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Abstract

Heat transfer tubes are the most critical part of any heat exchange system. The

size of a heat exchange system depends on the heat and fluid flow performance

of these tubes. In this context, dimpled enhanced tubes can play a vital role in

improving the performance of heat transfer systems. Therefore, the current thesis

deals with the flow and heat transfer characteristics of dimpled enhanced tubes

using numerical simulations. A detailed numerical study based on Reynolds Av-

eraged Naiver stokes (RANS) is conducted to compare the overall performances

of dimpled enhanced tubes. Large Eddy Simulation (LES) of flow in dimpled

tube has also been performed to study the complex flow patterns generated by

the wakes of the dimples. The straight tube sections in the heat exchange systems

are mostly accompanied by 180◦ bends (U-bends). Hence, fluid flow interaction

of dimple enhanced tubes with U-bends of different radii of curvatures are also

investigated in this work. The numerical setup has been validated by comparing

the current results of Nusselt numbers and friction factors, for both smooth and

dimpled tubes, to the published results from the literature. The validated numer-

ical model has been used to investigate the thermal and hydraulic performance

of dimpled tubes, subjected to constant heat flux 10kW/m2, of varying dimple

topologies, pitch (axial dimple to dimple distance) and Star (number of dimples in

transverse direction) for a wide range of Reynolds numbers 2300 to 40000. First

of all, the performance of enhanced tubes consisting of conical, spherical and ellip-

soidal dimples, of equivalent dimple volumes, have been compared. An ellipsoidal

dimple 45◦ inclination angle, from its major axis, increased the thermo-hydraulic

performance of the tube by 58.1% and 20.2% in comparison to the smooth tube

and 0◦ ellipsoidal dimpled tube, respectively. LES results revealed a flow channel

of connected wakes maximized fluid-surface contact and thus led to the enhance-

ment of the thermal and hydraulic performance of the tube. Furthermore, the

ellipsoidal 45◦ and teardrop dimpled tubes have been found to have an optimum

pitch of 3.166 mm with suitable working Re ranges of 9000 to 30000 and 14000 to

40000 yielding performance enhancement ranges of 45.7%-9.0% and 31.2%-3.3%,

respectively. The analysis also shows that the thermal-hydraulic performance of



x

the ellipsoidal 45◦ dimpled tube with Star 6 is superior to other dimpled tubes

for the Re range of 5000 to 18000. The ellipsoidal 0◦ dimpled tube with Star

6 is found to a suitable choice for Re range of 18000 to 40000. In the end, the

numerical investigation of U-tubes embedded the optimum ellipsoidal 0◦ and 45◦

dimpled tubes configurations under favorable Re ranges is carried out. The im-

pact of dimples on flow separation, reattachment and the heat transfer of the tubes

with different U-bend curvatures are studied in detail. In addition, correlations for

Nusselt number and friction factor that cover all angular topologies, pitch, Star

and U-tube curvatures of ellipsoidal dimpled tube have been proposed.
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Chapter 1

Introduction

1.1 Background and Motivation

Heat exchangers are designed for heat transfer between two mediums using liq-

uid or gas. Heat exchangers are of many different types based on fluid flow, its

construction and contact type and its applications etc., [1]. For instance, shell

and tube heat exchangers are indirect contact type which works as condensers

according to classification of process function and mainly deal with process indus-

try, power industry (surface condenser, feedwater heater etc.). They (with single

or double tubes) can be configured as parallel flow, counter flow, single phase

crossflow and multiphase cross flow etc., according to the flow path configuration

[1, 2]. On the other hand, the applications of heat transfer through the tubes

can be extended to areas like air conditioning, refrigeration, gas turbines, cooling

in manufacturing systems, electronic devices, heat transfer in food and chemical

industry, aviation department [3] etc. The performance and economic design of

process plants are also dictated by efficient heat utilization [4]. These methods are

commonly employed in areas like, process industries, heat exchangers, radiators

and internal heat exchangers in vehicles, refrigeration, flow boiling [5] and [6] etc.

They have drawn the attention of industry since their inception due to their crit-

ical importance in numerous areas. However, there is a need to improve the heat

1
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transfer of thermal systems for energy conservation. Classical heat exchangers

barely fulfill the requirements of current industry. The method of improving the

heat transfer rate is recognized as heat transfer enhancement/augmentation [7].

Wang et al. [8] has stated that augmentation techniques in heat exchangers lead

to compactness in size and reduced capital cost.

There are a number of augmentation techniques for the application of heat ex-

changer system in effective heat extraction, recovery, utilization and conversion

[9], [10]. Enhancement or augmentation methods can be categorized as active and

passive [11], [12]. In active techniques, external inputs in the systems for enhancing

the heat transfer are required, for example surface vibration, mechanical aids, elec-

tromagnetic field, etc. These external inputs make the system more complicated

and requires supplementary power as well. Therefore this method has a limited

scope leading to very few applications. In passive methods, changes within the

duct flow are introduced like twisted tapes additions, coils, displaced augmenta-

tion devices or surface/geometric modifications (rough surfaces, extended surfaces,

dimples etc.,). Heat transfer can be augmented by incorporating the changes in

the fluid flow in order to disturb the thermal and viscous boundary layers. It can

be achieved by two modes: Enhancing the heat transfer coefficient, as discussed

by Lane etal. [5] and Liao and Xin [13], or by augmenting the surface area, as

reported by Bergles et al. [4]. It is a common practice in the industry to opt

for the passive methods to augment the heat transfer rate. Ribs, corrugation,

grooves, flutes and dimples are commonly used passive techniques [14]. However,

all these have a relatively higher friction factor in comparison with the latter most

i.e. dimple [15]. Similarly, few other examples of passive method like baffles,

fins, turbulizers etc., also produced hydraulic loss and fouling (dirty fuels) in the

tubes. Fouling is the formation of unwanted deposition of impurities of the fluid

at the corner, edge, or surface of the heat exchange devices. For example, the

precipitation of sparingly soluble salts, cake or gel formation, dust pockets, and

pore blockage which degrades the heat transfer process. Both these factors are

highly undesirable for the efficiency of heat exchangers system. Contrary to these
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methods, dimple produced relatively less friction factor with no fouling phenom-

ena, therefore, convective sections of major industries have shifted towards the

dimpled surfaces/tubes [16]. However, some examples of relatively less inspired

passive methods are also addressed here, in order to understand the limitations,

pro and cons of these techniques. Taiwo [17] has investigated the twisted tape

inside the tube for laminar, transitional as well as turbulent flows with water as

a working fluid. He considered constant heat flux at the tube wall and has dis-

covered that the tube having alternate-axis triangular cut twisted tape (TATCT)

provided better performance. He also showed that Nu and performance index

of this tube in comparison with plain tube were considerably higher lying in the

range of 124.57% and 103.23%, respectively. He also analyzed the TATCT for

turbulent flow and showed that Nu and fr were 118.4% and 215.8% higher than

those of plane twisted tape. The definitions of Nu and fr are given in section 1.2.

