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Abstract 

COMPUTATIONAL STUDY OF HEAT TRANSFER ENHANCEMENT, 

FOR A DIMPLED SURFACE IN A CHANNEL 

 

Abhijit Paranjape, M.S. 

 

The University of Texas at Arlington, 2012 

 

Supervising Professor: Brian H. Dennis  

Heat transfer augmentation techniques have gained great importance in different 

engineering applications to deal with thermal management issues. In this work, a 

numerical investigation was carried out to see the effects of spherical dimple arrays on 

heat transfer characteristics in a channel. These effects were observed for dimples on the 

bottom wall of the channel for laminar airflows. The effects of a 21 7 staggered array 

and a 19 4 inline array on the bottom wall were investigated using a 3D steady viscous 

computational fluid dynamics package with an unstructured grid. The heat transfer 

characteristics were studied as a function of the Reynolds number based on the hydraulic 

diameter of the channel. The channel height to dimple print diameter ratio was kept 

constant at    =1.0 while the dimple depth to dimple print diameter ratio was kept 

constant at    =0.2. The heat transfer was quantified by computing the average heat 

transfer coefficient and Nusselt number. The pressure drop and flow characteristics were 

also calculated. The Nusselt number was compared with that of a smooth channel 

without dimples to assess the level of heat transfer enhancement provided by the 

dimples.   

This investigation was carried out to observe if the use of dimples in a channel 

can enhance heat transfer characteristics without severe penalties associated with 
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pressure drops for laminar airflows. When compared with a smooth channel, the use of 

dimples enhanced heat transfer. It was also observed that the staggered array facilitates 

higher heat transfer augmentation when compared to the inline array. 
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Chapter 1  

Introduction 

1.1 Background 

Heat transfer enhancement techniques have gained increasing importance in 

different applications such as combustion chamber liners, internal cooling of turbine 

airfoils, heat exchangers and microelectronic cooling. Tremendous amount of research 

has been carried out in the recent past on thermal management issues. According to 

Mahureand et al [23] , heat transfer enhancement techniques can be broadly classified in 

to three main types viz., passive heat transfer enhancement techniques, active heat 

transfer enhancement techniques and compound techniques. The active method requires 

power from an external source for heat transfer enhancement. The use of magnetic 

fields, use of cams and plungers to induce pulsation are some of the many examples of 

active heat transfer enhancement techniques. The passive heat transfer enhancement 

methods consist of use of roughened or extended surfaces and many other geometric 

modifications to improve convective heat transfer enhancement. The compound method 

of heat transfer enhancement involves combined use of active as well as passive 

methods of heat transfer enhancements to achieve higher degree of heat transfer 

enhancement than with the use of any one method alone.  

 Passive techniques such as use of ribs, pin fins, vortex generators and dimples 

have been extensively studied to enhance heat transfer for different applications. Making 

the thermal boundary layer thinner or even breaking it can help in enhancing the 

convective heat transfer. This can be done by the introduction of disturbances in the flow 

by using the techniques mentioned above.  

Dimples have been used on the golf ball for drag reduction [1]. These dimples on 

the golf balls help in transitioning the boundary layer upstream of the ball from laminar to 
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turbulent. This helps in giving a narrow separated flow region downstream of the ball and 

reduces form drag. The effect of using dimples on a golf ball compared to a smooth 

sphere is shown in Figure 1-1. [9] 

.  

Figure 1-1 Comparison of flow over a smooth sphere and dimpled golf ball [9] 

 

Recently, dimples have found their application in heat transfer augmentation 

techniques and not just for drag reduction. Heat transfer augmentation using techniques 

such as ribs, pin fins and vortex generators result in pressure drop penalties that severely 

affect the aerodynamic performance as these devices protrude in to the flow introducing 
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form drag. In comparison, the use of dimples has also shown to significantly improve heat 

transfer coefficient with lesser pressure drop penalties.  

The key to enhancing convective heat transfer for any sort of heat sink is to draw 

cold fluid from outside the thermal boundary layer and get it into contact with the heated 

wall. According to Mahmood et al. [21], the use of dimples helps in heat transfer 

enhancement because it forms vortex structures and vortical fluid is shed from each 

individual dimple and it then advects downstream on the flat surface. Another reason for 

heat transfer augmentation in case of dimpled surface according to Mahmood et al. [21] 

is reattachment of the shear layer that forms on top of the dimple. The vortex like 

structures promote mixing of the cold fluid outside the thermal boundary layer into the hot 

fluid. The vortex structures over dimples as observed by Mahmood et al. [21] are shown 

in Figure 1-2 

 

Figure 1-2 Vortex structures over dimples on a wall [21] 

 

The increase in surface area due to the use of dimples is another important 

reason for heat transfer enhancement.  

It is known from elementary aerodynamics that parasitic drag is the drag 

experienced by a body due to its motion in a fluid. The parasitic drag consists of form 

drag which is dependent on the form or shape of the body. Streamlined bodies will have 
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lesser form drag as compared to bodies with apparent higher cross sections. The 

parasitic drag also consists of skin friction drag and interference drag. Skin friction arises 

purely because of the friction prevalent between the surface of the body and moving fluid. 

