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Abstract— A numerical investigation has been performed to 

study the effects of different dimple shapes on heat transfer 

and fluid flow characteristics through transversely 

roughened rectangular channels for Reynolds number 

ranging from 10000 to 30000 and subjected to uniform heat 

flux of 1000 W/m2. Considering single-phase approach, the 

two-dimensional continuity, Navier-Stokes, and energy 

equations developed for the physical model have been 

solved by using the finite volume method (FVM). The 

optimization was carried out by using various dimple shapes 

(rectangular, triangular, wedge pointing upstream, and 

wedge pointing downstream) in in-line and six different 

aspect ratios (w/e = 5, 3.334, 2.5, 2, 1.667 and 1) to reach 

the optimal size of the different dimple channel with 

maximum Performance Evaluation Criterion (PEC). In 

Rectangular dimple channel the maximum value of 

Performance Evaluation Criteria (PEC) is 1.554 at dimple 

height h= 6mm, Triangular dimple channel the maximum 

value of PEC is 2.258 at dimple height h= 5mm, wedge 

pointing upstream the maximum value of PEC is 1.725 at 

dimple height h= 4mm and wedge pointing downstream the 

maximum value of PEC is 1.955 at dimple height h= 4mm 

all the value is found at Reynolds number Re=10,000. 
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I. INTRODUCTION 

Conventional sources of energy are being depleted at an 

alarming rate, which seems to put hurdle for sustainable 

development in future. On the other hand, in recent years, 

the issue of providing more efficient and reliable thermal 

systems in terms of reducing the size, weight, cost, and 

saving of energy has received substantial attention of 

Researchers. In order to fulfill these demands, many 

engineering techniques have been investigated over the 

years.  

Techniques to Break the Laminar Sub-layer 

Employing dimple or grooves on the inner surface of 

channels has been one of the frequent passive approaches to 

break the laminar sub-layer and create local wall turbulence 

due to flow separation and reattachment between successive 

corrugations, which reduces the thermal resistance and 

significantly enhances rate of heat transfer. The dimple 

channel, because of its effectiveness in heat transfer, is a 

good option for engineering applications, such as cross-flow 

heat exchanger, gas turbine airfoil cooling design, solar air 

heater, blade-cooling system, and gas cooled nuclear 

reactor.  

The applications of dimple-type turbulators on the 

internal surfaces of high heat flux channel are often used in 

heat exchanger systems to enhance the heat transfer rate. A 

typical application is the internal cooling of gas turbine 

blades. The dimple breaks the laminar sub-layer and creates 

local wall turbulence due to flow separation and 

reattachment between the dimples, thus greatly enhancing 

the cooling effect. 

Turbulent flow over a rough surface is an important 

problem in fluid flow and has been the subject of numerous 

studies in diverse fields, such as aerodynamics, 

hydrodynamics, hydraulics, fluid machineries. The flow 

over a surface provided with transverse, rectangular dimple 

of varying height, width and spacing is considered as a 

simple model to study roughness effects on friction factor 

and heat and mass transfer.   

There  are  abundant  studies  on  fluid  flows  in  

the  parallel plate  channels  with  periodically  dimpled 

parts. Also, there have been numerous investigations on heat 

transfer characteristics of such flows. Hossein 

Shokouhmand et al. [1] it is found that there exists an 

optimum value for depth of dimples in which the largest 

wall heat flux can be achieved. Also, the results show a 

critical value for the ratio of wall thermal conductivity to the 

one of fluid in which the dependence of wall heat flux to 

this ratio almost vanishes. In most cases examined, heat 

transfer enhancement is larger for arc-shaped grooved 

channels than rectangular ones. Farhanieh et al. [2] 

numerically and experimentally investigated laminar fluid 

flow and heat transfer characteristics in a duct with a 

rectangular grooved wall. Their results indicated 

enhancement in the local Nusselt number compared with a 

smooth parallel plate duct due to reestablishment of thermal 

boundary layers and formation of recirculating flows inside 

the grooves. They also showed that this enhancement is 

accompanied by a relatively high pressure drop increase. 

