plane normal to the bulk flow direction 

 

Figure 1.14 shows the normalized turbulent kinetic energy contours superimposed by 

velocity vectors. The normalized turbulent kinetic energy is high behind the winglet pairs as well 

as along the trailing edge of the dimple. The regions with high turbulent kinetic energy ensures 

better fluid mixing and therefore high heat transfer. The regions shown in Fig. 1.14 with higher 

turbulence have high local heat transfer which is discussed in the later sections. For Case3, the 
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turbulent kinetic energy along the trailing edge is higher for the first dimple. The flow becomes 

weaker as it travels downstream towards the second dimple.  

               

Figure 1.14: Normalized turbulent kinetic energy superimposed by velocity vectors 

 

 
In the above discussion, the flow field outside the V-dimples is discussed. In order to fully 

understand the mechanism of V-dimples, it is important to analyze the flow inside the dimple as 

well. Figure 1.15 shows the normalized turbulent kinetic energy on a plane parallel to the 

symmetry-plane passing through the middle of the V-dimples. The upstream region inside V-

dimples is characterized by recirculation.  Most of the bulk fluid impinges at the protruded 

downstream region. This region has high turbulent kinetic energy. In fact, the fluid becomes highly 

turbulent before it reaches the downstream region as shown in region A of Fig. 1.15b. As the bulk 
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flow fluid passes over the upstream region of V-dimple, the recirculating flow below interacts with 

it thereby creating high turbulence in the flow. It seems that the recirculating flow tends to distort 

the fluid closer to it towards the downstream region.   

 

     

Figure 1.15: Normalized turbulent kinetic energy and streamlines for (a) rectangular winglet pair, (b) 

rectangular winglet pair with one V-dimple, (c) rectangular winglet pair with two V-dimples, at a plane 

parallel to the symmetry plane 
 

 

Figure 1.16 provides isometric view of streamlines at the three different planes parallel to 

the symmetry plane. Plane P1 is drawn at the mid of the v-dimple and is same as the one shown in 

Fig. 1.15. From the isometric view it is observed that at plane P1 bulk fluid impinges at the slightly 

protruded downstream region and after attaching to the surface smoothly follows its curvature. 

The fluid then exits at the center of the mid trailing edge. The fluid remains attached to the surface 

at the moment it exits the dimple and travels further downstream. Thus, two important 

phenomenon occurs here: firstly, the fluid does not separate while it exits at the mid trailing edge, 

and secondly, the fluid exiting at the mid trailing edge is accelerated and has high turbulence 

kinetic energy. This is shown in Figs. 1.11 and 1.14. Plane P2 is drawn at an off-set to plane P1 

but it still passes through the protruded downstream region of the V-dimple. The flow physics is 

almost similar to that observed in plane P1. Plane P3 is drawn such that it does not include the 

protruded downstream region. Major portion covered in this plane are the legs of the V-dimple.  



   

25 

 

 

 

 
Figure 1.16: Isometric view of streamlines drawn at three different planes parallel to the symmetry plane 

 

Figure 1.17 shows the three-dimensional streamline formed in the legs of the V-dimple. 

The recirculating fluid in the upstream region distributes itself along the legs of the V-dimple. This 

swirling fluid then travels along the legs and exits mostly at the side trailing edge. At plane P3 in 

Fig. 1.16, it is seen that the bulk flow fluid impinges on the inner wall at the leg end. It then follows 

the curved inner side of the leg end and exits at mid trailing edge. The bulk fluid shown in plane 

P3 is less distorted in the dimple region as compared to the fluid in P1 and P2. As the bulk fluid 

travels straight at some height above the legs, the area underneath this fluid is swept by the 

secondary rotating flow traveling along the legs of the V-dimple. While most of this secondary 

rotating flow exits from the side trailing edge, the bulk flow escapes from the mid trailing edge. 

To conclude, three major phenomena can be observed here. Firstly, the bulk fluid exits the mid-

trailing edge and is highly turbulent as shown in Fig. 1.14 and Fig. 1.16. Secondly, the secondary 

rotating flow travelling along the legs exits primarily through the side trailing edge. Thirdly, the 

interaction of the exiting swirling secondary flows with the exiting bulk fluid is negligible outside 
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the dimple. The exiting swirling secondary flows interact mostly with the directly approaching 

bulk fluid travelling outside the dimple. 

 

 

                     

Figure 1.17: (a) isometric view of the streamlines on plane parallel to the symmetry plane, (b) 3-D 

streamlines shown inside a V-dimple 

 

 

Longitudinal vortex generators (LVGs) create strong secondary vortices in the plane 

normal to bulk-flow direction. These vortices play a crucial role in enhancing heat transfer by 

mixing the hot fluid at the wall and the cold fluid at the core. It is not only the mixing but also the 

modification of thermal boundary layer by the thickening and thinning phenomenon that 

influences the heat transfer. Many authors including [2, 6, 23] support this explanation. Figure 

1.18 shows the normalized velocity, normalized kinetic energy and temperature contours at three 

different planes drawn normal to the flow direction and the location of the planes is also shown in 

the inset of the figure. The common region between the vortices where the flow impinges towards 

the bottom wall is termed as the down-wash region whereas the region where the fluid moves away 

from the bottom wall is called the up-wash region. The velocity is higher in the downwash region. 

The flow moves strongly towards the bottom wall due to which the thermal boundary layer 
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thickness is reduced. The impingement effect of the downward moving fluid disrupts the boundary 

layer as the fluid shears along the bottom wall. The effect can be observed from the temperature 

contours. 

 

 

Figure 1.18: (a) normalized velocity superimposed by velocity vectors, (b) normalized turbulent kinetic 

energy superimposed by velocity vectors, (c) normalized temperature 
 

 

The thermal boundary layer is higher in the regions where the fluid moves away from the wall and 

lower in the regions where fluid moves towards the wall. Initially, at plane P1, the turbulent kinetic 

energy is higher in the downwash region near the bottom wall. This ensures better fluid mixing in 

the area. As the vortices travel downstream, at plane P2, higher turbulent kinetic energy region is 

near the core of the vortices. As the vortices move downstream, both, the core velocity as well as 

the turbulent kinetic energy dissipates. The combined effect of secondary flows generated by 

LVGs near the bottom wall, downwash impingement of the vortices in downwash region as well 

as enhanced fluid mixing due to high turbulence leads to enhanced heat transfer downstream of 

winglets. It can be observed that the vortex core is slightly lifted away from the bottom wall, which 

is a typical phenomenon of LVs in common-flow down configuration.        
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Figure 1.19: (a) normalized velocity superimposed by velocity vectors, (b) normalized turbulent kinetic 

energy superimposed by velocity vectors, (c) streamlines 

 

Figure 1.19 shows the normalized velocity, normalized turbulent kinetic energy and 

streamlines for Case2. The characteristics of flow shown in plane P1 are same as that discussed in 

Case1. Not much change occurs at the leading edge of the dimple, which is seen on plane P2. As 

the fluid enters the v-dimple (P3), the fluid from the common flow down region is entrapped into 

the dimple. At plane P3, high turbulent kinetic energy is observed inside dimple due to interaction 

of recirculating fluid in upstream portion inside V-dimple, bulk fluid travelling above recirculating 

fluid and the fluid of downwash region being entrapped into the dimple. At planes P4 and P5, the 

exiting secondary swirling fluid which travelled along the legs interacts with directly approaching 

bulk fluid resulting in enhanced turbulence.  The streamlines are slightly distorted near the bottom 

wall because of exiting secondary flows. Jordan and Wright [21] gave a conceptual mechanism of 
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fluid flow development in dimples. They suggested that the counter-rotating vortices are formed 

due to dimples which entrap the fluid towards it. However no such profound vortices formed by 

dimple are observed here. At plane P3, the fluid moving inside the dimple seem to form the 

secondary vortices but the main vortices engulf the fluid coming out of the dimple legs before it 

completes the circulation. The flow approaching the dimples is already strongly vortical in nature 

due to the presence of LVGs upstream. Thus, there is possibility that the dimples form visible 

vortices when studied alone. In the present study, the main vortex structure generated by the 

rectangular winglet pairs remains intact and possibly kill the vortices generated by the V-dimples. 

It is seen that the vortex core in the present cases is laterally very far from the dimple. The major 

portion of the vortices does not coincide with the dimple. Small induced vortex structures are 

visible between the vortex and the upper wall.  