Although no form drag is introduced due to the use of dimples, heat transfer 

enhancement is obtained at the cost of increase in skin friction drag. This is because of 

increase in the surface roughness. Hence, dimples are not primarily used for drag 

reduction in channels, but for the purpose of heat transfer augmentation. However, the 

total hydraulic losses in case of a dimpled surface are less than those in case of 

protruding devices like pin fins, ribs and vortex generators. Therefore, in applications like 

microelectronic cooling where space constraints are encountered, a smaller heat sink 

with dimples can be used to obtain the same level of heat transfer as a heat sink with 

smooth surface. The ease of manufacturing dimples on a surface compared to 

manufacturing other protruding devices is another reason why dimples are a more 

attractive proposition. In a heat sink, weight is another important consideration. The use 

of dimples should help in reducing the overall weight as material is scooped out for 

manufacturing of dimples. Thus, for heat sinks in microelectronic applications in specific, 

the objectives of space and weight reduction can be achieved more easily as compared 

to other methods. With the cost of the material as another parameter, optimization efforts 

can be undertaken for designing the heat sink. The analysis of a heat sink for 

microelectronic cooling and its redesign based on the observations by Silva et al [28] is 

good example of heat sink design for such applications considering all the important 

parameters. 

In case of applications like internal cooling of turbine blades, the use of dimples 

alone may not suffice. According to Rao et al. [27], the use of dimples alone for heat sink 

in case of internal cooling of turbine blades in not sufficient to maintain the structural 
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integrity and stiffness of the cooling channel. However, according to Rao et al. [27], the 

use of a pin-fin array with dimples placed transversely between the pins in the array can 

help in achieving good thermal performance along with maintaining structural integrity 

and stiffness. 

The next section deals with the literature review of the published literature from 

which the objective of this study will be defined. 

 

1.2 Literature Review 

Due to the increasing need to deal with thermal management issues, a lot of 

research effort has been dedicated to the use of dimples and other devices used for heat 

transfer enhancement in different engineering applications. Researchers have carried out 

experimental and numerical studies for the use of dimples. The use of dimples has 

attracted the attention of many researchers because of less hydraulic losses associated 

with their use. In the available literature, it can be seen that Reynolds number, channel 

height to dimple diameter ratio (   ), dimple depth to dimple diameter ratio (   ), and 

dimple array geometry are the defining parameters in heat transfer enhancement effects. 

A typical arrangement of dimpled channel geometry as given by Doo et al [8] is shown in 

Figure 1-3 
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Figure 1-3 Typical arrangement of dimpled channel geometry [8] 

 

Using these parameters, many investigations have been carried out for a rectangular 

channel with single or multiple dimpled walls. 

Bearman and Harvey [4] carried out one of the earliest works on dimples by 

experimentally studying the effect of dimples on cylinders for drag reduction. These 

dimples on the cylinder reduce drag in the same way they do on the surface of a golf ball. 

Many earlier studies on dimples were carried out by Russian researchers. Afanasyev et 

al. [2] studied heat transfer and flow characteristics for flow over flat wall with regular 

arrays of spherical pits. Blen’kiy et al [20] studied effects of flows on a staggered array of 

dimples on the interior surfaces of cylinders .Gortyshov et al [34] studied effects of flows 

in narrow channel with the two opposite walls having spherical shaped dimples. High 

heat transfer augmentation rates as much as 1.5 times that of a smooth surface were 

reported in these studies.  

In more recent studies, Chyu et al. [7] studied the effect of using hemispheric and 

tear drop shaped concavities in a channel to enhance heat transfer. The Reynolds 

number range studied was 10,000 to 50,000 at different     values of 0.5, 1.5, and 3. 

The heat transfer augmentations of 2.5 times that of a smooth channel were reported. 
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Moon et al. [24] carried out experiments to study the effect of channel height on heat 

transfer characteristics in a dimpled channel. The Reynolds number range studied was 

12,000 to 60,000 and     values of 0.37, 0.74, 1.11, and 1.49 were studied. It was 

shown that the heat transfer enhancement did not change with respect to the channel 

height when it was greater than the dimple depth. Mahmood et al. [22] carried out 

experiments on a dimpled surface placed on the wall of a channel in the Reynolds 

number range from 600 to 11,000 and ratios of air inlet stagnation temperature to surface 

temperature ranging from 0.78 to 0.94. Four different     ratios of 0.20, 0.25, 0.50 and 

1.0 were tested while the     ratio was kept at 0.2. It was shown that the vortex pairs 

shed periodically increase in strength and local Nusselt number increases as the non-

dimensional channel height decreases. Burgess et al. [6] experimentally observed the 

effect of dimple depth to dimple print diameter ratio for     values of 0.1, 0.2 and 0.3 and 

showed that the local Nusselt number and vortex strength increases with increasing     

ratios. Ligrani et al. [18] studied the effect of dimples and protrusions on opposite walls. It 

was shown that protrusions enhance heat transfer because of the strong secondary 

vortex pairs from each dimple especially from the dimple rim and diagonal edges and 

which then advect over the flat surface downstream. Bunker et al. [5] studied the effects 

for turbulent flow in the Reynolds number range of 20,000 to 90,000 inside circular tube 

with an in-line array of dimples. Effects for different dimple array densities were also 

studied. For the case of array density greater than 0.5 and dimple depth to diameter ratio 

greater than 0.3, heat transfer enhancements two times that of a smooth circular tube 

were observed. The friction factor increase observed was 4 to 6 times greater than that 

observed for smooth tubes. Terekhov et al. [30] [31] studied the effect of changes in 

cavity depth or contour of dimple on changes in flow characteristics. Dimples with     

ratio of 0.13 were studied and velocity and pressure profiles were shown. The flow 



8 

visualizations using gas bubbles were also shown. Xiao et al [33] experimentally studied 

the effect of an array of dimples on locally and spatially averaged Nusselt number 

distributions and on friction factors in channels. The study was carried out for laminar 

flows with Reynolds number varying from 260 to 1030 while two different     ratios of 0.1 

and 0.3 were tested. The combined effects of dimples and protrusions on opposite walls 

were also studied. It was reported that the trends shown by Nusselt number ratios and 

friction factor ratios are opposite for the ones observed for turbulent flows. However for 

friction factors, similar trends as those observed for fully turbulent flows are seen as the 

    and     ratios are increased. The presence of protrusions on the top wall was 

shown to give lower Nusselt number ratio enhancements when compared to smooth top 

walls. Turnow et al. [32] investigated vortex structures and heat transfer mechanism of 

turbulent flows over a staggered array of dimples using Large Eddy Simulations and 

Laser Doppler Velocimetry. It was found that the maximum thermo-hydraulic performance 

was obtained for     ratio of 0.26 while the heat transfer rate was enhanced up to 201% 

compared to a smooth channel. Han [10] investigated dimples in turbine blade cooling. 