Bilen and Yapici [3] studied the effect of orientation angle 

of the turbulence promoters located on the channel wall on 

the heat transfer. They showed that the highest heat transfer 

rate is achieved when the promoter orientation angle is 45 

degrees. Herman and Kang [4] investigated the heat transfer 

performance in grooved channels with curved vanes. Their 

results showed an increase in heat transfer by a factor of 

1.5–3.5 due to increased flow velocities in the grooved 

region, when compared to the basic grooved channel. 

However, it was also found that there is a significant 

increase in the accompanying pressure drop penalty. Manca 

et al. [5] performed a 2-D numerical investigation on 

turbulent air forced convection in a channel with transversal 

ribs mounted on the lower wall. The Nusselt number 

increased almost linearly as Reynolds rose for all the values 

of dimensionless pitch (p/e). For square and rectangular ribs 

with P/e=12 and for triangular ones with p/e=10, the 

maximum Nusselt number were obtained. The heat transfer 

rate was 1.93 times higher than the smooth duct at least at 

Re=20000. Shokouhmand et al. [6] numerically analyzed 

heat transfer characteristic of turbulent incompressible air 
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flows in grooved parallel-plate channels. Two cases were 

examined: (i) arc-shaped grooves and (ii) rectangular 

grooves. In most cases, at equal Reynolds numbers. 

arcshaped grooved channels had larger values of mean Nu in 

comparison with rectangular ones.Kamali and Binesh [7] 

carried out a numerical investigation into the importance of 

rib shape effects on turbulent local heat transfer and flow 

friction characteristics of square duct with various-shaped 

ribs (square, triangular, trapezoidal with decreasing height in 

the flow direction, and trapezoidal with increasing height in 

the flow direction) placed on one wall. The result showed 

that the duct equipped with trapezoidal ribs with decreasing 

height in the flow direction has the largest full region of heat 

transfer enhancement. Promvonge and Thianpong [8] 

carried out an experimental study to assess turbulent forced 

convective heat transfer and friction loss behaviors for air 

flow through a constant heat flux channel with three 

different shaped ribs: triangular wedge and rectangular. 

According to the result, the highest heat transfer rate was 

around 440% for in-line wedge rib pointing downstream. 

Thianpong et al. [9] experimentally investigated the 

turbulent heat transfer and friction loss behaviour of air flow 

through a channel fitted with different heights of isosceles 

triangular ribs. Two rib arrangements, namely, in-line and 

staggered arrays, were used. The results showed that the use 

of non-uniform rib height was an inefficient heat transfer 

enhancement method compared to the uniform rib height 

method. The staggered triangular rib with e/H=0.13 had 

higher thermal performance.    Jansangsuk et al. [10] 

experimentally studied the heat transfer and pressure drop in 

a channel with periodic triangular V-ribs. The ribs were 

tested by pointing downstream to the flow direction. A 

uniform heat flux was applied to the upper plate of channel 

and air was used as the working fluid with Reynolds number 

between 5000 and 20000. In the case of e/H=0.20, PR=3, 

the thermal enhancement factor was higher in comparison 

with the other cases, due to lower friction loss.   

II. NOMENCLEATURE 

 A Cross-section area (m2) 

 Cp specific heat capacity (KJ/kg-K) 

 Dh Hydraulic diameter (m) 

 e Dimple  height (m) 

 W Dimple width (m) 

 P Dimple pitch (m)   

 H     Height of the channel (m) 

 L1   Upstream length of the channel (m) 

 L2 Length of test section of the channel (m) 

 L3 Downstream length of the channel (m) 

 Nu Nusselt number (-) 

 P     Pressure (N/m2) 

 K    Thermal conductivity of air (W/m-K) 

 Pr    Prandtl number (-) 

 ΔP   Pressure drop (N/m2) 

 Ph Wetted perimeter of the cross section of the                   

channel  

 q      Heat flux (kW/m2) 