Figure 1.20 shows the normalized velocity and turbulent kinetic energy for Case3. The 

flow physics is similar to Case2. The vortices become significantly weaker when they reach the 

second dimple. The turbulent kinetic energy of the secondary flows exiting the dimples is also 

reduced.  
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Figure 1.20: (a) normalized velocity superimposed by velocity vectors, (b) normalized turbulent kinetic 

energy superimposed by velocity vectors 
 

 

1.9.2) Heat transfer enhancement  

Figure 1.21 shows the heat transfer enhancement contours for the three configurations. The 

reasons for the heat transfer enhancement locally can be explained using the flow physics which 

is discussed in detail in the above sections. The winglet tip had high heat transfer due to 

impingement effect of the oncoming bulk flow. The secondary flows then travelled along the 

winglet length resulting is high heat transfer on winglet surface. The heat transfer enhancement 

area in the downstream region of the winglet pair is in the broken V-shape form. These are the 

regions where secondary flows travels in V-form with high turbulent kinetic energy. The heat 
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transfer is further enhanced by the impinging effect of the vortices in downwash region as well 

better mixing by turbulent secondary vortices. 

 

 

Figure 1.21: Normalized heat transfer enhancement contours, (a) rectangular winglet pair, (b) rectangular 

winglet pair with one V-dimple, (c) rectangular winglet pair with two V-dimples 

 
 

The V-dimples have high local heat transfer in the downstream region, upper portion of 

the inner wall at the leg ends and trailing edge. The enhancement area along the trailing edge 

extends up to some distance downstream the trailing edge. The recirculation zones in V-dimples 

as well as behind the winglet pair have lower heat transfer enhancement. For Case3, the heat 

transfer enhancement for the second dimple is lower than the first. This is obvious because the 

turbulent kinetic energy of the flow reduces as it reaches the second dimple. However, the Nusselt 

number is more uniformly distributed in Case3.  
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Figure 1.22: Normalized heat transfer enhancement contour in the zoomed-in V-dimple 
 

 

 

In order to understand the heat transfer enhancement inside the V-dimple and correlate it 

to the reasons causing it, three-dimensional view of the v-dimple is given in Fig. 1.22. The zoomed-

in view of the single V-dimple is taken from Case2. The region is divided into four main sections 

for explanation. Table 1.3 gives description of the regions and the flow streams responsible for 

enhancing heat transfer in that region.  
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Table 1.3: Description of different regions of V-dimple given in Fig. 2.22 
 

 

 

Major enhancement in heat transfer (HT) occurs in the downstream area (region A) and in 

the upper portion of the inner wall at the leg ends (region B). These are the areas where fluid 

reattached behind the recirculating zone. The enhancement is higher along the mid trailing edge 

which extends up to some distance downstream (region C). In Fig. 1.22, this area is enclosed 

between the mid-trailing edge and three straight lines.  Area along the side trailing edge (region 

D) has lower HT enhancement as compared to other regions. The upstream zone inside dimple has 

low Nusselt value because of recirculation. Regions A and B have high heat transfer due to 

impingement action of the bulk flow that strikes the surface.  These streams then exit the fluid at 

the mid trailing edge with high turbulent kinetic energy. The sweeping action of this fluid behind 

the trailing edge is responsible for high heat transfer enhancement in region C. Region D lies 

around the side-trailing edge where the secondary rotating fluid travelling along the legs exit and 

interact with the bulk flow directly approaching the site. This interaction, although it generates 

turbulence in the flow, is not strong enough to produce heat transfer enhancement comparable to 
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other regions. It is to be noted that strong LVs generated by the LVGs in direction normal to the 

bulk flow direction persist in the flow field which influences the above interactions. 

 Jordan and Wright [21] observed that for lower Reynolds number, the heat transfer 

enhancement is usually concentrated outside the dimple whereas for higher Reynolds number 

significant amount of enhancement was observed inside the dimple. In the present study too, 

enhancement is seen both inside and outside the dimple. Another important aspect of the 

combination configurations is that they tend to bring more heat transfer enhancement in the central 

region of the surface between two consecutive winglets. Winglets provide heat transfer 

enhancement in two discrete regions (in broken v-shaped form) which tend to move sideways. On 

the contrary, the heat transfer enhancement is concentrated and is more profound in the middle 

regions of the entire surface. The concentrated heat transfer enhancement is inherent characteristic 

of the dimples but the fact that the heat transfer is found in the middle regions of the surface is due 

to configurational set up. The placement of V-dimples in present configuration ensures uniform 

heat transfer over the surface, especially in the case of two V-dimples. 

1.9.3) Heat transfer enhancement and frictional characteristic variation with pitch values 

 In this section, the effect of winglet-to-winglet (S) as well as winglet-to-dimple (P) spacing 

on the global heat transfer enhancement as well as pressure drop penalty has been presented. 

Figures 1.23 and 1.24 show the globally averaged Nusselt number enhancement and normalized 

friction factor trend respectively for different pitch values.  
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Figure 1.23: Globally averaged Nusselt number enhancement at Reynolds number of 25000 

 
 

 

The pitch values are normalized with respect to the channel height (H). For further discussion, the 

pitch values will be notified in non-dimensional form. For all the cases, heat transfer enhancement 

as well as the pressure drop penalty increases with decreasing winglet-to-winglet pitch values. In 

Case1, there is steep rise in heat transfer enhancement as the winglet-to-winglet spacing (S/H) 

goes below 2. For higher values of S (S/H ϵ [2.5:7.5]), Case2 and Case3 have higher heat transfer 

enhancement and slightly higher pressure drop gain as well. For Case 1, the analysis is not done 

beyond S/H equal to 7. The pressure loss decreases but there is not much gain in thermal-hydraulic 

performance due to high loss in heat transfer enhancement. For Case2, the lowest winglet-to-

winglet (S/H) pitch analyzed is 2.5. The values below this are not investigated due to geometrical 

constraints. At S/H equal to 5, rectangular winglet pair provides about three times higher heat 

transfer and 20 times higher pressure drop than the plane channel while rectangular winglet pair 

with one V-dimple (P/H=3) and two v-dimples give 5.3% and 8.62% higher heat transfer than 

rectangular winglet pair.  
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Figure 1.24: Normalized friction factor at Reynolds number of 25000 

 

Pressure loss is slightly higher in the case of the combination configurations. The pressure drop of 

rectangular winglet pair with one V-dimple and two V-dimples is 3.2% and 5.84% higher than the 

rectangular winglet pair case, respectively, for S/H equal to 5.  

The heat transfer enhancement effect of secondary counter-rotating vortices starts 

dissipating after travelling a certain distance downstream. In case of larger pitch values, the 

vortices become significantly weak before it encounters the succeeding winglet pair. Hence there 

is relatively a large area between the successive winglets which has lower heat transfer 

enhancement in case of high S/H values for Case1. This reduces the globally averaged Nusselt 

number. Also, the fluid travels larger distance before it encounters the obstruction. This results in 

less pressure drop as compared to smaller pitch values where the strongly turbulent fluid faces 

resistance after travelling relatively shorter distances. Therefore, higher pitches are characterized 

by low globally averaged heat transfer enhancement and reduced flow losses. 
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For Case2, as the winglet-to-dimple (P/H) spacing is increased for a fixed value of S/H, 

the heat transfer enhancement increases.  From the Nusselt number enhancement contours shown 

in Fig. 1.21 it is observed that the heat transfer enhancement provided by V-dimples is relatively 

localized as compared to that by LVGs. The effect of LVGs is present far downstream. When the 

dimple is closer to the winglet tip, the effect of longitudinal vortices is not fully utilized. However, 

the encounter of strong vortical flows from the winglet pair with dimple results in higher heat 

transfer as compared to Case1, where no dimple is present. As the dimple is moved away from the 

winglet pair, i.e. P/H equal to 2 and 3, the secondary flows generated by winglet pair swept the 

wall for a larger distance downstream before encountering a dimple. At the dimple site, again high 

local heat transfer takes place. The effect of both the embedded vortices generated by winglet pair 

and secondary flows produced by dimple are utilized. The heat transfer enhancement is more 

uniformly distributed over the entire winglet-to-winglet spacing for P/H equal to 2 and 3 as 

compared to P/H equal to 1.5. It is seen that there is no significant increment in the heat transfer 

enhancement for P/H greater than 2. For a fixed winglet-to-dimple (P/H) spacing, lower winglet-

to-winglet (S/H) pitch values give higher heat transfer. As discussed above, the lower heat transfer 

enhancement area far downstream of V-dimple is reduced. 