Dimples were found to be a suitable choice because pressure drop was the primary 

design criteria. Small et al [29] carried out experimental and numerical studies on heat 

sinks with dimpled surfaces. The analysis resulted in a heat sink with a staggered array 

of 9,8 and 9 rectangular fins with dimples being the most efficient. 

Simulations for a channel with hemispherical cavities on walls were carried out 

by Lin et al.[19] Isaev et al. [11] [12] [13] [14] [15] [16] studied the effect of dimple depth 

to diameter ratio from 0.06 to 0.24. The momentum and energy equations were solved 

with the SIMPLEC finite difference method using multi-block grids. Detailed studies of 

flow structure inside and in the wake area of dimples were carried out for dimples with 

   =0.22. The studies were primarily concentrated on heat transfer and flow structure. 
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Park et al. [25] simulated flow over deep dimples in a channel with     ratio of 0.3. The 

commercial CFD package Fluent 6.0.12 was used for the solutions. The results showed 

good agreement with the experiments. Kim [17] carried out optimization of dimple profile 

for turbulent flow and found optimum values of dimple depth to diameter ratio as 0.24 and 

relative pitch as 0.81 to 1.21. 

From the published literature, it can be seen that there is a lot of experimental 

and numerical data available on the use of dimpled surfaces. However, there is a scarcity 

of literature available for computational work in the laminar flow regime. There is a need 

to gain a better insight in to the nature of laminar flows over dimpled surfaces. An 

investigation to see the effects of different array geometries is also needed. This study is 

carried out to see whether dimples can enhance heat transfer and thermal performance 

for laminar airflows in a narrow channel for two different array geometries using 

Computational fluid dynamics. 
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1.3 Thesis Outline 

The background and literature review of heat transfer enhancement especially 

using dimpled surfaces was presented. In Chapter 2, the methodology that was used in 

this study that is CFD or Computational Fluid Dynamics is discussed. Chapter 3 deals 

with the Computational setup and solution strategy for the study. Chapter 4 presents CFD 

results and discussion about the observations. Chapter 5 contains the summary and 

conclusion for this work. Chapter 6 lists recommendations for future work that could be 

conducted with this investigation. 
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Chapter 2  

Computational Fluid Dynamics Methodology 

2.1 Introduction 

Computational Fluid Dynamics better known as CFD is the process of solving 

mathematical models of different phenomenon in nature by using numerical methods. 

CFD can be applied to solve different engineering problems in Mechanical engineering, 

Chemical engineering, Environmental engineering and Bioengineering among many 

other fields. CFD has evolved as a third approach to problem solving in addition to pure 

theory and pure experiment. Many problems for which closed form analytical solutions 

are not possible or problems for which setting up experiments is costly or impractical can 

be solved by using CFD.  

For problems associated with Fluid Mechanics and Heat Transfer, CFD can be 

used to solve the Navier-Stokes equations which are a coupled set of partial differential 

equations for which no closed form analytical solution has been found till date. The 

solution of Navier-Stokes equations for different fluid and thermal systems depends on 

the numerical application of boundary conditions for that particular system.  

With the advancement of computer resources and continuous research on 

development of efficient solution methods, many problems which were considered 

complex can be easily solved with the use of CFD. The solution of blunt body problem as 

given by Anderson [3] using CFD is a good example of how problems which were 

considered unsolvable are now easily solved. In spite of all these advantages of CFD, it 

should be remembered that CFD cannot replace pure theory and pure experiment and 

that it can be only used to validate analytical and experimental results. This is because of 

the fact that many problems cannot be realistically modeled using CFD even today and 

that realistic solutions can only be found by theory or experiment. It should also be 
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remembered that CFD can be computationally expensive for setting up many complex 

problems and selection of this method depends on the available computer resources. 

The process of solving a problem using CFD consists of the following steps in 

general. 

 

2.1.1 Problem definition and modeling of geometry 

Identification and creation of geometry based on the boundary conditions and 

operating conditions is the first step in CFD. For problems in Fluid Mechanics and Heat 

Transfer, it is needed to create or extract the geometry for the domain where the fluid 

flow is expected to occur. Many CAD packages with a graphical user interface for 

creation of geometry are available today. 

 

2.1.2 Preprocessing 

Once the geometry has been created, the next step is discretizing the domain i.e. 

dividing the domain into a number of elements of same or different nature. The 

preprocessing step is one of the most important and probably the most time consuming 

step in the CFD process. The accuracy of the solution heavily depends on the quality of 

the mesh generated. Generation of mesh can be different in different areas of the 

solution domain. For example, one may need a finer mesh close to the wall boundaries of 

the geometry to capture the gradients existing in the boundary layer there. The type of 

mesh to be generated also depends on the complexity of the geometry available, 

computer resources, nature of flow and time availability. Structured grids are usually 

created when the nature and direction of flow is known beforehand and geometry is fairly 

simple. However recent research in grid generation has given rise to the use of 

unstructured grids which give a fairly accurate solution and save a lot of time when 
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compared with creation of structured grids. After evaluation of these parameters, the 

decision to create the type of grid depends on the intuition, experience and skill of the 

user.  