Similarly, another comparison was carried out at the Re up to 4610 and it was

noticed that TATCT gave better performance. While this study was conducted at

the relatively low Re with higher fr. Kumar et al. [18] have performed the com-

parative experimental study of smooth and dimpled helical coiled tube for different

mass fluxes (75, 115, 156, 191 kgm−2s−1. He used the vapor quality of 0.1-0.8 and

saturation temperature of 35◦c and 45◦c. The results showed that dimpled helical

coiled tube gave better heat transfer coefficient in the percentage of 18-32% and

51-61% in comparison with smooth coiled and straight tube, respectively. On the

other hand, the frictional loss of dimpled helical coil turned out to be 2.57-4.01

and 1.35-1.75 times the smooth coil and smooth tube respectively. They also pro-

posed the correlations of Nu and fr for mass flux range of 75-191 kgm−2s−1. It

is pertinent to mention that the mutual comparison of heat transfer coefficient

and frictional loss suggest that the latter is considerably higher, which limits the

individual application of this technique. Further to passive techniques, explained

above, pin fin belongs to the same category, used at low Re and consequently

limited in its application i.e. heat sink for micro devices (especially electronic

equipment) [19, 20]. Finally, wealth of literature has shown that dimpled surfaces

can provide heat transfer rate either by merits (outer surface look) [21] or by
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giving relatively low hydraulic loss compared to other heat transfer enhancement

techniques Ming Li et al. [22] and Ayub et al. [23], and Hassan cheraghi et al.

[24] etc.

It is pertinent to mention that the current dissertation deals with the thermal-

hydraulic performance of the dimple enhanced tubes which can be used in any

kind of heat exchange device. Therefore, in this study, the heat exchange systems,

on the whole, are not focused on. The fluid flow inside the enhanced tube with or

without U-bends is multifaceted and it greatly affects the thermal and hydraulic

characteristics of the flow. The fluid flow in the vicinity of the dimples is perturbed

and separated, creating complex wake structures. Similarly, when the flow sharply

turns in the bend sections of the tube secondary flow is produced which leads to

flow separation in the post-bend section of the tube. Now if the flow is already

agitated by the dimpled tubes before entering the bend section of the U-tube

then flow complexity will further be increased. Therefore, in-depth and careful

flow analysis is required to investigate the thermal and hydraulic performance

of the enhanced tubes. Furthermore, important parameters and non-dimensional

numbers used to characterize the thermal and hydraulic performance of augmented

tubes are discussed in the subsequent section.

1.2 Important Non-dimensional Numbers and Pa-

rameters

Since there are several non-dimensional numbers and parameters including h, fr,

Cf , Cp, cP , cF , Pr, Re, Nu, PEC, St, jH and De which are used in the thesis.

Therefore it is pertinent to highlight the important parameters here, before we

proceed further. Convective heat transfer coefficient (h) is the ratio of heat flux

to temperature difference between wall and the fluid. The relationship of h is

presented in the following equation.
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h =
q
′′

Twall − Tm

(1.1)

where q
′′
indicates the heat flux, Tm is the mean bulk temperature of the fluid i.e.

mass weighted average temperature of the fluid inside the tube, and Twall is the

wall local temperature.

Darcy friction factor is used to determine hydraulic loss of the tube flow, as shown

in following expression:

fr =
2∆pDh

ρU2L
(1.2)

where ∆p represents the pressure difference between inlet and outlet of a tube, ρ

is the density of the fluid and U is the velocity at the tube inlet. The skin friction

coefficient (Cf ) is defines as:

Cf =
τw

1/2ρU2
(1.3)

Where τw is wall shear stress, ρ is the density of the fluid and U is the velocity or

velocity at the tube inlet. The pressure coefficient (Cp) is defined as:

Cp =
p− pc
1/2ρU2

(1.4)

Where p is the static pressure, pc is the static pressure at the center line or reference

pressure at the inlet, ρ is the density of the fluid and U is the velocity or velocity

at the tube inlet.

The pressure drag or form drag coefficient is given by:

cP =
1

1/2ρU2A

∫
Sw

dSw(p− po)(n̂· î) (1.5)

Where A is the area of the body, Sw is the wet surface of the body, p is the pressure

on the surface dSw, po is the pressure away from the body, n̂ is the unit vector
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perpendicular to the wet surface dSw indicating from fluid to solid and î is the

unit vector in the flow direction.

cF =
1

1/2ρU2A

∫
Sw

dSw(t̂· î)Tw (1.6)

Where A is the area of the body, Sw is the wet surface of the body, t̂ is the unit

vector in the direction of shear stress acting on the surface dSw, and î is the unit

vector in the flow direction and Tw is the magnitude of shear stress acting on the

surface dSw.

The representation of the Prandtl number Pr is given here:

Pr =
µcp
k

(1.7)

Where µ is the dynamic viscosity, cp is the specific heat and k is the thermal

conductivity of the fluid.

The definition of Re is given as:

Re =
ρUDh

µ
(1.8)

where U is velocity and Dh is the hydraulic diameter of the tube which is 4 times

the cross-sectional area of tube or channel divided by the wetted perimeter of the

cross-section. However, in our case, it is the geometric diameter of the tube.

The ratio of convective heat transfer to the conductive heat transfer at a boundary

in a fluid is represented by a non-dimensional Nusselt number (Nu), which is

locally determined [25] as:

Nu =
hDh

k
(1.9)

where k is thermal conductivity of the fluid. Performance Evaluation Criteria

(PEC) [26] is the ratio of heat transfer enhancement to the hydraulic losses. The

heat transfer enhancement is associated to the ratio of Nusselt number of enhanced
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tube (Nu) and Nusselt number of smooth tube (Nus) while the hydraulic losses are

associated to the ratio of friction factor of enhanced tube fr and smooth tube frs.

Therefore, this criterion embeds both traditional indicators for the heat transfer

assessment and hydraulic performance estimators.

PEC =
Nu/Nus

(fr/frs)1/3
(1.10)

The mathematical relationships of Stanton number (St) and Colburn j factor (jH)

are presented in the following equations.

St = Nu(RePr)−1 (1.11)

jH = StPr2/3 (1.12)

The value of Pr for current study is provided in section 4.2.2.

The Dean number De is representative of secondary flow in the curved pipes [27],

which can be determined as given below:

De = Re
√

RN ; where RN = R/RC (1.13)

Here, the R is the tube radius while the RC is the radius of curvature of the path

of the channel.

1.3 Problem Statement

Augmenting the engineering piping network with inward dimples has shown the

favorable possibility of improving overall performance in terms of heat transfer

with reduction of size, however, the selection of appropriate shapes, orientations as

well as placements of these dimples is challenging especially in complex plumbing

configurations such as u-tube/bend.
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1.4 Research Objectives

The main objectives of carrying out this study are given below:

� Development of numerical framework for the assessment of heat transfer

characteristics in the tubes. This includes using validation with the experi-

mental data to propose correlation of heat transfer for different orientations

of ellipsoidal typed dimpled tubes.

� Assessment of varying geometrical parameters, including dimple pitch and

circumferential distribution (Star), on the fluid flow and heat transfer char-

acteristics of dimpled tubes.

� Assessment of dimpled tube in a U-shaped arrangement along with predic-

tion of correlation as a function of U-tube curvature variation.

1.5 Layout of the Dissertation

The dimpled tubes, as compared to other augmentation methods, have been found

to increase the heat transfer rate without large penalty on hydraulic losses. There-

fore, this thesis focuses on the thermal and hydraulic performance augmentation

of the dimpled enhanced tubes. This thesis consists of seven chapters. Chapter

2 gives the literature overview of the development of dimpled enhanced tubes,

with their heat transfer and friction factor characteristics as well as the dimple’s

geometric improvements. Chapter 3 presents the numerical methodology used

in current study for steady and unsteady simulations. It puts forward the RANS

model and LES modeling framework along with different discretization schemes

and solution methods.