1.9.4) Thermal-hydraulic performance 

 Thermal-hydraulic performance is an important parameter because it incorporates both the 

heat transfer enhancement as well as flow loss values. Figure 1.25 shows the thermal-hydraulic 

performance variation with respect to pitch changes. The thermal-hydraulic performance of the 

rectangular winglet pair (Case1) is better at very low pitch values. The THP decreases up to S/H 

equal to 2.5 before it starts increasing. At S/H equal to 5, the gain in THP for Case1 was about 
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10% higher than the plane channel, whereas for Case2 and Case3, the THP was 3.4% and 6.6% 

higher than Case1.         

Fiebig [4] suggested that dense configurations with smaller winglet to channel height and 

smaller angle of attack provides high heat transfer enhancement to flow loss ratio, however no 

parametric values on winglet spacings were specified. Zhu et al. [10] reported that the THP 

increases with decreasing pitch distance. In their study, the wall on which the winglet pair were 

mounted was considered adiabatic. Bjerg et al. [7] and Tiggelbeck et al. [8] reported that higher 

winglet-to-winglet (S/H) pitch values result in high thermal-hydraulic performance. It is worth 

mentioning that Bjerg [7] studied staggered array of rectangular winglet pair for S/H ϵ [3:7] 

numerically. Thus, for the same range of S/H, the trend presented in the present study agrees with 

[7]. Tiggelbeck et al. [8] performed experiments on two rows of inline delta winglet pair (DWP) 

for S/H = [2, 7, 12, 22]. The authors suggested that the range of winglet-to-winglet (S/H) spacing 

should be between 7 and 10 for best results. However, in these studies the values are not taken 

below S/H < 2. In the present study, the thermal-hydraulic performance decreases till S/H equal to 

2.5 and then increases. The rate of THP enhancement decreases after S/H equal to 6.5. The 

rectangular winglet pair provides the high heat transfer and high thermal-hydraulic performance 

at very low pitch values, however at relatively higher pitch values, the combination of winglet pair 

with the dimples perform better. For Case2, (S/H, P/H = 5, 3) provides the best thermal-hydraulic 

performance. The overall performance of rectangular winglet pair with two v-dimples slightly 

surpasses the thermal-hydraulic performance provided by rectangular winglet pair at very low 

pitch (S/H) values even. 

 

 



   

39 

 

                

Figure 1.25: Thermal-hydraulic performance at Reynolds number of 25000 

 

1.10) Conclusions 

Three configurations related to rectangular winglet pair and its combination with V-

dimples are studied at Reynolds number of 25000. The rectangular winglet pair configuration 

provides high heat transfer and hydraulic-thermal performance (THP) at very low winglet-to-

winglet pitch values. The THP reaches a minimum value and then starts increasing with increment 

in the pitch values. Though there is minimal scope of addition of other heat enhancing features at 

very low winglet-to-winglet spacing, the performance of the rectangular winglet pair can be 

enhanced by adding V-dimples at larger winglet-to-winglet pitch values. Rectangular winglet pair 

with one V-dimple provides 5.3% higher heat transfer and 3.4% higher THP as compared to 

rectangular winglet pair for S/H equal to 5. The THP of rectangular winglet pair with two V-

dimples is 6.6% higher than the rectangular winglet pair at S/H of 5. This is slightly higher than 

the THP of rectangular winglet pair at very low pitch values. Hence the combination of V-dimples 

with winglets has the capability to enhance the THP of the rectangular winglet pair. Detailed 
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analysis of the flow-physics related to V-dimples is presented in the paper. The heat transfer 

enhancement characteristics of the dimple are thoroughly analyzed and explained. High heat 

transfer is seen in the downstream region and upper portion of the inner wall at the leg end. This 

heat transfer enhancement extends along and up to some distance behind the trailing edge. 

 

Nomenclature 

𝑑ℎ hydraulic diameter of the channel, 𝑑ℎ = 4𝐴/𝑃 

A cross-sectional area of the channel 

𝑃 perimeter of the channel 

𝑓 friction factor 

ℎ heat transfer coefficient 

λ thermal conductivity of the air 

L length equal to three-pitch distance over which the values are calculated 

𝑁𝑢 Nusselt number 

Δ𝑝 pressure drop 

Re Reynolds number based on hydraulic diameter, 𝑣𝑖𝑛𝑑ℎ/ν 

𝑣𝑖𝑛 inlet bulk fluid velocity 

𝜈 kinematic viscosity 

Pr Prandtl number 

Tw  wall temperature 

Tb  bulk flow temperature 

k turbulent kinetic energy 

S winglet-to-winglet spacing 
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P winglet-to-dimple spacing 

H height of the channel 

B width of the channel 

H winglet height 

l winglet length 

t winglet thickness 

D dimple diameter 

Greek symbols 

𝜌 density of the fluid 

𝛿 dimple depth 

휀 turbulent dissipation rate 

Subscripts 

𝑥 local values 

b bulk fluid 

w wall 

0 correlations for plane channel case 

in inlet 

Abbreviations 

RWP rectangular winglet pair 

DWP delta winglet pair 

THP thermal-hydraulic performance 

LVG longitudinal vortex generator  

CFD common-flow down 
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CFU common-flow up 

PU pointing upwards 

PD pointing downwards 
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Abstract 

Modern high-pressure stage gas turbine blades are equipped with different cooling 

concepts depending upon the topology. Cooling of blade trailing edge becomes extremely 

challenging due to the space constraints where the typical channel aspect ratio (width-to-height 

ratio) is 4:1. With an aim to enhance the thermal hydraulic performance of such narrow channels, 

a novel V-shaped protrusion configuration is proposed in the present study, which derives its 

profile from a fairly well-known V-shaped concavity. Numerical investigation of three different 

configurations, viz. inline V-dimple, staggered V-dimple and inline V-shaped protrusion has been 

carried out for a 4:1 aspect ratio channel for Reynolds number ranging between 10000 and 60000. 

The configurational parameters of both dimple and protrusion was kept same. Dimple depth/ 

protrusion height -to-dimple diameter (δ/D) ratio was 0.3. Both the streamwise (𝑆𝑥) and spanwise 

(𝑆𝑦) pitch values were 3.2D in all the configurations. Globally averaged Nusselt number, friction 

factor and thermal-hydraulic performance parameter values have been reported for the entire 

Reynolds number range. The normalization of these parameters has been done using the smooth 

channel data. Among the three configurations being studied, V-shaped protrusion provided the 

highest thermal-hydraulic performance of approximately 1.8, which is about 25% higher than the 

inline V-dimple configuration for a representative Reynolds number. 
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2.1) Introduction  

Dimples have gained the attention of the researchers because of their application in the 

turbine cooling passage owing to their high overall thermal performance as compared to the 

conventional rib turbulators and pin fins. The flow physics, heat transfer augmentation and flow 

loss characteristics pertaining to dimples has been studied in detail in the past. One such 

experimental study was conducted by Chyu et al [1], where the authors analyzed the heat transfer 

and flow loss characteristics of hemispherical and tear-drop shaped dimples in a staggered 

arrangement for a Reynolds number range of 10000 to 50000. Overall heat transfer enhancement 

for both configurations was about 2.5 times higher than the smooth channel. Mahmood et al. [2] 

carried out experimental study on a staggered spherical dimpled surface for Reynolds number 

ranging between 1250 and 61500, where the channel height-to-dimple print diameter was 0.5. The 

authors presented spatially-resolved Nusselt number enhancement data and instantaneous flow 

structures using flow visualization technique. The heat transfer was higher along the downstream 

rim and on the flat surface downstream of dimples. The flow visualization showed strong upwash 

of fluid from the dimple and periodic shedding of vortices, which were considered the main reasons 

for heat transfer augmentation. Similar study was carried out by Ligrani et al. [3] on a high aspect 

ratio (16:1) channel with dimple cavities on one wall and the protrusions (same geometrical 

parameters as the dimple) on the opposite wall. The Reynolds number range was varied between 

380 to 30000 and the channel height-to-dimple print diameter was 0.5. The flow features were 

similar to the one observed by Mahmood et al. [2]. The configuration with protrusions on the 

opposite wall resulted in 2.0 to 2.7 times higher friction factor than that of the channel with smooth 

opposite wall. The effect of protrusions was found to be more significant for lower Reynolds 

numbers. In another experimental study by Mahmood and Ligrani [4], the effect of four different 
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channel height-to-dimple print diameter ratios (0.20, 0.25, 0.50, 1.00) on the flow structure was 

analyzed for a Reynolds number range of 600 to 11000. The vortices that were shed periodically 

became stronger as the channel height -to -dimple print diameter ratio decreased leading to higher 

Nusselt number values. Moon and Lau [5] compared the concave and cylindrical dimples for 

different dimple depth values for Reynolds number range of 10000 to 65000 in a square channel. 