 

2.1.3 Problem setup  

After the grid is generated, it is setup according to the initial and boundary 

conditions. Precise identification of the boundary and initial conditions and their 

appropriate numerical application is very important to get a realistic solution. Material 

selection and implementation of its properties is done in the setup. The solution method 

or algorithm, appropriate models for the methods and level of accuracy required by 

defining the residual convergence criteria while solving the flow equations are also 

decided in this step. 

 

2.1.4 Solution 

The solution for the governing equations is then calculated at different grid points 

or elements using the chosen method. For obtaining a CFD solution, one of finite 

difference, finite volume or finite element methods is used. Use of the finite element 

method is more popular in structural problems and needs further research and 

development for solving flow problems. The Finite difference method involves use of a 

structured grid with uniform or non-uniform spacing and use of numerical methods by 

marching either in space or time to obtain numerical values at each grid point. The Finite 

volume method consists of discretizing the domain into several well defined volumes or 

cells. The volume averaged values of the conserved variables are obtained using this 

method. The mass, momentum and energy equations are conserved in this method. This 

method also facilitates the use of an unstructured grid which is useful in case of complex 
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geometries. The finite volume method is therefore popular among fluid dynamicists and 

engineers in general. 

 

2.1.5 Post processing 

The last step of the CFD process is post processing where the results are 

analyzed using graphs, contour plots, etc. The values of the parameters to be analyzed 

are extracted. 

A lot of commercial post-processing packages are available to view results for 

analysis.  

 

2.2 Governing Equations 

In CFD, the Navier Stokes equations which govern all problems related to Fluid 

Mechanics and Heat Transfer are solved numerically. The Navier Stokes equations are  

3D coupled set of partial differential equations. They are derived on the basis of laws of 

physics dictating conservation of mass, momentum and energy. 

 

2.2.1 Continuity equation 

The continuity equation is derived from the law that mass of an isolated system is 

conserved. In this study, steady state analysis of incompressible flow without considering 

gravity effects is considered. Therefore, the non dimensional form of the 3D 

incompressible continuity equation with no time variants is given in the following form 
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2.2.2 Momentum equation 

The momentum equation is derived on the basis of the principle of conservation 

of momentum which states that the total momentum on a volume should be conserved. 

So, the dimensionless 3D steady incompressible momentum equation is given in the 

following form. 

  
    

   
   

   

   
    

   

   
 

   

   
  

 

  
  
    

    
  

    

    
  

    

    
  

  
   

   
   

   

   
   

   

   
 

   

   
  

 

  
  
    

    
  

    

    
  

    

    
  

  
   

   
   

   

   
   

   

   
 

   

   
  

 

  
  
    

    
  

    

    
  

    

    
  

 

2.2.3 Energy equation 

The energy equation is derived on the basis of the law of the conservation of 

energy which states that the total amount of energy of a volume is conserved over time. 

The dimensionless 3D steady incompressible energy equation is given in the following 

form. 
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Chapter 3  

Computational Setup  

The problem setup, meshing of the fluid domain and solution strategy are 

described in this chapter. Commercial CAE packages were used for different steps of the 

CFD process to obtain the solution. The flow area inside the channel was modeled, 

meshed and setup for solution with the use of these CAE packages. 

 

3.1 Modeling of the computational domain 

The fluid flow area inside the channel was modeled using the commercial CAD 

software Creo. To model dimples inside the channel, bumps were created on the base of 

the channel with 2 different array geometries. An inlet section with length same as the 

heated bottom wall was created to ensure fully developed flow conditions while an outlet 

section with twice the length of the heated section. The heated part of the channel was 

64 22.5 2.5 cm (L B  ) in dimensions. The channel was modeled with two different 

dimple array geometries on the bottom wall: A staggered array of 21 7 dimples and a 

19 4 inline array. The staggered array had 4 and 3 dimples in alternating rows while the 

inline array had 4 dimples in each row. The dimple print diameter to depth ratio (     

was kept at 0.2. The dimple print diameter was kept at 2.5 cm. According to the analysis 

and microelectronic sink redesign by Silva et al [28], effort was taken to increase the 

surface area between dimples to boost the heat transfer enhancements. A distance of 1.2 

D was kept between consecutive rows and columns of the staggered array. The channel 

height was kept at 2.5 cm making the     ratio equal to 1. The geometry of the 

staggered and inline dimpled array on the bottom wall of the channel is shown in Figure 

3-1 and Figure 3-2. The isometric view of the inline dimpled array channel is shown in 

Figure 3-3 while Figure 3-4 shows the specifications of single dimple. 
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Figure 3-1 Staggered array of dimples of the bottom wall of the channel 

 

 
Figure 3-2 Inline dimpled array on the bottom wall of the channel 
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Figure 3-3 Isometric view of the inline dimpled channel 

 

 
Figure 3-4 Specifications of dimple on the bottom wall of the channel 
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3.2 Grid generation 

Ansys Workbench was used for meshing the computational domain. A mixed 

tetrahedral/prism mesh was generated. Prisms were used in the inflation layer to capture 

the high gradients near the wall of the channel. The first layer height was set to 5e-4 in 

the inflation layer with a growth rate of 1.2. The total numbers of layers were set to 5. The 

relevance was set to fine to ensure smooth transition of the tetrahedrons from the 

inflation layer. The proximity and curvature advanced sizing function was used. The 

meshed domain is shown in Figure 3-5 

 

Figure 3-5 Tetehedral mesh with inflation on the dimpled channel 

 

3.2.1 Grid dependency study 

A grid dependency study was carried out to obtain grid independent solutions. In 

a grid dependency study, a family of grids is created by refining the previous grid and the 

solution is calculated until the solution stops changing. The grids selected for the 

geometries are given in Table 3-1  
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Table 3-1 Grids selected for various geometries 

Geometry Number of elements 

Smooth Channel 2101497 

Staggered Array 2149841 

Inline Array 2189013 

 

3.3 Solution setup 

The commercial CFD software Fluent 12.0.16 was used for the computational 

solution. The mesh was read in to Fluent and setup for solution. Fluent uses the finite 

volume method to solve for the governing equations. Fluent has good capabilities of 

solving unstructured meshes even for complex geometries. Due to lack of need for 

coordinate transformations in finite volume method used by Fluent, it is popular for 

solution of Fluid mechanics and Heat Transfer problems and hence is selected for this 

study. 