Chapter 4 describes the validation of adopted numerical methodology for the

smooth and dimpled enhanced tubes. The numerical results consisting of heat

transfer and friction factor of the tubes are compared to empirical correlations
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and published results, respectively. The thermal-hydraulic performance of different

geometric shapes and orientations of the dimples are analyzed and the optimum

topology of the dimple (ellipsoidal 45◦) is selected for further investigation. The

flow dynamics and the fluid-dimple interactions of the tube with optimum dimple

shape and orientation are studied and new correlations of Nusselt number and

friction factor are proposed.

Chapter 5 further compares the optimum dimple tube (ellipsoidal 45◦), obtained

in Chapter 4, to the teardrop dimpled tube configuration under different dimple

pitches (dimple to dimple distances) for the constant tube length to dimple pitch

ratio (L/P ). The overall performances of respective pitches are established for

wide range of Re while the best performances of each dimple shape are indicated

along with their favorable Re regimes. Local characterization (i.e. heat transfer

and hydraulic loss) of best pitched tubes are depicted and the Reynolds analogy

is drawn between the heat transfer and hydraulic loss to further characterized

dimple configurations. In the end, heat transfer and friction factor correlations

are proposed for the optimum tube configurations and working ranges.

Chapter 6 presents the effects of the variation in number of circumferential dim-

ples (Star) for optimum ellipsoidal 0◦, ellipsoidal 45◦ and teardrop dimpled tubes

configurations. The optimal Star configuration is identified and analyzed for dif-

ferent configurations. The correlations of heat transfer and friction factor of tubes

with formation of Star are proposed.

chapter 7 presents the overall performances of the most suitable dimple tube

design with optimal geometric parameters is further embedded in U-tubes config-

uration. The U-tube curvatures are varied in order to draw the comparative study

between their performances. The flow physics and local heat transfer characteris-

tics of optimal U-tube is prescribed. In the end of chapter, the correlations of heat

transfer and friction factor of U-tubes are proposed. In the end, numerical inves-

tigation of best pitched enhanced tubes is performed with the best-chosen Star

formation in conjunction with best U-tube curvature radii U-tubes for practical
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prospective. These tubes with two different geometric configurations and Pitch

formations are analyzed for two different Re regimes.

1.6 Summary of chapter 1

In this chapter, motivation of this research and background are presented which

provides the base to define the problem statement with research objectives. In the

end, layout of this dissertation having the role towards the research objectives is

presented.
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Literature Overview

One of the most widely used component in several heat exchangers/heat transfer

devices is a tube through which fluid transmission occurs while gaining /dissi-

pating heat [28]. Thermo-hydraulics of the transport phenomena involved in the

tube flow has been extensively studied, both experimentally and numerically. The

compactness of thermal devices along with thermo-hydraulic performance enhance-

ment demands more efficient, innovative, economical and reliable solutions. With

the reduction in the size of heat exchangers, the importance of understanding,

designing and usage of tubes is getting more attention.

2.1 Importance of Boundary Layer

The developing nature of the flow, especially in terms of hydraulic and thermal

boundary layers, is significant from the perspective of tubes. Currently, fully de-

veloped velocity boundary layer with underdeveloped and fully developed thermal

boundary layered flows have been analyzed experimentally [29–31] as well as nu-

merically [32]. Some heat transfer applications such as laminar flow over a heated

flat plate or in a heated tube utilize solely the thermal boundary layer for heat

exchange. However, the rates of heat transfer in such cases are much lower and

cannot attain the required thermal energy transfer rates of the most of the real

11
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life applications. Therefore, fluid mixing is induced where the fluid surface inter-

actions are enhanced and the roles of both hydraulic as well as thermal boundary

layers become important [33].

2.2 Classification of Heat Transfer Enhancement

Methods

To promote heat transfer through enhanced fluid mixing, different augmentation

methods are used. These methods can be divided into three distinct categories;

active, passive and compound methods [34].

2.2.1 Active Method

Active method deals with external forces to augment the heat transfer rate. Mag-

netic and electromagnetic fields, reciprocating plungers and usage of flow and

surface vibrations are the examples of external forces to disturb the flow, which

ultimately enhance the heat transfer rate as demonstrated by El-Maghlany et al.

[35]. They carried out an experimental investigation of Double Pipe Heat Ex-

changer (DPHE) using the rotating inner tube. The hot and cold fluids were

utilized in counter and parallel flow configurations. The effectiveness of heat ex-

changers along with number of transfer units (NTU) were determined at different

inner rotating tube speeds. It was found that NTU , effectiveness and heat transfer

rate increased with an increase in rotation speed. Similarly, Zhang et al. [36] also

used rotor assembled strands in the examination of heat transfer augmentation

in double pipe heat exchanger. For strands, they utilized bare blade rotor, blade

rotor with ladder and helical blade rotor. They found the highest performance for

the case of blade rotor with ladders. Nu increased from 71.5% to 123.1% while fr

increased from 37.4% to 74.8%, contrary to smooth tube. The usage of additional

energy for the thermal-hydraulic performance of the tubes makes active methods

unpopular and thus only a limited amount of literature is available.
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2.2.2 Passive Method

In passive method, instead of utilizing the external force for heat transfer augmen-

tation flow perturbations are achieved by using different tube inserts [37, 38], by

employing wire coils and turbulators [39–41] and through geometric modifications

of the tube surface [42–45].

2.2.2.1 Twisted Tape

Twisted tape insert is an effective method for the heat transfer augmentation

because of low cost, simplicity and maintenance ease [46]. Different twisted tapes

are shown in the figure 2.1.

Figure 2.1: Twisted tape [46]

In general, twisted tape carries out the swirl generation continuously that leads

to the generation of turbulence which ultimately causes the heat transfer aug-

mentation. Significance of half-length twisted tape on the pressure drop and heat

transfer of double pipe heat exchanger was investigated by Yadav [47]. In compar-

ison to smooth tube, twisted tape augmented the heat transfer rate by 40% which

was mounted at the inner tube of DPHE. On the other hand, PEC of smooth

tube was 30-50% higher than the augmented tube as frictional loss of augmented

tube was much higher than smooth tube. However, according to the literature,

twisted tape insert is best for the laminar flow [42].
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2.2.2.2 Extended Surface

Extended surface or fin, as displayed in the figure 2.2 is also a geometrical mod-

ification which is very famous method and covers the area of conduction and

convection. Barga and Saboya [48] numerically and experimentally examined the

heat transfer, hydraulic loss and efficiency factor of rectangular fins in the circum-

ferential direction of heat exchanger covering the turbulent flow region.

Figure 2.2: Extended surface [48]

They used water and air as working fluid in the inner and outer tubes, respectively.

They simulated it using 2D model in their analysis and found that fin efficiency

was linked with the ratio of internal to external diameter of inner to outer tube of

the annulus to the distance of finned tube. They stated that ratio of heat transfer

of fined tube to smooth tube was lower than 1 which further decreased as the Re

increased. It was revealed that fin negatively affected the heat transfer efficiency.