Cylindrical dimples had higher heat transfer as compared to concave dimples for same diameter 

and depth. The overall thermal performance of cylindrical dimples was better than the concave 

counterparts. It was reported that the heat transfer enhancement by shallower cylindrical dimples 

was slightly higher than the deeper concave dimples for same diameter value. Griffith et al. [6] 

studied heat transfer characteristics in stationary and rotating conditions rectangular channel with 

an aspect ratio 4:1 for Reynolds number ranging between 5000 and 40000. Upper and bottom walls 

of the channel were equipped with spherical dimples having dimple depth-to-print diameter ratio 

of 0.3. The final results were compared with the ribbed rotating channel. The heat transfer 

enhancement trends of dimples were similar to ribs under the influence of rotation. However, the 

heat transfer enhancement of ribbed channel was higher than the channel with the dimpled walls.  

Ekkad and Han [7] experimentally studied the effect of cavity size, depth and shape on the 

heat transfer characteristics at Reynolds number equal to 100000. To study the effect of cavity 

size, five circular shapes with varying diameters were analyzed for same dimple depth. The effect 

of dimple depth was analyzed by comparing three circular cavities with different depth values for 

fixed dimple diameter. In this case, the channel height-to-dimple diameter ratio was 2.67 and the 

dimple depth-to-dimple diameter ratios were 0.07, 0.134 and 0.2. Five cavity shapes, viz. square, 

diamond, rectangular, vertical ellipse and horizontal ellipse were further investigated to study the 

influence of shape on Nusselt number distribution characteristics. The heat transfer enhancement 
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was the highest inside and downstream of the cavities with the largest size and depth. Among 

cavities of different shapes, square cavity had the highest heat transfer enhancement. Moon et al 

[8] studied the effect of channel height on heat transfer and frictional losses in a dimpled channel 

for Reynolds number ranging from 12000 to 60000. Four channel height-to-dimple diameter ratios 

were investigated. The heat transfer enhancement and normalized friction factor value was 

independent of Reynolds number and channel height. The heat transfer enhancement was about 

2.1 times the plane channel for the range of Reynolds number studied.  

Recently, V-shaped dimples were proposed by Jordan and Wright [9]. The authors 

conducted experimental study for inline arrangement of V-dimples in a 3:1 aspect ratio channel 

for a Reynolds number range of 10000 to 40000. The dimple depth-to-dimple diameter ratio was 

0.3. Authors reported increasing trend of Nusselt number enhancement with increasing Reynolds 

number. Ranaware and Bhosale [10] carried out experimental study on inline V-dimple 

configuration for three different dimple depth-to-dimple diameter values, viz. 0.2, 0.3 and 0.5 in a 

fully turbulent regime with Reynolds number ranging between 19000 and 32000. The Nusselt 

number enhancement value showed slightly decreasing variation with respect to increasing 

Reynolds number. Hwang et al. [11] experimentally compared the local heat transfer 

characteristics of spherical dimple and protrusion. The arrangement was tested for features placed 

on single as well as double (opposite) walls for Reynolds number ranging between 1000 and 

10000. The thermal-hydraulic performance factor of double dimpled and protruded wall was 6 and 

6.5, respectively at Reynolds number equal to 1000.  

Several numerical studies have been conducted to for better understanding of the flow 

physics and general trends of heat transfer enhancement and frictional losses due to dimples of 

various shapes and geometrical parameters. Turnow et al. [12] performed LES on a staggered array 
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of spherical dimples. The objective was to analyze the impact of dimple depth on the thermal 

hydraulic performance of dimples. Three different dimple depth-to-dimple diameter ratios, 0.196, 

0.26 and 0.326, were investigated. The best thermal-hydraulic performance was achieved for the 

value equal to 0.26. Yoon et al. [13] numerically studied the flow and heat transfer characteristics 

of tear-drop dimples for Reynolds number equal to 2800. Spanwise circulation and streamwise 

swirling motion were considered to impact the frictional and heat transfer properties. Xie et al. 

[14] compared the heat transfer and frictional loss characteristics of spherical cavity and tear-drop 

shaped dimple and protrusion for Reynolds number range of 7000 to 9000. The tear-drop 

dimple/protrusion performed better than circular counterparts for lower Reynolds number. Xie et 

al. [15] compared the compound configurations involving circular primary dimples and secondary 

smaller dimples/protrusions for Reynolds number ranging from 8000 to 24000. The secondary 

features were placed upstream of the larger dimples. The combination of dimples and secondary 

protrusions provided the highest thermal-hydraulic performance. 

Compared to dimples (concavities), protrusions have been studied in more detail in the 

past. Protrusions or turbulators have been associated with higher levels of heat transfer and higher 

pressure drop compared to concavities. Han et al. [16] studied nine different configurations 

including 60- and 45-degree V-shaped ribs, parallel ribs, crossed ribs and 90-degree ribs in a square 

channel for Reynolds number ranging between 15000 and 90000. The authors found that 60- and 

45-degree V-shaped ribs performed better than parallel and crossed ribs. 45-degree V-shaped ribs 

provided 2.3 to 3.5 times higher heat transfer over the smooth channel with the corresponding 

pressure penalty of 7.8 to 9.4 times the plane channel. Taslim et al. [17] compared the overall 

performance of 45- and 90- degree straight, discrete and V-shaped ribs for Reynolds number 

ranging between 5000 and 30000. The authors presented the iso-Nu contours and provided detailed 
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information of the secondary flow pattern generated by each rib configuration. Singh et al. [18] 

carried out an experimental and numerical investigation of heat transfer characteristics of criss-

cross ribs (inclined at an angle of 45 degree) in a square channel for Reynolds number ranging 

between 30000 and 60000. The ribs were arranged in inline and staggered pattern. Both 

configurations gave similar thermal-hydraulic performance ranging between 1.25 and 1.5. Wright 

et al. [19] studied 45-degree angled V-shaped and W-shaped in a 4:1 aspect ratio stationary and 

rotating channel for a Reynolds number range of 10000 to 40000. Lee et al. [20] conducted an 

experiment to analyze the effect of channel aspect ratio on heat and mass transfer in a channel 

roughened with 60 degree continuous and discretely staggered V-shaped ribs with 45 degree attack 

angle. The effect of channel height was more profound for 60 degree continuous rib. 

As mentioned earlier, the protrusions or rib turbulators provide higher enhancement in heat 

transfer, however, at a much higher pumping power requirement. Researchers have investigated 

the combination cooling designs where rib turbulators and dimples were used in conjunction, in 

order to achieve overall higher thermal hydraulic performance. One such study was carried out by 

Singh and Ekkad [21], where the authors compared the thermal hydraulic performance of V-

shaped ribs (angle of attack of 45-degrees), cylindrical dimples arranged in a V-pattern and the 

compound configuration of both dimples and ribs for Reynolds number ranging between 19500 

and 69000 in a two-pass square channel. Compound configuration had the highest heat transfer 

and thermal-hydraulic performance. The thermal-hydraulic performance of the compound 

configuration became asymptotic to the value of 1.5 at higher Reynolds number. Singh et al. [22] 

further investigated the performance of compound configurations of V-, M- and W-shaped ribs 

with the cylindrical dimples for Reynolds ranging between 20000 and 70000. V-compound 

configurations had better overall thermal performance than W- and M-compound configurations. 
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Choi et al. [23] did experimental and numerical investigation of 60 degree ribbed, dimpled and 

compound configuration of rib and dimple for Reynolds number varying between 30000 and 

50000. The analysis was done for channel aspect ratio of 2 and 4. Compound configuration gave 

better performance than rib only and dimple only case. 