 

3.3.1 Solver 

The pressure based segregated implicit solver was selected for the solution. The 

pressure based solver is typically used for low speed incompressible flows and hence 

was selected for the present study of laminar airflows on dimpled surface. In this solver, 

the momentum equation is used to obtain the velocity field while the pressure field is 

obtained from the pressure correction equation which is derived by manipulating the 

continuity and momentum equations. The energy equation was also solved as it was 

desired to observe thermal effects. 
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3.3.2 Material properties and flow conditions 

Air was the fluid material selected for flow inside the channel. The laminar 

viscous model was used to model the flow conditions. The material properties of air are 

given in the table 

Table 3-2 Material Properties 

Property Value 

Thermal Conductivity 0.0242 w/m-k 

Density 1.225 kg/m
3
 

Viscosity 1.7894e-5 

   

3.3.3 Boundary conditions 

Correct numerical application of boundary conditions is necessary for CFD 

solution accuracy and the problem to be modeled more realistically. The following 

boundary conditions were applied to the mesh. 

 

3.3.3.1 Velocity Inlet 

The velocity was calculated from the Reynolds number based on the Hydraulic 

diameter of the channel. The Reynolds number is a dimensionless number which is given 

as  

    
    

 
  

The hydraulic diameter    is given as 

                                                       = 
     

  
 

The calculated velocity from the Reynolds number was applied to the inlet of the 

channel. The applied velocity was used to calculate mass flow and momentum flux with 
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the magnitude of velocity normal to the boundary only used for calculation of mass flow 

rate. The temperature at the inlet,     was set at 300 K 

 

3.3.3.2 Pressure Outlet 

The outlet of the channel was assigned the zero gauge pressure outlet condition 

which is the default in Fluent. All other values are extrapolated from the interior of the 

domain.   

 

3.3.3.3 Wall and thermal boundary conditions 

The bottom wall of the channel where the dimpled array is present was assigned 

constant temperature boundary condition. A temperature,      , of 375 K was assigned to 

this wall to indicate heating at the bottom wall of the test surface while all other walls 

were assigned adiabatic boundary condition. A no slip boundary condition was assigned 

to all walls that is the velocity of the flow at the wall is zero. 

 

3.3.4 Solution Methods and Controls 

In this step of Fluent, different solution discretization methods and controls for 

residual monitors and under relaxation factors can be set. 

 

3.3.4.1 Pressure Velocity Coupling and Discretization scheme 

The SIMPLE method was chosen for the pressure velocity coupling. In the 

SIMPLE algorithm, approximation of the velocity field is obtained from the momentum 

equation while the pressure distribution from the previous iteration is used to calculate 

the pressure gradient term [26]. The new pressure distribution is obtained by solving the 
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pressure equation formulated while velocities are corrected and a new conservative set 

of fluxes is calculated [26]. 

The second order upwind spatial discretization scheme was chosen to solve the 

momentum and energy equations. The second order discretizations were chosen as they 

give higher order accuracy. 

 

3.3.4.2 Under relaxation factors 

The default under relaxation factors of 0.3 for pressure, 1 for density 0.7 for 

momentum and 1 for energy were used. Selections of these under relaxation factors 

helped in reducing the numerical dissipation errors and achieve faster convergence. 

 

3.3.4.3 Residuals and surface integrals monitor 

All residuals were set to 1e-3 with the exception of residuals for energy equation 

which were set to 1e-6 for convergence. The heated surface average Nusselt number 

and heat transfer coefficients monitors were also created. The surface averaged Nusselt 

number and surface averaged heat transfer coefficient plots flattened out before 

convergence was reached. 

 

3.3.4.4 Solution Initialization and calculation 

The solution was then initialized with all values computed from the inlet face. The 

solution was then calculated until the surface monitors and the residuals flattened out to 

the set level of accuracy. 
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Chapter 4  

Results and Discussion 

The results of heat transfer characteristics are presented for laminar airflows. 

Two different dimple array geometries in case of dimpled channel were compared with 

the smooth channel. Several parameters were used for the purpose of heat transfer 

characteristics comparison. The average surface Nusselt number, average heat transfer 

coefficient and thermal performance parameter based on the Nusselt number ratio and 

pressure drop across the channel were used for heat transfer characteristics comparison. 

 

4.1 Nusselt number 

Nusselt number is a dimensionless number which is a ratio of convective to 

conductive heat transfer normal to the boundary at a surface within a fluid. Thus, it 

measures the performance of convective heat transfer over conductive heat transfer.  