Kumar et al. [49] examined the heat exchanger with longitudinal fins numerically

and experimentally whereby they utilized three different fins in triangular, rect-

angular and parabolic geometries. Based on heat transfer rate, the effectiveness

of rectangular fins was better than others however, hydraulic loss of parabolic fins



Literature Overview 15

was lower than other fins. In continuation, they stated that mass flux of cold water

should be less than hot water.

Taborek et al. [50] examined the multi tube heat exchanger with the rectangular

fins numerically and experimentally in their study. They used water as a working

fluid and utilized hot water in inner tube and cold water in outer tube. After

validation of smooth heat exchanger, they also used fins with different geometries

of triangular, rectangular and parabolic shapes. They found the PEC of parabolic

fins to be higher than other fins shapes. They also presented the correlations of

heat transfer and pressure drop.

Kahalerras and Targui [51] used numerical simulations to study the heat trans-

fer augmentation in heat exchanger with porous fins. They used the Brinkman-

Forchheimer Extended Darcy numerical model for the porous media and differ-

ential equations of boundary conditions are solved using Finite Volume Method.

They found that the results are credible if the working fluid in both tubes are

similar and mass fluxes of both fluids are also same.

Similarly, Syed et al. [52] numerically examined the heat exchanger with the

variable fin tip thickness for the laminar regime. They defined the tip thickness

as ratio of fin tip angle to fin base angle which was varying from 0 to 1. They

utilized Discontinuous Galerkin Finite Element Method in their numerical simula-

tion. They analyzed the heat transfer, j-factor and effectiveness of heat exchanger

and found that heat transfer and j-factor were increased 178% and 89%, respec-

tively, for rectangular fin case, While it was 9.5% and 19% for the triangular fin

case, respectively. They also found the link between fin tip angle and height and

number of fins.

Furthermore, Iqbal et al. [53] conducted the numerical study to analyze the con-

jugate heat transfer of longitudinal fins with the rectangular, parabolic and trape-

zoidal shapes of fins. They used Discontinuous Galerkin Finite Element Method in

their numerical simulation along-with genetic algorithm (GA) to optimize the fin

shape. They carried out the optimization based on the hydraulic and equivalent
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diameters. Their results showed that heat transfer rate increased by 70% based

on the hydraulic diameter while it was 289% for the case of equivalent diameter.

2.2.2.3 Ribs

Helical rib-roughened tubes are also used to increase the heat transfer rates [54].

Similarly, the use of rib-turbulators has also been found to enhance heat trans-

fer rate [55]. Rectangular ribs in the rectangular channel with heated wall and

different specifications are shown in the figure 2.3.

Figure 2.3: Rectangular Ribs in channel [56]

The effects of rib angles, ribs spacing, channel aspect ratio, rib height on the heat

transfer rate of the tube, at high Reynolds numbers are explored.

2.2.2.4 Wire Coil

Wired coil, as displayed in the figure 2.4, is also very famous in the passive method.

In this regard, Garcia et al. [57] performed an experimental study by incorporating

the helical-wire-coils inside the tubes to improve thermo-hydraulic performance

of the tubes for a wide range of Reynolds numbers and Prandtl numbers. In
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continuation to their previous study, Garcia et al. [58] compared the thermo-

hydraulic performance of helical-wire-coils and dimpled tubes.

Figure 2.4: Wire coil in a tube [57]

It is demonstrated that the performance of dimpled tubes is much superior to the

wire-coils, especially encountering turbulent flows. Dimples increase the surface

area and disturb the velocity boundary layer of the flow which, in return, increase

the heat transfer rate but at the cost of enhanced friction losses. Akpinar et al.

[59] experimentally analyzed the heat transfer, hydraulic loss and exergy loss in

the heat exchanger with the wire-coil inserted in the inner tube. They used hot air

in the inner tube and cold water in the annulus of the tube. They found that heat

transfer rate increased with the increase in number of helical turns of the wire and

decreased with pitch of turn. They concluded that heat transfer, hydraulic and

exergy loss were 2.64, 2.74 and 1.16 times higher than the smooth configuration.

They also showed the highest heat transfer rate for the helical number of 137 in

their study.

2.2.2.5 Dimple Tube

Different heat transfer enhancement methods in the tubes have also been em-

ployed in the recent past for the advancement of heat transfer augmentation for

dimples. Heat transfer enhancement by increasing surface roughness inside the

tubes was achieved by Bergles et al. [60]. The boundary layered flow disturbed

(or interrupted) by the usage of dimples which increased fluid-surface interaction
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and resultant heat transfer. The dimple tube with rough surface is shown in the

figure 2.5.

Figure 2.5: Dimple tube with rough surface [61]

Experimental study of horizontal dimpled tubes with R− 134a as a working fluid

performed by Aroonrat et al. [62]. In comparison to smooth tube, authors man-

aged to increase the heat transfer coefficient by 70 % by using dimpled tube.

Maithani et al. [63] achieved a significant increase in the performance of heat

exchanger by introducing dimpled tubes. The performance assessment of trape-

zoidal dimpled tube was performed by Dagdevir et al. [64]. They concluded that

trapezoidal dimpled tubes improved heat transfer rate considerably in comparison

to smooth tubes.

The effect of dimple’s depth in enhanced tube was investigated by Cheraghi et al.

[24]. Authors demonstrated that the heat transfer enhancement of deep dimpled

tubes was linked to axially swirling of flow caused by the vortices in the wake

of dimples. Numerical studies of different dimpled shaped tubes have been per-

formed recently which show heat transfer improvement through parametric and

flow variations [65]. Similarly, Manoram et al. [66] investigated the application

of spherical dimpled tubes in the solar water heater, experimentally and numeri-

cally. A Nusselt number enhancement of 250% was observed for the dimple pitch

to diameter ratio of 3 with an 11.1% increment in hydraulic loss, contrary to the

plain tube, for the mass flow rate of 2.5 kg/min.

Dagdevir et al. [64] carried out the numerical investigation of trapezoidal dimples

in the horizontal tube to augment the heat transfer for Re = 3000 − 8000 with
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water as a working fluid. The heat and fluid flow performance enhancement of

the enhanced tube obtained up to 72% for optimum geometry. Jing et al.[67]

conducted the numerical investigations of teardrop dimples and protrusions in a

rectangular channel with carbon dioxide as a working fluid for Re = 10000−90000.

They concluded that internal protrusion of teardrop dimple was favorable for low

Re and produced 17% thermal performance while it was 3% for external dimples

at the Re = 90000.The effect of different patterns of conical dimples on the heat

transfer enhancement investigated by Fan et al. [68] using three dimensional

numerical simulations. The inline dimple pattern showed higher heat transfer rate

as compared to staggered dimples.

Li et al. [61] conducted three-dimensional steady state numerical simulations of

three different tubes with conical, spherical and ellipsoidal dimples. The study

recommended inline ellipsoidal dimples in comparison to conical and spherical

dimples for heat transfer enhancement in tubes. Authors also studied that the

overall performance increases with the decrease in dimple pitches. Liang et al.

[26] investigated thermal hydraulic performance of ellipsoidal dimpled tubes. They

observed that the dimple arrangement significantly affected the heat transfer rate.

For Re < 104, the ellipsoidal dimples with major axis aligned to the flow direction

(i.e., ellipsoidal 0◦) resulted in highest heat transfer rate. However, for Re > 104,

the ellipsoidal dimple with 60◦ inclination of the major axis with respect to the flow

direction (i.e., ellipsoidal 60◦) demonstrated highest heat transfer rate. Authors

also analyzed the dimple pitches ranging from 10-15 mm. They also observed that

10 mm pitch resulted in better performance at the Re range of 5000 to 25000,

while the 12 mm pitch produced better performance at the Re range of 25000 to

30000.