Above literature review indicates the strengths and weaknesses of protrusion and concavity 

as cooling concepts, where protrusions are associated with higher heat transfer and higher pressure 

drop whereas concavities are associated with lower heat transfer and lower heat transfer. However, 

there exists possibilities where these two concepts can be used in conjunction resulting in enhanced 

thermal hydraulic performance. In this paper, we are presenting a novel design of protrusion, the 

profile of which is essentially derived from its counterpart concavity, with an aim of achieving 

higher thermal hydraulic performance. The V-shaped protrusion closely mimics the V-shaped rib 

turbulators, however, with smoother curvatures. Detailed numerical investigation is carried out to 

investigate heat and fluid flow characteristics of 4:1 AR passages comprising of HT enhancement 

features on one endwall only. To this end, two relative arrangements of V-shaped dimples, inline 

and staggered, and an inline arrangement of newly proposed V-shaped protrusion is proposed. 

Following sections document numerical setup details, grid independence and validation studies, 

detailed analysis of flow physics and local heat transfer coefficient, thermal hydraulic performance 

variation over the investigated Reynolds number range and conclusions.  

 

2.2) Configurational set up and geometrical details 

Three different configurations, viz. inline V-dimple, staggered V-dimple and V-shaped 

protrusion were analyzed. The dimples/protrusions were arranged in an array of five rows in 

spanwise (y) direction and 16 rows in streamwise direction (x). The test section consisting of the 
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dimple/protrusion array was 320mm long and 101.6 mm wide. The height of the channel was 

25.4mm. The aspect ratio of the channel was 4:1, which is typical of the gas turbine blade trailing 

edge, and the hydraulic diameter of the channel was 40.6mm. Due to symmetry of the array, only 

one-half of the configuration was modeled for simulations. Extended length of six-times the 

hydraulic diameter was provided at the entrance of the test section, with an attempt to having 

hydrodynamically developed flow entering the test section. However, the flow was not fully 

developed when it entered the test section, which is accounted for while presenting data in later 

sections. The outlet was extended to avoid back pressure effects. Figure 2.1 shows the schematic 

of the test channel used for the simulations in the present study. 

 

 

Figure 2.1: Schematic of the channel modelled for simulations 

The V-shaped dimple geometry analyzed in the present study was originally proposed by 

Jordan and Wright [9]. The V-dimple was designed from staggered arrangement of hemispherical 

dimples arranged at spanwise and streamwise distance of 0.8D, where D is the dimple diameter. 

The dimple diameter (D) was equal to 6.35mm and dimple depth was 0.3D. After joining three 
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hemispherical dimples with the above dimensions, the final arrangement of the dimples was such 

that the spanwise and the streamwise distance in V-dimples was equal to 3.2D. The dimensions 

and spacings for protrusions was same as that used in dimple configurations.  

Figure 2.2 shows the arrangement of the protrusions and dimples in the three 

configurations. The dimples were analyzed in both inline and staggered pattern but the protrusions 

were studied only in inline arrangement. Figure 2.3 highlights the arrangement of the spherical 

dimples used to design the V-dimple. The figure also shows the cut section view of the V-dimple. 

The construction was same for the protrusions which is further discussed in Fig. 2.4. The 

nomenclature used in the present study regarding the features is presented in Fig. 2.5. The major 

terminology remains same for the protrusions. The parameters and the dimensions of the channel 

as well as the dimple/protrusion features are summarized in Table 2.1.  

 

Figure 2.2: (a) inline V-shaped dimple/protrusion configuration, (b) staggered V-dimple configuration 
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Figure 2.3: (a) streamwise and spanwise spacing of the spherical dimples used to design the V- dimple, 

(b) cut-section view through plane B-B, (c) cut section view through plane A-A 

 

 

 
 

Figure 2.4: (a) side view of dimple showing depth below the bottom wall, (b) side view of the protrusion 

showing height above the bottom wall 
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Figure 2.5: Nomenclature of the dimple 

 

 

2.3) Computational method and boundary conditions 

ANSYS FLUENT 18.1 computational software package was used to carry out the 

numerical simulations. Three-dimensional steady-state incompressible Reynolds-averaged 

Navier-Stokes equation were solved by finite-volume based solver. The realizable k-ε turbulence 

model was adopted along with enhanced wall-treatment option to accurately capture the flow 

characteristics. SIMPLE scheme was used for pressure-velocity coupling. The momentum, energy 

and turbulence parameter equations were discretized by second-order upwind scheme. Relaxation 

factors were set at the default values of 0.3 and 0.7 for pressure and momentum respectively. The 

minimum residual values for convergence criterion were set to 10−6 for x-, y-, z-velocities, 

turbulent kinetic energy (k) and turbulent dissipation rate (ε). The residual values for the energy 

equation were set to a lower value of 10−8. 
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Table 2.1: Parameters and dimensions 

 

 

Mass flow rate (based on channel hydraulic diameter and Reynolds number) and constant 

inlet air temperature were specified at the entrance of the computational channel. The outlet of the 

channel was set to zero pressure gauge condition. Constant heat flux was provided at the wall with 

heat transfer enhancement features. The upper and side walls were treated as adiabatic. Turbulence 

intensity of 5% and turbulent length scale of 10% of channel hydraulic diameter were specified as 

the turbulence conditions at the inlet. No-slip boundary condition was provided on all the walls 

bounding the fluid flow. 
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2.4) Grid generation  

Unstructured hybrid grid was generated using ANSYS FLUENT meshing software. The 

mesh consisted of tetrahedral, pyramidal and prismatic element. Since enhanced wall-treatment 

was opted to compute boundary layer flows, 𝑦+ values were maintained between 1 and 3. To 

maintain this 𝑦+ range, about ten to fifteen inflation layers consisting of prismatic elements were 

generated near the walls. Considering the complexity of the curvature of V-shaped 

dimples/protrusion, further mesh refinement was provided on these surfaces. Figure 2.6 show the 

mesh, refinement provided on the features and the inflation layers provided on the walls. 

 

 

Figure 2.6: (a) isometric view of a section of the channel with unstructured mesh, (b) refined 

areas around dimples/protrusions, (c,d) inflation layers on the fluid walls 
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2.5) Heat transfer coefficient and friction factor calculations 

Heat transfer coefficient was calculated using the following formula: 

ℎ(𝑥, 𝑦) =
𝑞"

𝑇𝑤(𝑥, 𝑦) − 𝑇𝑏(𝑥)
   (𝐸𝑞. 1) 

where, 𝑞" is the heat flux provided at the bottom wall, 𝑇𝑤 is the local wall temperature and 𝑇𝑏 is 

the local bulk fluid temperature. The mass flow averaged bulk temperature was obtained on ten 

different planes along the stream-wise direction. Linear curve-fit for bulk flow temperature was 

extracted from these data points. This curve provided the variation of bulk fluid temperature as a 

function of streamwise distance. The Nusselt number was then calculated as following: 

𝑁𝑢(𝑥, 𝑦) =
ℎ(𝑥, 𝑦)𝑑ℎ

𝜆
   (𝐸𝑞. 2) 

where, h is the local heat transfer coefficient, 𝑑ℎ is the hydraulic diameter of the channel and λ is 

the thermal conductivity of air. Averaging the above equation over the region of interest provided 

the global Nusselt number values.  

The frictional losses were calculated using the following formula: 

𝑓 =
∆𝑝𝑑ℎ

2𝜌𝑣𝑖𝑛
2 𝐿

   (𝐸𝑞. 3) 

where, Δ p is the static pressure drop calculated at the inlet and the outlet of the test section, 𝑣𝑖𝑛  

is the bulk fluid velocity at the inlet and L is the length of the test section. 

 

2.6) Grid independence and validation: 

In order to ensure that the results were independent of the grid size, three different sets of 

meshing schemes were analyzed. The grid independence was conducted for the inline V-dimple 
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configuration at the highest Reynolds number, which is 60000 in the present study. There were 

about 7 million, 11 million and 14 million elements in the coarse, medium and the finest mesh 

grids, respectively. The difference in the normalized Nusselt number and friction factor obtained 

for medium and the finest mesh was 0.5% and 1.16%, respectively. Considering the compuational 

cost and the acceptable deviation in the values between the medium and the finest mesh, medium 

level mesh scheme was adopted for further simulations.  