For a surface within a flow, the Nusselt number is given by  

   
  

 
 

In this study, the surface averaged Nusselt number at the interface of the heated 

section is compared for all the three channels: The smooth channel, the channel with the 

staggered dimple array and the channel with the inline dimpled array. The contour plots 

of Nusselt numbers at the interface are shown and compared. The surface averaged 

Nusselt numbers for the smooth channel interface    
      are taken as baseline data for 

comparison. The Nusselt number ratio           
       comparing surface averaged Nusselt 

number of dimpled geometry interface and surface averaged Nusselt number of smooth 

channel are plotted against the Reynolds number (based on hydraulic diameter) range 

studied.  
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The           
       values for the staggered dimpled array geometry and the inline 

dimpled array geometry are plotted for the Reynolds number ranging from 750 to 1500 in 

Figure 4-1. It can be seen that the           
      values increase with increasing Reynolds 

number for both the inline array geometry and the staggered array geometry. It can also 

be seen that the staggered array geometry has higher           
       values than the inline 

array geometry for a corresponding Reynolds number. However the Nusselt number 

values for both the dimpled geometries were greater than the smooth channel geometry 

irrespective of Reynolds number. When compared with the available literature for use of 

dimples in the turbulent flow regime, it can be seen that the           
      ratios have much 

lower values for the laminar flow regime studied suggesting lower levels of heat transfer 

augmentation for the low Reynolds number range. 

 

Figure 4-1 Nusselt number ratio comparison for staggered and inline array geometries vs 

Reynolds number 

The Nusselt number contour plots for the staggered and inline array geometries 

for Reynolds number 750 and 1000 are shown in Figure 4-2 to Figure 4-9. 
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Figure 4-2 Nusselt number contour plot for inline dimpled array geometry at Reynolds 

number 750 

 
Figure 4-3 Nuselt number contour plot at upstream location for inline dimpled array at 

Reynolds number 750 
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Figure 4-4 Nusselt number contour plot for inline dimpled array geometry at Reynolds 

number 1500 

 
Figure 4-5 Nusselt number plot at the upstream location for inline dimpled geometry at 

Reynolds number 1500 
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Figure 4-6 Nusselt number plot for staggered dimpled array geometry at Reynolds 

number 750 

 

 
Figure 4-7 Nusselt number plot at the upstream location for staggered dimpled array 

geometry at Reynolds number 750 
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Figure 4-8 Nusselt number plot for staggered dimpled array geometry at Reynolds 

number 1500 

 

 

Figure 4-9 Nusselt number plot at the upstream location for staggered dimpled array 

geometry   geometry at Reynolds number 1500 
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In the Nusselt number contour plots, the flow direction is from left to right. In all of 

the plots highlighting the upstream area with high Nusselt number variation, it can be 

seen that the surface Nusselt numbers are maximum near the downstream rim of the 

dimple and on the flat area downstream of the dimple. The upstream area of the dimple 

and the area deep upstream inside the dimple and have the lowest Nusselt number 

values in both the geometries. This shows that the flat area downstream of the dimple is 

vital for convective heat transfer signifying the design of the model having a distance of 

1.2   D between consecutive rows and columns of the staggered array.  

It can also be seen that the Nusselt number variation is high in the upstream area 

of the dimpled surface while it reduces downstream. For the case of Reynolds number 

750, the variation in Nusselt number on the surface stops higher upstream than in the 

case of Reynolds number 1500 for both geometries. The halt in Nusselt number variation     

upstream suggests that higher thermal performance might have been achieved without 

using the dimples in the downstream area where the Nusselt number contour plot shows 

no variation and follows a consistent pattern. The dimples in this area majorly contribute 

to skin friction drag and hence hydraulic losses and not so much in heat transfer 

augmentation thus lowering the overall thermal performance. As the location where the 

Nusselt number variation stops moves further downstream  with increase in Reynolds 

number, the geometry of dimples and the number of dimples used might work much 

better with respect to heat transfer enhancement for the high Reynolds number flow 

regime. 

In general, slightly higher Nusselt number values for the dimpled geometries over 

the smooth channel indicate heat transfer enhancement. In the next section, the 

comparison of convective heat transfer coefficient is shown as heat transfer characteristic 

comparison. 
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4.2 Heat transfer coefficient 

The heat transfer coefficient in heat transfer is a measure of calculating the 

convective heat transfer. It is given in the following form. 

   
 

      
 

The heat transfer coefficient can be calculated from the thermal conductivity of 

the working fluid and the Nusselt number. Like the Nusselt number comparisons, the 

average heat transfer coefficient ratios with respect to the baseline data at the interface 

are plotted for both the staggered dimpled array geometry and inline dimpled array 

geometry. The     
     plot for the two geometries is shown in Figure 4-10 

 

Figure 4-10 Plot of h/ho values for inline dimpled array and staggered dimpled array 

geometry vs Reynolds number 

 
The     

     plots show the same pattern as the           
       plots with increasing 
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array case are slightly higher than the inline dimpled array case for all Reynolds 

numbers. 

The heat transfer coefficient contour plots for the two geometries are shown for 

the Reynolds number case of 1500 in Figure 4-11 and Figure 4-12. The plots show the 

same trend as the Nusselt number contour plots with the highest heat transfer 

coefficients appearing at the downstream rim of each dimple and on the flat area 

downstream of the dimple signifying importance of that area in convective heat transfer 

enhancement. Also, the heat transfer coefficient variation in the contour plot halts 

upstream suggesting lower number of dimples spread over the area might have given 

better thermal performance for laminar airflows. 

 

Figure 4-11 Heat transfer coefficient contour plot for staggered dimpled array geometry 

for Reynolds number 1500 
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Figure 4-12 Heat transfer coefficient contour plot for inline dimpled array geometry at 

Reynolds number 1500 

The use of dimpled surface thus gives augmented values of heat transfer 

coefficient and Nusselt number at the interface. However, the use of dimples also 

increases skin friction drag increasing pressure losses. These pressure losses caused by 

increase in friction factors are shown in the next section. 
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4.3 Friction factors 

As the use of dimpled surfaces for heat transfer enhancement is known to 

increase hydraulic losses, the friction factors for the two dimpled geometries are 

compared with the smooth channel. The friction factor is a dimensionless quantity in the 

Darcy-Weisbach equation which is used to calculate pressure loss due to friction in pipes, 

channels and ducts. The Darcy- Weisbach equation is given in the following form. 