 Re Reynolds number (-) 

 T    Temperature (K) 

 Um    Mean velocity (m/s) 

 U    Flow velocity component (m/s) 

 L       Duct length (m) 

 h        Heat transfer coefficient (W/m2K) 

 f    friction factor (-) 

III. CHANNEL GEOMETRY AND BOUNDARY CONDITION 

The two-dimensional dimple channel used in the simulations 

is a rectangular duct with periodically distributed roughness 

on its upper and lower walls forming the fluid flow. A 

generic, schematic representation of the dimple channel is 

shown in Fig.2.1, test, and Fig.2.2 shows the details of the 

test section. The heat transfer was performed numerically 

using dimple channel with a channel height of H=20mm. 

The total length of each dimple channel is L=300 mm. The 

length of test section is L2= 150 mm, with an upstream L1= 

75 mm to ensure a fully developed flow in the test section. 

The downstream section (exit section) has the length of 

L3=75 mm which is used to prevent the occurrence of 

adverse pressure effects caused by reversed flow through the 

computational domain. In this study, the dimple height and 

the dimple width are h = 2 mm 3 mm, 4 mm, 5 mm, 6 mm, 

10 mm, and w =10 mm, respectively. The dimple 

dimensions for rectangular dimple case are shown in Fig.2.3 

In addition, the heat transfer enhancement is studied as a 

function of three families, which are represented, by the 

Reynolds numbers, type of fluid, and rib shapes. Various 

shapes of dimple as shown in Fig.2.4 have been investigated 

in the present work. 
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Fig. 3.1: show Schematic diagram of Rectangular dimple, 

Triangular dimple, Wedge pointing upstream dimple, 

Wedge pointing downstream dimple shapes. 

IV. GOVERNING EQUATION 

The two-dimensional dimple channel considered in this 

study is shown schematically in Fig.2.2.  

The assumptions made on the operating conditions 

of the dimple channel are as follows:-  

1) The dimple channel operates under steady-state 

conditions. 

2) The fluid is incompressible and remains in single-phase 

along the channel. 

3) The properties of the fluid and channel material are 

temperature independent. 

4) Uniform heat flux is applied on the upper and lower 

walls.  

The single-phase governing equations for flow and 

heat transfer in the dimple channel can be written in the 

Cartesian tensor system as:-  

        The Continuity equation:  
∂

∂xi
(ρui) = 0                                                                       (1) 

Where ρ is the density of fluid and  ui is the axial velocity. 

The Momentum equation:  

 
∂

∂xi
(ρuiuj) = −

∂p

∂xi
+

∂

∂xj
[μ (

∂ui

∂xj
+

∂uj

∂xj
+

∂ui

∂xj
)] +

 
∂

∂xj
(−ρuiuj̅̅ ̅̅ ̅)                                                                       (2)                                                       

Where µ, ui and  uj are the fluid viscosity, fluctuated 

velocity, and the axial velocity, respectively, and the term 

the turbulent shear stress. The Reynolds-averaged approach 

to turbulence modelling requires that the Reynolds 

stresses−ρuiuj̅̅ ̅̅ ̅, in Eq. (2) needs to be modeled. For closure 

of the equations, the k-ε turbulence model is chosen. A 

common method employs the Boussinesq hypothesis to 

relate the Reynolds stresses to the mean velocity gradients:  

−ρuiuj̅̅ ̅̅ ̅ = μt (
∂ui

∂xj
+

∂uj

∂xj
)                                                      (3)                                               

The Energy equation:                                                                                                                                              
∂

∂xi
(ρuiT) =

∂

∂xj
[(ɼ + ɼt)

∂T

∂xj
]                                              (4)  

Where ɼ and ɼt, are molecular thermal diffusivity and 

turbulent thermal diffusivity, respectively and are given by 

ɼ =
µ

pr
  ,   and    ɼt =

µ

prt
                                                 (5)    

  The turbulent viscosity term µt is to be computed 

from an appropriate turbulence model. The expression for 

the turbulent viscosity is given as  

`μt = ρcµ 
k

ε

2
                                                                        (6) 