 

Figure 2.7: Grid independence test 

 

 

2.7) Results and discussion: 

  Detailed heat transfer and fluid flow characteristics of the three configurations have been 

presented in this section.  

Smooth channel flow and heat transfer validation 

Figure 2.8 shows the Nusselt number and friction factor values obtained in smooth test section. 

The Nusselt number values were averaged over the bottom surafce of the test section. The Nusselt 

number values are compared with the following Dittus-Boelter correlation: 

  𝑁𝑢0 =  0.023𝑅𝑒0.8𝑃𝑟0.4   (𝐸𝑞. 4) 
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and the friction factor values were compared with Blassius equation: 

𝑓0 = 0.079𝑅𝑒−0.25 (𝐸𝑞. 5) 

The maximum deviation of both Nusselt number and friction factor values from the standard 

correlations is 12%. This deviation is expected because these correlations are valid for thermal-

hydraulically fully developed flows. In present study, the flow is not fully developed when it 

reaches the test section.  

 

 

Figure 2.8: Comparison of smooth channel data with standard correlations 

 

Figure 2.9 shows the spanwise averaged Nusslet number for inline V-dimple configuration at the 

Reynolds number of 10000. The chosen Reynolds number is the least value that is being studied. 

Considering the fact that more turbulent flows take longer distance to become fully developed, the 

trend shown for this single case ensures that the flow is not fully developed at the entry of the test 

section for all the cases over the whole range of Reynolds number being studied. The normalization 

of Nusselt number values and friction factor data presented later is done with the smooth channel 
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values. Since the deviation of obtained Nusselt number and friction factor values is within 

acceptable limits, the interpolation methodolgy adopted to calculate Nusselt values is validated.   

 Figure 2.10 shows the row averaged normalized Nusselt number values for the lowest and 

the highest Reynolds number being investigated. The values are plotted for inline V-dimple case. 

The values for the staggered V-dimple configuration and the V-shaped protrusions is not shown 

here but the trend is similar for the other two configurations. The values become constant after the 

eleventh row for the highest Reynolds number.  Figure 2.11 highlights the region over which the 

Nusselt number values are averaged in the test section. The region is located at a distance of 5.4𝐷ℎ 

from the entrance of the test section. The length of the region is equal to three times the streamwise 

dimple-to-dimple (𝑆𝑥) pitch value. This region includes the 12th, 13th and 14th dimple/protrusion 

rows. However, for the complete discussion of flow physics, the spanwise length of this region 

extends to the sidewall. 

 

   

Figure 2.9: Spanwise averaged Nusselt number values of smooth channel normalized by Dittus-Boelter 

correlation for inline V-dimple at Reynolds number of 10000 
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Figure 2.10: Row averaged normalized Nusselt number 

 

                            

 

Figure 2.11: Test section showing the region of interest (grey area) over which the Nusselt number is 

averaged 
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Figure 2.12: Limiting streamlines and normalized velocity contours superimposed by velocity vectors on 

plane located at distance of 0.5% of 𝐷ℎ from the bottom wall for (a) inline V-dimple, (b) staggered V-

dimple, (c) V-shaped protrusion, at Reynolds number equal to 30000 

 

Figure 2.12 shows the limiting streamlines drawn close to the endwall over which the heat 

transfer measurements are done. The velocity contours superimposed by velocity vectors drawn 

on a plane at the distance of the 0.5% of channel hydraulic diameter are also plotted for the three 

configurations at Reynolds number equal to 30000. The streamline pattern inside the V-dimple is 

almost similar for both inline and staggered configuration, but there is significant difference in the 

flow pattern on the flat surface between the dimples. In case of inline V-dimple, the fluid exiting 

the dimple shows an outward bulge between two consecutive dimples in streamwise direction. 

Most of the fluid ejecting from a row of dimples enters the dimples in the downstream row. Due 

to off-set placement of dimples in staggered configuration, the fluid exiting the trailing edge at the 



   

66 

 

leg ends directly enters the dimples in the downstream row while the fluid exiting the mid regions 

of trailing edge skips the dimple in the succeeding row to enter the dimple in relatively every third 

row downstream of it. Another important flow interaction readily visible in the streamlines is the 

localized interaction of the fluid coming out of the leg ends of two adjacently placed dimples in a 

row. The interaction is more profound for the inline V-dimple arrangement. However, even if the 

interaction of two dimples is not considered, the flow physics at the leg ends is complex for a V-

dimple, which is explained in detail in later discussions. 

For V-shaped protrusion, the fluid impinges on the mid-point of the leading edge and then 

travels along the curved edges towards the rear section. Portion of the fluid also travels above the 

convexly curved surface of the protrusion. Fluid stagnation at the leading edge affects the flow 

field distribution in the upstream of protrusions. The major difference observed in this 

configuration as compared to the other two is the redistribution of the fluid in two directions, 

towards either sides of the line passing through the middle of the protrusion. 

Velocity contours superimposed by velocity vectors show distinct stagnation points for the 

three configurations. This point exists on the protruded downstream region inside the V-dimples 

and mid- point of the leading edge of V-shaped protrusions. In case of inline V-dimples, the fluid 

ejected from the trailing edge and entering the leading edge of the succeeding dimple is higher as 

compared to the fluid passing between the adjacent dimples in a row. The upstream region inside 

V-dimple along the leading edge shows lower velocity values due to fluid separation and 

recirculation. The fluid velocities encountered in staggered arrangement are lower as compared to 

the inline configuration for the entire fluid domain. One important feature to note is that the fluid 

velocities around the leg ends are relatively low. In staggered arrangement, the fluid exiting the 

leg ends enters the leading edge of dimple in downstream row. Thus every dimple in staggered 
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arrangement interacts majorly with the fluid that has very low velocities near the bottom wall, 

which decimates the performance of the configuration. 

The contour on the V-shaped protrusion shows the highest values among all the 

configurations being studied. The fluid accelerates as it moves over the upstream portions of the 

protrusion. Low velocity zones are observed along the trailing edge as well as near leg ends, which 

extend as thin ribbon like structures downstream of the protrusion. 

Figure 2.13 shows the normalized temperature contours on the bottom wall superimposed 

by streamlines at Reynolds number of 30000. The V-dimple shown here is taken from the inline 

configuration. The flow separation occurs at the leading edge and recirculation occurs in the 

upstream region inside dimple. The recirculating fluid spreads along the leading edge length and 

is oriented towards the middle portion of the protruded downstream region. This recirculating fluid 

gives birth to two rotating streams which travel along the legs of the dimple. Fluid reattachment 

occurs at the protruded area in the downstream region. Some portion of the fluid, after impinging 

on the protruded surface travels two sideways on its surface to exit the at the spanwise ends of the 

trailing edge. The complex flow physics near the leg ends results from interaction of this redirected 

fluid, exiting rotating stream at the leg ends travelling along the legs and the bulk flow travelling 

outside the dimple. For V-shaped protrusions, the fluid travels smoothly over the surface until flow 

separation occurs. The fluid reattaches very close to the trailing edge. Portion of the fluid travels 

along the edges of the protrusion and shows flow reversal up onto the protruded surfaces near the 

leg ends. Figure 2.14 shows the surface streamline drawn on a plane parallel to the symmetry plane 

passing through the middle of the V-dimple/protrusion at Reynolds number equal to 30000. 
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Figure 2.13: Normalized temperature contours on the bottom wall superimposed by streamlines for (a) 

V-dimple, (b) V-shaped protrusion, at Reynolds number of 30000 

 

 

 

Figure 2.14: Surface streamline on plane parallel to the symmetry plane and passing through the mid of 

(a) V-dimple, (b) V-shaped protrusion, at Reynolds number equal to 30000 

 

Flow separation occurs at the leading edge of the V-dimple and reattachment occurs at the 

downstream region. For V-shaped protrusion, flow reversal is observed at the tip of the leading 

edge and the separation occurs at some distance downstream the peak of the protrusion profile. 