The heat transfer enhancement in a tube with combination of ellipsoidal dimples

in vertical and horizontal directions, with respect to flow direction, was studied by

Xie et al. [69]. It was observed that the heat transfer was increased by decreasing

the dimple pitch and also increasing the depth and axis ratio of the dimples. The

performance of mini-channels with spherical dimples were compared to channels

with cylindrical grooves and fins by Bi et al. [70].
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Firoozi et al. [71] also studied the variety of dimple configurations including dimple

pitch and height effect on heat transfer rate. They used Nano fluid as working

fluids and numerically analyzed for a Re range of 500-4000. It was discovered

that the overall performance increased with a decrease in dimple pitch and an

increase in dimple height. They achieved the PEC=2.5 for the water flowing at

the Re = 2000, for the minimum pitch of tube and PEC=3.2 for the nano-fluid

flow. Similarly, the performance improvement of the cross-combined dimpled tube

and innovative dimpled tube, with a decrease in dimple pitch, was numerically

studied by Zhang et al. [72]. They found that the performance of tube increased

by an average of 24.8% than the single ellipsoidal dimple tube. They also varied

the Star placements from 2 to 6 and found that overall performance increased

approximately from 30% to 88% at the low Re.

2.2.3 Compound Method

In this method, both the active and passive methods are incorporated. An exam-

ple of this method is the usage of wire coil and simultaneous utilization of fluid

vibration in which a number of different experiment have been conducted [73].

Omkar et al. [74] also conducted an assessment of heat transfer by using helical

fins on the outer surface while the inner surface was rotating. At the annulus,

glycol was used as a working fluid and water at the inner tube. They demon-

strated that Nu was enhanced by 64% at 100rpm of the inner tube as compared

to the static inner tube. It is necessary to mention that such methods are scarcely

studied due to the high difficulty level. Therefore, passive methods are preferred.

2.2.4 Why a Dimpled Tube?

Although there are several passive methods for enhancing the heat transfer rate

but at the expanse of inducing frictional flow losses. Therefore, thermal and

hydraulic performances are important for any passive method. Dimpled enhanced

tubes have been found to better than the other enhancement techniques based
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on two main advantages. Firstly the dimple tube induce lower pressure losses as

compared to other techniques [15, 22, 26, 32, 61, 69] thus reducing pumping power

and consequently the cost of the system. Secondly dimpled tubes avoid the fouling

[16] which is generally responsible for reducing the fluid surface interaction and

thus increasing the resistance to heat transfer [75]. Additionally, the dimples do

not have sharp edges therefore the effects of fouling become negligible.

2.2.5 Incorporating the U-Tube

Heat exchange devices carry substantial importance in the energy storage and

conversion systems.These devices transmit thermal energy in-between the fluids

separated by the solid surface at distinct temperatures. Heat exchangers are uti-

lized in the food industry, chemical and petroleum refineries, refrigeration, air

conditioning, transportation, power production, aviation department. However,

in most of the engineering applications, compactness of heat exchanger is a basic

requirement for the limitations of the work space. Therefore, to limit the heat ex-

changer size, the tubes are bend in the form of U-shape, L-shape and coils passes

[76], as presented in Figure 2.6.

Figure 2.6: L shape, U shape and coil

In general, industrial heat exchange devices encompass tubes with 180◦ return

bends (U-bends) for compactness and continuous heat transfer at optimal effi-

ciency [72], [76], [77], [78], [79]. Examples of tubes with U-bends (U-tubes) include
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shell and tube heat exchangers [2], refrigeration systems, cooling of electronic de-

vices, heat pipes, cooling channels of fuel cells, and gas turbines blades [80], [81],

etc. However, the U-bends generate complicated fluid flow patterns within the

tube depending on the sharpness of the bend (bend curvature) which ultimately

affects the thermal-hydraulic performance of the overall system. The experimen-

tal analysis of Dean [82] showed the generation of counter-rotating vortices (Dean

vortices) in the bend section of the tubes under laminar flow conditions. For tur-

bulent flow conditions, more intense Dean vortices were observed in the numerical

simulations of Hellstr [83]. The Dean vortices were observed to be responsible for

the flow detachment and reattachment in pre-bend and post-bend sections of the

U-tubes. Therefore the thermal performance of U-tubes is strongly linked to flow

characteristics in the bend sections of the pipes [84].

Figure 2.7: Schematic of Dean Vortices at low Re [82]

The transition from laminar to turbulent flow was examined by many researchers

[85], [86]. For this, the relationship of critical Reynolds number Recrit was pre-

sented by the Ward-smith [87] and [88]. Similarly, developing turbulent flows in

U-bend was also studied experimentally and numerically by [89] and they pre-

sented that the Reynolds stress distributions and mean velocity also denoted two

revolving streams, which was also depicted by M. Rowe [90].

In turbulent flow, the experimental demonstration of Dean vortices has not been

studied extensively however the numerical simulations (RANS and LES) were

recently used as a working tool to investigate the complex vortex structures which
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consisted of four to six local minima [83]. The Dey et al. [91] also analyzed the

secondary flow motion for turbulent flow using the boundary layer approach. He

presented his computational results of boundary layer thickness and shear stress

for different curvature and Re up to 5 × 105. He showed that the thickness of

secondary boundary layer gradually increased along the pipe, however, a rapid

growth in secondary boundary layer was observed upon reaching the separation

point. Pradhan et al. [92] compared the heat transfer characteristics of circular

and rectangular U-bend pipes. They have varied the curvature radius and demon-

strated that counter-rotating vortices moved toward the inward side of bend to

strengthen the flow recirculation, as the aspect ratio of non-circular bend increases.

It ultimately enhanced the heat transfer rate. They concluded that rectangular

U-bend tube of 1.5 aspect ratio has highest heat transfer rate, in contrary to the

square and circular bend tubes.

The cost-effectiveness and thermal efficiency enhancement of different heat ex-

change devices require thermal-hydraulic design improvement of the tubes. Sev-

eral methods, regarding the passive technique, have been used in the past to

enhance the heat transfer capability of the tubes such as adding surface roughness

[93], [94], [95], utilizing ribs [54], [96], introducing corrugations [97], [57] and us-

ing helical-wire-coils [58]. Rafal et al. [98] investigated the thermal performance

enhancement of U-tubes using wire inserts for Re = 800-9000 with water as a

working fluid. The heat transfer performance of the enhanced U-tube was im-

proved by 280% with wire inserts, contrary to the plain heat exchanger. Kumar

et al. [96] enhanced the thermal-hydraulic performance of a double pipe heat ex-

changer having 180◦ U-bends by using twisted tape inserts. They used the inner

tube of 19 mm diameter, annulus tube of 50 mm diameter, bend radius of 160 mm

with a twist ratio of the tape of 10, 15, and 20. The working range of Reynolds

number was 16000-32000 for nano-enhanced fluid. They found that heat transfer

enhancement was in direct relation with the Re as well as nanoparticle concentra-

tion and inverse in relation with the twist ratio. At Re = 30000, for a tape twist

ratio of 10, heat transfer increment of 38.7% at a frictional loss penalty of 25.1%

was observed.
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Similarly, Prasad et al. [99] performed experimental investigation of heat transfer

enhancement of U-tube by employing twisted tape inserts at Re= 3000-30000.