       
 

  

 
  

  
 

In terms of pressure loss, the Darcy- Weisbach equation can be written as 

       
 

  

  
   

 
 

The    values are calculated directly from Fluent as the difference between the 

inlet and outlet pressures of the channel whereas the diameter of the pipe is replaced by 

the hydraulic diameter of the channel. The friction factor values are calculated and the 

friction factor ratios with respect to the baseline data for staggered dimpled array 

geometry and the inline dimpled array geometry are plotted. The      values for the two 

geometries at the Reynolds numbers studied are plotted in Figure 4-13 
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Figure 4-13 Plot of friction factor ratios for staggered dimpled array and inline dimpled 

array geometries vs Reynolds number 

 

It can be seen from the plot that dimples do increase friction factors over smooth 

channels. The friction factor ratios for the staggered dimpled array geometry are more 

than the inline dimpled array geometry. The friction factors and the pressure drop have a 

major impact on the thermal performance of the channel. The pressure loss also has to 

be accounted along with the convective heat transfer coefficient augmentation. The 

performance of a heat sink can be judged only by taking into account the hydraulic losses 

and whether the heat transfer coefficient augmentations are worth the hydraulic loss 

incurred. This can be evaluated by calculating the thermal performance factor which is 

discussed in the next section. 
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4.4 Thermal performance factor 

As discussed in the literature and from elementary aerodynamics, the use of 

dimples does not introduce form drag unlike protruding objects. However, the use of 

dimples gives rise to increase in skin friction drag and hence dimples cannot be used for 

drag reduction in channels. As shown in the previous section, dimples increase the 

friction factor of the channel over the smooth channel and thereby increase the pressure 

loss of the channel as given by the Darcy- Weisbach equation. For an efficient heat sink, 

the thermal performance factor has to be greater than 1. For turbulent airflows, the heat 

transfer enhancements as much as 200 % have been found in the available in the 

literature.  

The thermal performance factor is calculated using the following equation  

                        

This factor gives the thermal performance per unit pumping power by the dimpled 

surface in comparison to the thermal performance per unit pumping power in case of the 

smooth channel. 

The thermal performance factor for the staggered dimpled array and inline 

dimpled array geometry for the Reynolds number range studied are plotted in Figure 4-14 
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Figure 4-14 Plot of thermal performance factors for the staggered dimpled array and 

inline dimpled array vs Reynolds number 

 
The plot shows that the thermal performance increases with increasing Reynolds 

number for both geometries. Again, the thermal performance factor for the staggered 

geometry is higher than the inline geometry at all Reynolds numbers. In the Reynolds 

number range from 1000 to 1250, the thermal performance factor for the inline dimpled 

array geometry did not rise as much as the one for the staggered dimpled array geometry 

did. This was mainly due to substantial increase in           
      value for the staggered 

dimpled array geometry over the inline dimpled array geometry. In general, the thermal 

performance factor followed the same trend of increasing with increase in Reynolds as 

other parameters compared before. 
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4.5 Flow structure and velocity vectors 

The flow structure of the airflow over the dimpled surface was studied by 

observing the velocity vectors. The post processing capability of Fluent was used to view 

the velocity vectors. To analyze the flow, the vectors were observed from the spanwise 

and streamwise direction of the channel. This was done to investigate the presence of 

any secondary flows. From elementary fluid mechanics, a secondary flow is a minor flow 

superimposed on the primary flow and which is not predicted by simple analytical 

techniques. The velocity vectors showing the primary flow following the contour of the 

dimple for both the staggered dimpled array geometry and inline dimpled array geometry 

for Reynolds numbers 1000 and 1500 are shown in Figure 4-15 to Figure 4-18. 

 

Figure 4-15 Velocity vectors for inline dimpled array for Reynolds number 1000 
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Figure 4-16 Velocity vectors for inline dimpled array for Reynolds number 1500 

 
Figure 4-17 Velocity vectors for staggered dimpled array for Reynolds number 1000 
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Figure 4-18 Velocity vectors for staggered dimpled array for Reynolds number 1500 

 
It can be seen from the velocity vectors for the two geometries considered that 

circulation regions exist in case of dimples for the Reynolds numbers observed. The 

circulations are observed in the upstream area of the dimple as well as deep inside the 

dimple. It can also be seen from the velocity vectors that the circulations get stronger as 

the Reynolds number increases. It can also be seen that the flow reattaches on the flat 

area downstream of the dimple. This is responsible for enhancing the convective heat 

transfer in that area. However, the recirculation region inside of the dimple traps the flow 

there and reduces convective heat transfer in that region which is also evident from the 

Nusselt number and heat transfer coefficient contour plots. 

The secondary flows for the two geometries at Reynolds number 1000 and 1500 

are shown in Figure 4-19 to Figure 4-22. 
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Figure 4-19 Velocity vectors showing secondary flow for inline dimpled array for reynolds 

number 1000 

 

 
Figure 4-20 Velocity vectors showing secondary flow for inline dimpled array for Reynolds 

number 1500 
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Figure 4-21 Velocity vectors showing secondary flow for staggered dimpled array for 

Reynolds number 1000 

 

 
Figure 4-22 Velocity vectors showing secondary flow for staggered dimpled array for 

Reynolds number 1500 
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The secondary circulations both at the upstream and downstream end of the 

dimple are evident from the velocity vectors seen in the span wise direction of the 

channel. The secondary circulations also increase in strength with increase in Reynolds 

number. 