There are two additional equations for the k-ε turbulent 

model: (i)   Turbulent kinetic energy (k):  
∂

∂xi
(ρkui) =

δ

δxj
[(μ +

µt

σk
)

∂k

∂xj
] + Gk−ρε                             (7)  

 (ii) Rate of dissipation (ε):  

 
∂

∂xi
(ρεui) =

δ

δxj
[(μ +

µt

σε
) + ∁1ε

ε

k
Gk − ∁2ερ

ε2

k
]                (8)  

In the above equation, Gk represents the rate of 

generation of the turbulent kinetic energy due to mean 

velocity gradients while ρε is its destruction rate. The σk 

and σε are effective Prandtl numbers for turbulent kinetic 

energy and rate of dissipation, respectively; ∁1ε and ∁2ε are 

constants. Gk Is written as:  

Gk = −ρuiuj
δuj
̅̅ ̅̅ ̅

δxj
                                                                  (9) 

The boundary values for the turbulent quantities 

near the wall are specified with the enhanced wall treatment 

method. Cµ=0.09,  ∁1ε=1.44, ∁2ε =1.92,  σk=1.0,  σε=1.3 

and Prt=0.9 are chosen to be empirical constants in the 

turbulence transport equations.  

A. Selection of Appropriate Turbulence Model  

Results were validated by comparing the obtained numerical 

data with the available correlations developed for a smooth 

channel and also with the numerically conducted studies on 

transversely roughened channels.  

First, the Nusselt number and friction factor 

obtained from the present smooth channel for turbulent flow 

are compared with correlations of Dittus-Boelter and 

Blasius, respectively.  

Correlations of Dittus-Boelter: 

Nu=0.023Re0.8pr0.4 (for heating)                                   (10) 

Correlations of Blasius: 

f = 0.316Re-0.25 for 3000 < Re < 20000                         (11) 

The governing equations are solved using a finite 

volume approach and the SIMPLE algorithm. The solutions 

are considered to be converged when the normalized 

residual values reach 10-5 for all variables.  

V. VALIDATION OF NUMERICAL METHOD 

The present numerical results on heat transfer and friction 

characteristics in a smooth wall channel are first validated in 

terms of Nusselt number and friction factor. The Nusselt 

number and friction factor obtained from the present smooth 

channel are, respectively, compared with the correlations of 

Dittus-Boelter and Blasius correlation for turbulent flow in 

duct. 

 
Fig. 5.1: Validation of Nusselt Number for Smooth Channel 

 
Fig. 5.2: Verification of Friction Factor of Smooth Channel 
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Fig. 5.1 and Fig. 5.2 show respectively, a 

comparison of Nusselt number and friction factor obtained 

from the present work with those from correlations of 

equation (10) and (11). In the figures, the present results 

reasonably agree well within ±10% for both friction factor 

correlation of Blasius and Nusselt number correlation of 

Dittus-Boelter. 

VI. RESULT & DISCUSSION 

A. Effect of Dimple in Rectangular Dimple Channel 

 
Fig. 6.1(a): Show that Variation of Nusselt Number is 

Gradually Increases with Increases of Reynolds Number and 

Dimple Height. The Value of Nu for h= 2 mm is 45.946 at 

Re=10000, Similarly Variation is given in Table 

 
Fig. 6.1(b): Shows that Variation of Friction Factor (f) is 

Gradually Decreases with Increase of Reynolds Number and 

Increases with Increase of Dimple Height. 

1) Size Optimization in Rectangular Dimple Channel: 

 
Fig. 6.1(c): The Effect of Rectangular Dimple Height 

The maximum value of PEC is 1.554 at dimple height 

h=6mm and the value of Reynolds number is 10000. There 

for the variation of Reynolds number and PEC for dimple 

height h=6mm at Re=10000 is 1.554, Re=14000 is 1.498, 

Re=18000 is 1.436, Re=22000 is 1.328, Re=26000 is 1.271 

and Re=30000 is 1.250. However, it showing that PEC is 

decreases with increases of Reynolds number. 