They used tape twist ratios of 5-20 and nano enhanced water with nanoparticle

concentrations of 0.01% to 0.03%. They showed that for a tape twist ratio of

5, heat transfer was enhanced by 31.28% by using 0.03% nanofluid as compared

to pure water at a hydraulic loss penalty of 23%. Sundar et al. [100] performed

experimental analysis of thermal performance enhancement of U-tube annular heat

exchanger by using wire coil and core-rod as inserts with different pitch ratios.

They used Fe3O4 as a working nanofluid for Re = 16000-29000. They concluded

that heat transfer augmented by 14.76% for nanofluid (0.06%) at Re = 28954 with

a hydraulic loss penalty of 10%. Cho et al. [101] performed the experimental study

of heat transfer for R-22 and R-407C refrigerants-oil mixtures in a U-tube enhanced

with micro-fin tube. It was concluded that local heat transfer was maximum at 90◦

position of the U bend. It also observed that heat transfer in downstream tube

section was 33% higher than that in the upstream tube section. In an another

study, Sundar et al. [102] carried out the experimental study to quantify the

effectiveness of U-tube using pure and nano enhanced water. They used wire coil

inserts inside the plain tube for a range of 16000 < Re < 30000. Furthermore, the

effects of coil pitch to diameter ratio (p/d) on thermal-hydraulic performance of

the U-tube were explored. It was observed that decrease in p/d ratio and increase

in Reynolds number lead to augment the heat transfer rate. It was concluded that

Nu increased by 32.03% for p/d = 1 at the Re = 28954 and nanofluid (0.06%)

with a hydraulic loss penalty of 16.2%.

2.3 Research Gaps and Deliverables

Keeping in view, the immense potential of dimpled enhanced straight tubes in

thermal–hydraulic performance augmentation, surprisingly there is no study in the

literature exists that investigates the heat and fluid flow performance of dimpled

enhanced U-tubes. It is pertinent to note that most of the studies did not keep the

dimple volumes constant while comparing different dimple shapes. Consequently,
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the comparison of different dimple features on the thermal-hydraulic performance

of the enhanced tubes becomes questionable. It is therefore important to keep the

total tube volume constant for each topological variation of the dimpled tube. One

may argue that the overall Reynolds number should be kept the same, however, it

is pertinent to mention that the Reynolds number is generally calculated using the

hydraulic diameter, normally taken as base tube diameter, as the characteristic

length. With the introduction of dimples, the local Reynolds number will be

altered which will in return alter the flow physics and friction factor of the tube.

However, a like-for-like case for comparison can only be expected if the tubes

deliver or offer the same flow volumes. As noted in the literature, in most previous

studies such consideration was not ensured and consequently, the surface area

for each dimpled tube was effectively different. Therefore, the role of dimple

shape especially when subjected to a comparison considering the thermo-hydraulic

performance aspect remains an open question.

Based on the literature review, it can be seen that effect of change in ellipsoidal

dimple orientation on the performance enhancement of augmented tube is not

properly studied yet. Therefore, in chapter 4, the flow and heat transfer charac-

teristics in dimpled tubes are investigated using numerical simulations. In order to

ensure that the available volume for flow of incompressible fluid remain same, the

dimple volumes are kept constant. Therefore, equal surface area of the dimples for

each shape and orientation is ensured. The influence of the dimple geometry and

its arrangement patterns on the heat transfer and flow characteristics are studied

for a wide range of Reynolds numbers.

Through a parametric study, identification of the optimum dimple geometry as well

as arrangement configuration are investigated using Reynolds Averaged Navier

Stokes (RANS) under steady flow conditions. The flow physics which results in

increase thermo-hydraulic performance of the optimum configuration is further

investigated using Large Eddy Simulation (LES) to highlight the transport mech-

anism of heat and momentum. LES results provide insights on the unsteady

dimpled tube flow with high resolution of the wake, elaborating the role of orien-

tation of dimples and their spacing in terms of wake-dimple interaction.



Literature Overview 26

It is also important to note that the distance behind each dimple should be con-

sidered while comparing different geometrical features. Moreover, different topo-

logical dimples have different axial/major-axis lengths, and the pitch for different

geometrical dimpled tubes is expected to have different lengths in between the

trailing and leading edges of consecutive dimples. In order to evaluate the influ-

ence of geometrical shapes defined as the distance from trailing edge of first dimple

geometrical features to the leading edge of second dimple, is kept constant here.

This shall provide an account for the effect of vortex formation at the trailing

edge of each dimple in a fixed geometrical constraint. It may be argued that the

distance behind the trailing edge of dimples is not an important feature.

However, it is pertinent to note that the fluid flow interaction with dimple is only

completed when the consideration of both frontal interaction of the fluid with

dimple and the formation of tail vortex at the trailing edge of same dimple are

considered. If the distance from trailing edge of first dimple to the leading edge

of second dimple in axial direction is kept same of each dimpled tube then this

approach shall enable one to capture the effect of flow interaction with dimple and

the resultant vortex formation. Therefore, a like-for-like case for comparison, can

be only expected if the tubes deliver or offer same distance between the dimples

while comparing the different shapes of dimples in comparison. It was observed in

the literature that most previous studies do not account for such considerations and

the concept of equal wake-length was not ensured and thus the resultant analyses

may not have same ground for conclusion and reflection. Therefore, the role of

wake distance of differently shaped dimples specially when put to a comparison

while considering the characteristic of thermo-hydraulic performance remains an

open question.

In chapter 5, the flow and heat transfer characteristics in dimpled tubes are inves-

tigated using numerical simulations. To ensure that the available distance between

dimples, the distance from the leading edge of the upstream dimple to the leading

edge of the downstream dimple remains constant for each tube. The influence of

the pitch variation and its arrangement patterns on the heat transfer and flow
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characteristics have been studied for a wide range of Reynolds numbers in tur-

bulent flow regime. Through a parametric study, identification of the best pitch

length with its geometry as well as arrangement configurations are investigated

using RANS under steady flow conditions. The thermo-hydraulic performance

enhancement for the optimal configuration is investigated and categorized locally.

The Literature also highlights that the circumferential spacing between the dim-

ples or the number of dimples in the transverse plane referred to as “Star” is a

crucial parameter in improving the thermal-hydraulic efficiency of the dimpled

enhanced tubes. The effects of variations of Star on wake dynamics of dimples

and the associated heat transfer enhancement along with viscous dissipation have

not been investigated. Furthermore, a thorough understanding of the influence of

various dimple-Star configurations on the convective heat transfer efficiency of the

dimpled tubes is paramount.

Consequently, in chapter 6 for a wide range of turbulent Reynolds numbers, the

thermal and hydraulic properties of dimpled tubes consisting of Teardrop (Zero-

degree angle with the axial direction of the flow), Ellipsoidal- 0◦ (Zero-degree angle

with the axial direction of the flow) and Ellipsoidal- 45◦ (45-degree angle with the

axial direction of the flow) having various Star configurations are examined numer-

ically. The optimum dimple geometry and Star configurations are identified. The

local characterization of dimple-flow interactions and their impact on the overall

flow dynamics and convection heat transfer of the tubes are also investigated in

detail.