The reattachment in case of these secondary vortexes is also evident. These 

secondary vortexes therefore contribute in convective heat transfer enhancement. 
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Chapter 5  

Summary and Conclusions 

 
This study focused on investigating whether the use of dimples can enhance 

heat transfer characteristics for a closed rectangular channel. Two types of dimpled array 

geometries on the bottom wall of a channel were tested for 4 different Reynolds numbers 

ranging from 750 to 1500. The dimple print diameter to depth ratio and the channel height 

to dimple print diameter ratios were kept constant. The simulation for the study was 

carried out using the commercial CFD package Fluent.  

The comparisons between the two dimple array geometries and the smooth 

channel was established with parameters like Nusselt number ratio, Heat transfer 

coefficient ratio, friction factor ratio and Thermal performance factor. The smooth channel 

data was considered baseline data for evaluating these ratios.  The following conclusions 

were drawn from this study. 

1) Heat transfer enhancement in the form of augmented Nusselt number 

and heat transfer coefficient ratios was observed.           
      values 

increased with increasing Reynolds number for both dimple array 

geometries.           
      values varied from about 1.05 to about 1.09 for the 

staggered array of dimples in the Reynolds number range studied from 

750 to 1500. The corresponding           
      values for the inline array of 

dimples was found in the range of 1.04 to 1.08 suggesting lower levels of 

heat transfer augmentation for the inline array case. The     
     values 

followed similar trend as the           
      values. 

2) The Nusselt number contour plots suggested the need to lower the 

number of dimples and increase the flat area between them for better 
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thermal performance. Less or no change in the Nusselt number contour 

plot on the downstream area on the heated section of the channel for 

almost all Reynolds number cases indicated that the dimples 

downstream were majorly contributing to pressure losses and not so 

much to heat transfer enhancement. 

3) The thermal performance factors were plotted for both the dimpled array 

geometries. The thermal performance values increased with increasing 

Reynolds number values. Again the thermal performance factor values 

for the staggered dimpled array geometry were more than corresponding 

inline dimpled array geometry in the Reynolds number range studied.  

4) An insight into the flow structure of the flow over dimpled surfaces in a 

channel was gained. These low Reynolds number flows over dimpled 

surfaces led to primary and secondary vortices. The reattachment of the 

flow on the flat area downstream of the dimple helps in enhancing the 

convective heat transfer there which is evident from the Nusselt number 

plots. The secondary vortices also help in enhancing convective heat 

transfer coefficient as the vortices help in mixing the hot and cold fluids. 

Thus, the dimpled surface in the closed channel was found to enhance heat 

transfer over a smooth channel for laminar airflows. The staggered dimpled array 

geometry proved to give a better thermal performance than the inline dimpled array.  
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Chapter 6  

Future Recommendations 

It can be seen from this study that performance of dimples even in the laminar 

flow regime depends upon several geometric and other parameters although it can be 

seen to follow certain consistent trend. There is lots of literature available for thermal 

performance of dimples in different conditions and for different parameters. Based on this 

study and available literature, following are a few recommendations for future work. 

 

1) A design optimization study based on dimple geometric parameters such 

as    ,    , aspect ratio, dimple array geometry among many others as 

well as other parameters like Reynolds number should be undertaken to 

get the most efficient heat sink design for laminar, turbulent as well as 

transition Reynolds number range. 

2) The optimized design needs to be validated using experimental studies. 

3) Such kind of dimpled surfaces should be tested in applications like 

microelectronic cooling where the flow is almost always laminar to give 

heat transfer enhancement. Even if dimpled heat sinks account for 

pressure losses, a smaller dimpled heat sink might give same levels of 

thermal performance as smooth heat sink thus catering to space 

constraint in such applications. 
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Appendix A 

Nomenclature 
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H = Channel height, (mm) 

D = Dimple print diameter, (mm) 

  = Dimple depth, (mm) 

   = Non dimensional velocity component in x- direction 

   = Non dimensional velocity component in y- direction 

   = Non dimensional velocity component in z- direction 

   = Non dimensional component of length in x- direction 

   = Non dimensional component of length in y- direction 

   = Non dimensional component of length in z- direction 

T = Temperature 

   = Dimensionless temperature 

P = Pressure force acting on the face of the fluid element, (N) 

L = Length of the rectangular channel, (mm) 

B = Breadth of the channel, (mm) 

  = density of the fluid, (kg/  ) 

  = dynamic viscosity of the fluid, (kg/ m.s) 

Hd = hydraulic diameter of channel, (m) 

k = Thermal Conductivity, (W/m·K) 

v = mean velocity of the fluid, (m/s) 

Pe = Perimeter of the channel inlet cross section, (m) 

A = Area of the inlet cross section of channel, (  ) 

Nu = Nusselt number 

   
 = Nusselt number for a rectangular channel without dimples 

       =           Surface average Nusselt number for the heated surface with dimples  

   
      = Surface average Nusselt number for the smooth heated surface 

          
     = Average Nusselt number ratio,  
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p = static pressure, (Pa) 

Pr = Prandtl number 

    = Temperature at the inlet, (K) 

      = Temperature at the heated wall, (K) 

Re = Reynolds number, (dimensionless) 

      = Temperature at the heated wall, (K) 

h = convective heat transfer coefficient, (W/  K) 

Q = Heat flux, (W) 

   = Heat transfer surface area 

   = Temperature difference between solid surface and fluid area, (K) 

   = Surface average heat transfer coefficient of the heated surface with 

dimples, (W/  K) 

  
    = Surface average heat transfer coefficient of the heated surface without  

                          dimples, (W/  K)) 

   = head loss in the channel, (m) 

   = Darcy friction factor 

g = local acceleration due to gravity, (  /s) 

   = Pressure loss in the channel, (Pa) 

TP = Thermal performance factor 
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