B. Effect of Dimple in Triangular Dimple Channel 

 
Fig. 6.2(a): Show that Variation of Nu & Re of Triangular 

Dimple Channel 

 
Fig. 6.2(b): Show that Variation of  f & Re of Triangular 

Dimple Channel 

 
Fig. 6.2(c): The Effect of Triangular Dimple Height 

The maximum value of PEC is 2.258 at dimple 

height h=5mm and the value of Reynolds number is 10000. 

There for the variation of Reynolds number and PEC for 
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dimple height h=5mm are Re=10000 is 2.258, Re=14000 is 

2.104, Re=18000 is 1.826, Re=22000 is 1.561, Re=26000 is 

1.482 and Re=30000 is 1.432. However, it showing that 

PEC is decreases with increases of Reynolds number. 

C. Effect of Dimple in Wedge Pointing Upstream Dimple 

Channel 

 

 
1) Size Optimization in Upstream Dimple Channel: 

 
Fig. 6.3(c): The effect of wedge pointing upstream dimple 

height 

The maximum value of PEC is 1.725 at dimple 

height h=4mm and the value of Reynolds number is 10,000. 

There for the variation of Reynolds number and PEC for 

dimple height h=4mm at Re=10000 is 1.725, Re=14000 is 

1.611, Re=18000 is 1.422, Re=22000 is 1.321, Re=26000 is 

1.292 and Re=30000 is 1.248. However, it showing that 

PEC is decreases with increases of Reynolds number. 

D. Effect of Dimple in Wedge Pointing Downstream 

Dimple Channel 

 

 

 
Fig. 6.4(c): The Effect of Wedge Pointing Downstream 

Dimple Height 

The maximum value of PEC is 1.955 at dimple height 

h=4mm and the value of Reynolds number is 10,000. There 

for the variation of Reynolds number and PEC for dimple 

height h=4mm at Re=10000 is 1.955, Re=14000 is 1.841, 

Re=18000 is 1.654, Re=22000 is 1.423, Re=26000 is 1.327 

and Re=30000 is 1.325. However, it showing that PEC is 

decreases with increases of Reynolds number. 
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VII. CONCLUSION 

In this work, a rectangular channel provided with transverse 

dimple (rectangular, triangular, wedge pointing upstream 

and wedge pointing downstream) with different dimple 

height and heated by a constant heat flux equal of 10 kW/m2 

has been carried out by means of FLUENT 15. The aim of 

the investigation consists into find out the optimal size of 

dimple at different Reynolds number, between 10,000 and 

30,000, in order to ensure maximum heat transfer rate and 

PEC.  

A. According to the Results 

1) Results found from Dittus-Boelter and Blasius equation 

respectively is compared [1] to validate the turbulence 

model used for CFD analysis and it is found that 

Renormalization Group (RNG) k-epsilon turbulence 

model results show good agreement with the Dittus-

Boelter and Blasius empirical correlation results  

2) Wedge dimple channel pointing upstream shows the 

maximum average Nusselt number as compared to 

other dimple shape channel for all value of Re from 

10,000 to 30,000, and its value is approximately 2.854 

times more of smooth channel at Re=10,000.  

3) Wedge dimple channel pointing upstream shows the 

maximum friction factor as compared to other dimple 

shape channel for Re vary from 10,000 to 30,000, and 

its value 2.707 times more of smooth channel. 

4) In Rectangular dimple channel the maximum value of 

Performance Evaluation Criteria (PEC) is 1.554 at 

dimple height h= 6mm, Triangular dimple channel the 

maximum value of PEC is 2.258 at dimple height h= 

5mm, wedge pointing upstream the maximum value of 

PEC is 1.725 at dimple height h= 4mm and wedge 

pointing downstream the maximum value of PEC is 

1.955 at dimple height h= 4mm all the value is found at 

Reynolds number Re=10,000. 
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