Moreover, the immense potential of dimple enhanced straight tubes in thermal-

hydraulic performance augmentation, to the authors’ surprise no study in the

literature investigates the heat and fluid flow performance of dimpled enhanced

U-tubes. Therefore, in the chapter 7, a numerical investigation of ellipsoidal 45◦

dimpled U-tube subjected to constant heat flux under turbulent flow conditions of

5000 ≤ Re ≤ 40000 is carried out. The effects of different U-bend curvatures, of

both smooth and dimpled tubes, on fluid flow and heat transfer characteristics, are

analyzed in detail. The overall thermal-hydraulic performances of dimple enhanced

U-tubes are estimated for different U-tube configurations. The effects of dimples
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on the secondary flow vortices in the bend are also analyzed in detail. The local

characteristics of heat transfer and each U-tube configuration are also examined.

2.4 Summary of Chapter 2

In this chapter, literature overview regarding the importance of boundary layer,

classification and details of heat transfer methods is presented. Selection of dimple

enhance tube in passive methods among the other techniques is discussed with the

emphasize on the numerical simulation as a working environment. In the end, to

address the engineering system regarding the fluid flow and heat transfer charac-

teristics, incorporation of U-tube is discussed with the problems and shortcomings

of the study.



Chapter 3

Numerical Methodology

3.1 Introduction

Fluid flow inside the tube is distinguished by the Reynolds number (Re) which

provides the pattern of fluid flow. Flow at Low Re is called laminar flow while

the flow at high Re is called turbulent flow. Cross flow profiles of fully developed

laminar and turbulent flows are completely different especially near the wall and

flow at the center of the tube. In laminar flow, the fluid flow is smooth while the

fluid layers move over each other in an arranged manner and the boundary layer

remains uniform. While in turbulent region, the fluid flow becomes unsteady.

However, the region between laminar and turbulent is called transition region

which unfolds complex series of events followed by radial change in fluid motion,

as shown in the Figure 3.1. This results in chaotic and random state of fluid flow

behavior where the pressure and velocity change frequently in fluid flow region.

Defining different regions in the tube flows makes Re very essential parameter

in the study of tube flows. The Reynolds number is a measure of inertial forces

with respect to the viscous forces and is presented in equation (1.8). In the term

of Re, laminar region lies at Re ≤ 2300, transition region exists between the

2300 ≤ Re ≤ 4000 and turbulent region stands at Re ≥ 4000 [103]. To be on

29
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the safer side for a completely turbulent flow we consider Re = 5000, since some

transitions can be on Re = 4000.

Figure 3.1: Schematic of laminar, transition and turbulence regions, [104]

In current study, steady state simulations are performed using k − ω SST (shear

stress transport) model for predicting the turbulent viscosity (µt) and coupled

scheme is used for pressure velocity coupling. SST k − ω model showed good

results in confined flows where near wall effects were important [61]. The turbulent

Prandtl number Prt and coupled scheme are detailed in ANSYS Theory Guide

[25].

The instantaneous behavior of the flow was modeled using Large Eddy Simula-

tions (LES). The dimples on the surface of the tube can generate secondary

flow which consist of different scales of eddies. LES resolves large-scale eddies

and models small-scale universal eddies. The accuracy of LES depends on the

size of small eddies that are selected through eddy scale separation process. The

scale separation of the eddies is performed by filtering out governing equations (in

Appendix A) using a cutoff top hat filter ∆cell. The filter size was equal to the

cube root of size of computational cell [25], which yielded ∆cell = 19.4µm for the

current case. The turbulent viscosity (µt) used to account for the turbulent ef-

fect of small-scale eddies, was modeled using Smagorinsky Lilly model [105, 106].

The governing equations and LES method are given below while the details of

numerical schemes, used in current study, are given in the Appendix A. Moreover,

correlations of heat transfer and frictional loss of tubes at the end of each chap-

ter are proposed using the least square method for curve fitting [107]. The basic

structure of the Finite Volume Method is also presented in the Appendix A.
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3.2 Governing Equations

The fluid flow can be depicted by the Navier stokes equations [108] since the

working fluid, water, is supposed to be Newtonian. Therefore, the fluid flow is

dictated by the Navier stokes equations whereas heat transfer determined by the

energy transport set of equations. In current study, the fluid flow is assumed to be

steady state for the transition and turbulent regions with constant fluid properties

while viscous dissipation is negligible. These assumptions are successfully applied

in many studies, as given in overview section (Passive techniques). ANSYS Fluent

software resolved incompressible Navier Stokes equations. The general form of

continuity, Navier Stokes equations with energy equation, for the incompressible

flow with constant viscosity, are described in equations (3.1), (3.2) and (3.3),

respectively [103].

divu = 0 (3.1)

∂u

∂t
+ div(uu) = −1

ρ

∂p

∂x
+ νdiv(gradu)

∂v

∂t
+ div(vu) = −1

ρ

∂p

∂y
+ νdiv(gradv)

∂w

∂t
+ div(wu) = −1

ρ

∂p

∂z
+ νdiv(gradw)

(3.2)

ρcp
∂T

∂t
= −pdivu+ div(kgradT ) + Φ

where

Φ = µ
{
2
[(∂u

∂x

)2

+
(∂v
∂y

)2

+
(∂w
∂z

)2]
+
(∂u
∂y

+
∂v

∂x

)2

+(∂u
∂z

+
∂w

∂x

)2

+
(∂v
∂z

+
∂w

∂y

)2}
+ λ(divu)2 (3.3)

Here ρ, T, µ, ν, k, u denote the density, temperature, dynamic viscosity, kinematic

viscosity, thermal conductivity and velocity respectively, while the u represents

the vector representation of velocity with u, v and w components in x, y and z
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direction. In equations (3.1), (3.2), and (3.3), the transient term can be neglected,

for the steady-state simulations.

The Richardson number is the ratio of Grashof number (Gr = gβ(Tw−Tm)D
3/ν2)

to the square root of Re determines the buoyancy driven flow which characterizes

the flow as natural or force convection [12]. Where g is the gravitational accelera-

tion and β is the coefficient of thermal expansion. The Richardson number at the

Re = 12000 for the current study is 0.00016944 which is far less than 1. It deter-

mines the inertial forces are very high and gravitational forces are weak so that

the natural convection and gravitational acceleration can be ignored because it is

pure force convection heat transfer. Therefore, in the current study, gravity/body

forces is ignored.

3.3 Turbulence Modelling

3.3.1 Reynolds Averaged Navier Stokes (RANS)

Reynolds Average Navior Stokes (RANS) means the averaging of general govern-

ing equations to estimate the flow properties. Before going to the modelling of

flow properties, turbulence behavior is discussed here, in brief. As given above,

the chaotic and random nature of final turbulent state becomes fundamentally un-

steady even with steady state enforced boundary condition, a typical measurement

of point velocity may display the form as shown below:

Figure 3.2: Point velocity measurement in turbulent flow
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Figure 3.2 shows the point velocity measurement for the turbulent flow which can

be split into steady mean velocity U with fluctuating component u′(t) placed on

it (u(t) = U + u′(t)).