The specific curvature of the protrusion has resulted in a very narrow recirculation zone. Fluid 

reattaches close to the trailing edge. The areas of reattachment have lower temperature values due 

to disruption of boundary layer by impinging action of the fluid.  
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  Dimples and protrusions modify the flow field by inducing secondary flows in direction 

perpendicular to the bulk flow direction. The secondary flows generated by inline V-dimple 

arrangement are shown in Fig. 2.15. The normalized turbulent kinetic energy superimposed by 

streamlines is presented on six different planes normal to the flow direction. Plane P1 is placed at 

the tip of the leading edge. Consecutively, four planes (P2 –P5) are placed inside the V-dimple. 

Plane P2 passes through the recirculating zone. Plane P3 and P4 passes through the protruded 

downstream region. Plane P5 lies outside the dimple and touches the trailing edge at the leg ends. 

Finally, plane P6 is placed at some distance downstream of the dimple.  

As suggested by Jordan and Wright [9], two counter-rotating vortices are clearly observed 

at normal plane P1. Modification of vortex structure occurs near the bottom wall because of 

entrapping of the fluid into the dimple cavity at plane P2. The vortex cores at this plane lies outside 

the dimple. Strong vortical structure exists near the upper corner of the sidewall as well. The 

turbulent kinetic energy is higher inside the dimple cavity. This is caused by interaction of 

recirculating fluid, bulk fluid flowing over the recirculating flow and the fluid which is being 

entrapped by secondary vortices into the dimple. At plane P3 and P4, turbulence is contributed by 

rotating flow streams travelling along the legs of the V-dimple. The cores of the counter-rotating 

vortex pair coincides with the two legs of the V-dimple. For each dimple, the vortex structure near 

the bottom wall between two legs is slightly flattened at plane P4. This flattening is caused by the 

upwash of fluid.  

Plane P5 passes through the trailing edge at the leg ends. As already mentioned before, the 

flow physics near the leg ends is influenced by many factors. Figure 2.16 shows the normalized 

turbulent kinetic energy contours superimposed by velocity vectors on plane P5. The upwash 

generated at the leg ends is very strong. The turbulence is enhanced by the interaction of this 
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upwash fluid with the directly approaching bulk fluid at the site. Another important aspect of the 

inline V-dimple arrangement is that there is strong interaction between the upwash fluid coming 

out of the legs of the two adjacently placed dimples. This can be greatly attributed to the fact that 

the legs of the V-dimple are inclined.  

Plane P6 in Fig. 2.15 is located at a distance of 0.13𝐷ℎ from plane P5. The counter-rotating 

vortex pairs are clearly visible but the turbulent kinetic energy near the bottom wall is slightly 

higher than the plane P1, which is obvious from the fact that plane P1 is same as the that present 

at the leading edge of the succeeding dimple row and the energy is dissipated as the fluid travels 

between the rows. The flow physics on six different planes inside the V-dimple provides 

significant insight into how the flow is developed over the dimple. The rotating pair in the legs 

plays significant role in creating the swirl in bulk flow. This is concluded from the observation in 

location of vortex cores at plane P3. The structure grows in strength as the flow develops. The 

presence of these swirling structures is helpful in mixing hot fluid at the bottom wall and the cold 

fluid at the core.  
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Figure 2.15: Normalized turbulent kinetic energy superimposed by streamlines on planes perpendicular 

to the bulk flow direction for inline V-dimple configuration at Reynolds number of 30000 
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  Figure 2.16: Normalized turbulent kinetic energy contour superimposed by velocity vectors at Plane P5 

at Reynolds number of 30000 

 

 

Figure 2.17: Normalized turbulent kinetic energy contours superimposed by streamlines on planes 

perpendicular to the bulk flow direction for staggered V-dimple configuration at Reynolds number of 

30000 
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Figure 2.17 shows the normalized turbulent kinetic energy contours superimposed by 

streamlines on planes drawn perpendicular to the flow direction. The alternate rows are staggered 

to each other, therefore, for comparison, the corresponding plane with same position relative to 

individual dimple in two staggered rows have same number. Plane P1 and S1 are drawn at the 

leading edge tip of the V-dimple. Plane P2 and S2 are inside the dimple. Plane P3 and S3 are drawn 

at the trailing edge touching the leg ends. Plane P4 and S4 are at a distance of 0.13𝐷ℎ  from plane 

P3 and S3 respectively. In comparison to inline V-dimple configuration, the secondary flows 

generated in staggered configuration do not show distinct swirling features. The turbulent kinetic 

energy is higher near the bottom wall at plane P2, P3, S2 and S3. This trend is similar to that 

observed in the case of inline V-dimple case. The interaction of sidewall with the dimple generates 

swirl in the flow at plane P1, P4 and S4. While no clear vortical motion is observed as the fluid 

moves through the dimple, small vortices appear as the fluid travels downstream. This can be 

observed at plane P4. However, they are destroyed as they move further because no such vortices 

are seen at plane S1 which follows plane P4. Also, the small vortical structures appearing at plane 

P4 are not seen at plane S4.  For inline arrangement, fluid motion generated by any row interacts 

positively with that of the previous row. But in staggered arrangement this interaction between 

every staggered pair of row is not constructive.  

Since P3 is located at the trailing edge, upwash from the legs generate turbulence in the 

region. The normalized turbulent kinetic energy contour superimposed by velocity vectors at plane 

S3 is shown in Fig.18. For the sake of comparison, the magnitude of the vectors is same in Fig. 

2.16 and 2.18. Two major differences can be observed in both the configurations. The fluid ejecting 

from the leg ends is stronger in the case of inline V-dimple configuration. Secondly, the interaction 

of fluid exiting the leg end of one V-dimple with that of the other is weaker in staggered 
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configuration as compared to the inline. This has resulted in relatively lower turbulent energy near 

the bottom wall for staggered configuration. 

 

Figure 2.18: Normalized turbulent kinetic energy contour superimposed by velocity vectors at Plane S3 

at Reynold number of 30000 

 

Figure 2.19 shows the normalized turbulent kinetic energy superimposed by streamlines 

on planes perpendicular to the bulk flow direction for V-shaped protrusion configuration. Plane 

P1 is drawn at the leading edge. The plane P2 exists on the protruded surface and P3 is located at 

the trailing edge. Plane P4 is located at a distance of 0.13𝐷ℎ from plane P3. Strong upward motion 

of the fluid occurring at the stagnation region resulted in flattening of streamlines at plane P1. The 

counter-rotating vortices travel over the curved surface and exists all throughout the fluid domain. 

Two strong counter-rotating vortices are present in flow field as soon as flow moves downstream 

the trailing edge. Planes P3 and P4 have high turbulent kinetic energy near the bottom wall. It can 

be concluded that the interaction of fluid with the protruded surface generated strong vortices 

which persist far downstream the trailing edge. 

Turbulent kinetic energy ensures better fluid mixing and therefore high heat transfer. The 

distribution of turbulent kinetic energy field near the bottom is shown in Fig. 2.20 for the three 
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configurations at Reynolds number of 30000. For inline V-dimple configuration, the turbulent 

kinetic energy is higher in the region of fluid reattachment inside dimple. High turbulence line is 

present all along the trailing edge of the dimple. High turbulence patches are present downstream 

the leg ends where the fluid exiting the leg ends impinges.  

 

 

Figure 2.19: Normalized turbulent kinetic energy contours superimposed by streamlines on planes 

perpendicular to the bulk flow direction for V-shaped protrusion at Reynolds number of 30000 
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Figure 2.20: Normalized turbulent kinetic energy superimposed by velocity vectors on plane located at 

distance of 0.5% of 𝐷ℎ from the bottom wall for (a) inline V-dimple, (b) staggered V-dimple, (c) V-

shaped protrusion, at Reynolds number equal to 30000 

 

The contour for staggered V-dimple configuration is qualitatively similar to that of the 

inline V-shaped dimple but the values are much lower. The turbulent kinetic energy is lower in the 

reattachment regions also. As already discussed above, the dimples in staggered configuration 

encounters lower fluid velocities near the bottom wall and weaker secondary flows in direction 

normal to the bulk flow, which eventually results in lesser turbulence near the bottom wall. 

For V-shaped protrusions, high turbulent kinetic energy is present along the leading edge, 

along which the flow travels after impingement. The curved upstream region shows high turbulent 

energy because accelerated fluid shears along this surface. The rear section of the V-shaped 

protrusion has very high values of turbulent kinetic energy. This region extends over a large 

distance downstream of the trailing edge. This was also observed in Fig. 2.19, where the high 
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turbulence was present at plane P4 which was located at a distance of 0.13𝐷ℎ from the trailing 

edge. Careful observation shows small patches of high turbulence region above the leg ends. As 

already explained above and shown in Fig. 2.13, the fluid moving along the side edges of the 

protrusion climbs up the legs and interacts with the fluid that travelled over the smooth upstream 

contour from the leading edge. This interaction locally enhances the turbulence.  

 

2.7.1) Heat transfer enhancement contours 

Figure 2.21 shows the Nusselt number enhancement contours for the three configurations 

at Reynold number equal to 30000. The contours are presented over the region where the Nusselt 

number values are averaged. The V-shaped protrusion has the highest and the staggered V-dimple 

arrangement has the least heat transfer enhancement among the three configurations being studied. 

For inline V-dimple configuration, the high heat transfer enhancement is concentrated inside the 

dimple. The region of enhancement is similar in staggered arrangement but the values are 

significantly lower. The V-shaped protrusion has given the most uniform heat transfer over the 

entire region. High heat transfer is present not only on the protruded surface, but on a large surface 

area downstream. Relatively degraded performance of the staggered arrangement of the V-dimple 

can be attributed to many factors discussed in detail in the previous section. To summarize, these 

include slow moving fluid near the bottom wall (Fig. 2.12), weaker secondary flows generated in 

direction normal to the bulk flow (Fig. 2.17) and lower values of localized turbulent kinetic energy 

near the bottom wall due to weaker interactions of the upwash fluid (Fig. 2.18). 
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Figure 2.21: Normalized Nusselt number contours for (a) inline V-dimple, (b) staggered V-dimple, (c) V-

shaped protrusion, at Reynolds number equal to 30000 

 

The enhancement for inline V-dimple and V-shaped protrusion can also be correlated to 

the associated flow physics explained in detail in the previous section. Figure 2.22 shows the 

isometric view of a V-dimple (inline configuration) and V-shaped protrusion. In case of inline V-

dimple, major enhancement is inside the dimple and that too in the protruded section in the 

downstream region. Enhancement is observed in the inner wall at the leg ends along some portion 

of the trailing edge. Enhancement inside the dimple is caused majorly due to impinging effect of 

the bulk fluid reattaching at the area. These are the areas where turbulent kinetic energy was very 

high which has led to better fluid mixing and therefore high heat transfer. The areas of high Nusselt 

number values extend as two legs making V-shape with the trailing edge. This enhancement in the 

downstream region of trailing edge is due to sweeping action of high turbulent flow coming out of 

the dimple. The recirculating zone has lower heat transfer values. 
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Figure 2.22: Isometric zoomed in view of normalized Nusselt number contours for (a) inline V-dimple, 

(b) V-shaped protrusion, at Reynolds number equal to 30000 

 

V-shaped protrusion configuration has high heat transfer enhancement at the leading edge 

due to direct impingement of the bulk flow. The upstream curved portion is sheared by highly 

accelerated flow. Trailing edge has heat transfer enhancement due to reattachment close to it. The 

surface downstream the protrusion has high heat transfer due to developing boundary layer after 

reattachment. High turbulence (Fig. 2.20c) is generated in the region owing to the interaction of 

redistributing flow field at the bottom (Fig. 2.12) and strong secondary counter-rotating vortices 

generated in the plane normal to the bulk flow direction which persisted for a large distance 

downstream the trailing edge (plane P4 in Fig. 2.19). 

 

2.7.2) Globally averaged Nusselt Number 

 Figure 2.23 shows the globally averaged Nusselt number values normalized with smooth 

channel data. As suggested by Jordan and Wright [9], the general trend of global Nusselt number 

is increasing with Reynolds number. The staggered arrangement shows decreasing trend for the 

entire range of Reynolds number being studied. The performance deteriorates at higher Reynolds 
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number so much that the enhancement is negligible with respect to the smooth channel. The 

normalized Nusselt number values in case of V-shaped protrusion decrease for Reynolds number 

greater than 30000.  

V-shaped protrusion gives the highest heat transfer enhancement among all the 

configurations being studied. Inline V-dimple provides 1.7 to 1.85 times higher heat transfer than 

the smooth channel and V-shaped protrusion gives 2.37 to 2.63 times higher than the smooth 

channel. The heat transfer enhancement provided by V-shaped protrusion is about 28% higher than 

that provided by the inline V-dimple.  

 

Figure 2.23: Globally averaged Nusselt number values 

 

2.7.3) Normalized friction factor values 

 Figure 2.24 shows the normalized friction factor values for the three configurations. 

Among the three configurations, V-shaped protrusion encounters the highest and the staggered V-

dimple has the least flow losses. The friction factor in staggered V-shaped dimple configuration is 

about 1.34 to 1.5 times the smooth channel. The rate of increment in friction factor is highest in 

inline V-dimple configuration. Inline V-dimple configuration provides 1.53 to 2.29 times higher 
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frictional losses with respect to smooth channel. V-shaped protrusion configuration provides 2.26 

to 2.5 times higher flow losses over the smooth channel. The frictional losses of V-shaped 

protrusion is about 8.4% to 32% higher than inline V-dimple configuration over the entire range 

of Reynolds number. 

 

 

Figure 2.24: Normalized friction factor  

2.7.4) Thermal-hydraulic performance 

 The overall thermal-hydraulic performance (THP) is estimated by taking into account the 

heat transfer as well as the pressure drop. THP is calculated using the following formula: 

𝑇𝐻𝑃 = (𝑁𝑢 𝑁𝑢𝑠⁄ ) (𝑓 𝑓𝑠⁄ )1 3⁄   (𝐸𝑞. 6)⁄  
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Figure 2.25: Thermal-hydraulic performance 

 Figure 2.25 shows the variation of thermal-hydraulic performance of all three 

configurations with respect to Reynolds number. Inline and staggered V-dimple show clear 

decreasing trend with increasing Reynolds number. However, V-shaped protrusion shows slight 

decrease in the THP after Reynolds number equal to 30000. In the present study, the heat transfer 

enhancement, frictional losses and THP values shows peak at Reynolds number equal to 30000 

for V-shaped protrusion. The THP is more or less not very sensitive to the Reynolds number for 

values greater than 30000. Increasing frictional losses and insignificant increase in the heat transfer 

for higher flow rates lowers the thermal-hydraulic performance of the staggered configuration at 

higher Reynolds number. Thermal-hydraulic performance of V-shaped protrusion is 19.4% to 25% 

higher than the inline V-shaped dimple configuration over the entire range of Reynold number. 

 

2.7.5) Conclusion 

 Present study reports the heat transfer and flow loss characteristics of three different 

configurations, viz. inline V-dimple, staggered V-dimple and V-shaped protrusion over a wide 

range of Reynolds number ranging from 10000 to 60000. The normalization of the results is done 
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with respect to the smooth channel values. Complete flow physics and heat transfer mechanism is 

studied.  Inline V-dimple configuration shows increasing trend of normalized Nusselt number 

values with increasing Reynolds number, which is contrary to other conventional dimples present 

in the literature. Among the three configurations, V-shaped protrusion provided the highest heat 

transfer, friction factor and thermal-hydraulic performance. V-shaped protrusion provides 28% 

higher heat transfer and 25% higher overall thermal-hydraulic performance than inline V-shaped 

dimple configuration.  

 

Nomenclature 

𝑑ℎ hydraulic diameter of the channel 

𝑓 friction factor 

ℎ heat transfer coefficient 

λ thermal conductivity of the air 

L length of the test section 

𝑁𝑢 Nusselt number 

Δ𝑝 pressure drop 

Re Reynolds number based on hydraulic diameter, 𝑣𝑖𝑛𝑑ℎ/ν 

𝑣𝑖𝑛 inlet bulk fluid velocity 

𝜈 kinematic viscosity 

Pr Prandtl number 

Tw  wall temperature 

Tb  bulk flow temperature 

k turbulent kinetic energy 
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𝑆𝑥 streamwise pitch value 

𝑆𝑦 spanwise pitch value 

H height of the channel 

B width of the channel 

D dimple diameter 

Greek symbols 

𝜌 density of the fluid 

𝛿 dimple depth/protrusion height 

휀 turbulent dissipation rate 

Subscripts 

b bulk fluid 

w wall 

0 correlations for plane channel case 

in inlet 

s smooth channel  
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