Here, it is important to characterize a turbulent fluid flow by the mean values

(U, V,W etc.) and the statistical properties of fluctuations (u′, v′, w′ etc.) for the

flow properties. In order to do so, let first define the mean Φ of flow property ϕ

as given here:

Φ =
1

δt

∫ δt

0

ϕ(t)dt (3.4)

The flow property ϕ is dependent on time and consider as the sum of fluctuating

component ϕ′ with the mean value of zero and a steady mean component Φ,

therefore ϕ(t) = Φ + ϕ′(t). The mean time of ϕ′ is, by definition, zero [103]:

ϕ′ =
1

δt

∫ δt

0

ϕ′(t)dt ≡ 0 (3.5)

The root mean square root of the fluctuations can now provide its information, as

given here:

ϕrms =

√
(ϕ′)2 =

[ 1
δt

∫ δt

0

ϕ′(t)2dt
]1/2

(3.6)

The root mean square values of velocity components are of specific importance

as they can be easily measured by the velocity prob sensitive to the turbulence

fluctuations and simple electrical circuit.

The kinetic energy and turbulence intensity are directly related with turbulent

fluctuation and reference mean flow velocity, respectively. Similarly, the effect

of fluctuations on the flow variables (u = U + u′, u = U + u′, v = V + v′, w =

W +w′, p = P +p′) used in Navier-Stokes equations can be changed to measurable

values and through some calculations we can get the final form [103], as given

here:
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Continuity Equation

divU = 0 (3.7)

Reynolds Averaged Navier Stokes Equations

∂U

∂t
+ divUU = −1

ρ

∂P

∂x
+ νdiv(gradU) +

1

ρ

[∂(−ρu′2)

∂x
+

∂(−ρu′v′)

∂y
+

∂(−ρu′w′)

∂z

]
∂V

∂t
+ divVU = −1

ρ

∂P

∂y
+ νdiv(gradV ) +

1

ρ

[∂(−ρu′v′)

∂x
+

∂(−ρv′2)

∂y
+

∂(−ρv′w′)

∂z

]
∂W

∂t
+ divWU = −1

ρ

∂P

∂z
+ νdiv(gradW ) +

1

ρ

[∂(−ρu′w′)

∂x
+

∂(−ρv′w′)

∂y
+

∂(−ρw′2)

∂z

]
(3.8)

In these equations, eddy viscosity is not considered yet however if the eddy vis-

cosity or turbulent is incorporated from the shear stresses τij = −ρ(u′
iu

′
j) =

µt(
∂Ui

∂xj
+

∂Uj

∂xi
), then it is computed by the models used in the study while keeping

in view that the boundary layer differs in laminar and turbulent flow due to the

fluid flow characteristics. In turbulence, instabilities occur in the fluid flow which

lead to random vorticity formation [109].

This rotational flow in the turbulence are called eddies which varies from large

scale Kolmogorov to smallest scale. The large-scale eddies are mainly dependent

on the inertia whereas the smaller eddies are primarily affected by viscosity. The

eddies with an extensive span of length and time scale categorize the turbulent

flows. Comparatively larger eddies are corresponded in the magnitude of mean flow

characteristics length. While, the smallest ones are amenable to the turbulence

kinetic energy dissipation.

There are different numerical techniques that are used to capture the turbulence

region according to the applications of the system space. For example, RANS,

LES, and Direct numerical simulation (DNS) numerical simulations are different

numerical approaches, as shown in Figure 3.3a. It denotes that the main flow

contains the spectrum from larger eddies to very small eddies. DNS resolves the

whole spectrum of the turbulence while LES resolves larger eddies and models
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the smaller ones. However, RANS only models the complete spectrum of eddies.

The results of these numerical techniques, in the form of jet flow, are shown in

Figure 3.3b. In many cases, only time-averaged values are of interest. Similarly,

LES resolves the major fluctuations, therefore, it can predict the major portion

of the disturbed boundary layer which results in the determination of medium

turbulence flow physics [104].

(a)

(b)

Figure 3.3: Comparison of RANS, LES and DNS techniques (a) Schematic
[104] and (b) simulation results [110]

The SST model captures the near boundary layer region using the standard k−ω

model and it uses the blending function for the conversion of k−ω model to k− ϵ

model which is best for capturing the flow, away from the wall region, is shown in

the Figure. 3.4 [104].

Figure 3.4: Schematic of usage of k − ω SST model, [25]



Numerical Methodology 36

DNS can be resolved the complete range of turbulence. However, it is computa-

tionally very expensive [104]. Therefore, it is not feasible to use the DNS in large

range of engineering problems in limited time.

In comparison to DNS, Large eddy simulation LES directly resolve the larger

eddies while it model the smallest ones. So, it works between theDNS andRANS.

The run time for LES to obtain stable statics of the modeled is sufficiently long.

In current study, single phase flow in the enhanced tube will be simulated through

the RANS (k − ω SST model) and LES (Sub-grid-scale model). The k − ω SST

model is given below while the modeling of LES will be explained later, in this

chapter.

3.3.2 Transport Equations for (SST) k − ω Model

The k − ω turbulence model solves two transported variable equations and inter-

prets for convection and diffusion and known to be two equation model. These

two variables are turbulent kinetic energy (k) and Turbulent dissipation rate ω.

The definition of k is given below:

k = 3/2(UI)2 (3.9)

where I = u′/U is the turbulent intensity and u′ is the root mean square of the

turbulence velocity fluctuations or it can be written as u′ =
√
2/3k. Similarly, the

definition of ω given here:

ω = (Cµ)
3/4(k1/2/l) (3.10)

where Cµ is the turbulence model constant with the usual value of 0.09 and l is

the turbulence length scale.

As given above, k−ω model is best for complex boundary layer flow under adverse

pressure gradient. SST (shear stress transport) model is established to proficiently

blend the effective and distinct expression of k − ω model nearby wall regime,
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whereas it uses k− ϵ away from the wall. k−ω SST model has following transport

equations for k and ω respectively [25]:

∂

∂t
(ρk) + div(ρkU) = div (Γkgradk) + G̃k − Yk + Sk (3.11)

and

∂

∂t
(ρω) + div(ρωU) = div (Γωgradω) +Gω − Yω +Dω + Sω (3.12)

Here G̃k is the kinetic energy of the turbulence, Gω is the ω production. While

the Γk and Γω denote the efficient k and ω dissipation respectively. Similarly,

turbulence dissipation of k and ω are denoted by Yk and Yω correspondingly. Dω

represents the cross-diffusion, while the Sk, Sω are source terms.

3.3.2.1 Effective Diffusivity

Γk = µ+
µt

σk

, Γω = µ+
µt

σω

(3.13)

Here σk & σω represent turbulent Prandtl numbers of k and and ω respectively.

µt is the turbulent viscosity and its definition is given here:

µt =
ρk

ω

1

max( 1
a∗
, SF2

a1ω
)

(3.14)

Here S denotes the strain rate

σk =
1

F1
σk,1

+
1−F1
σk,2

σω = 1
F1

σω,1
+

1−F1
σω,2

, here F1 and F2 are blending functions, given as

F1 = tanh(Φ4
1) (3.15)

where
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Φ1 = min
[
max(

√
k

0.09ωy
,

4ρk

σω,2D+
ω y

2
)
]

(3.16)

in which the D+
ω is shown here:

D+
ω = max[2ρ

1

σω,2

1

ω

∂k

∂xj

∂ω

∂xj

, 10−10] (3.17)

F2 = tanh(Φ2
2) (3.18)

where

Φ2 = max(
2
√
k

0.09ωy

500µ

ρωy2
) (3.19)

Where y symbolizes surface distance where as D+
ω denotes the plus section of

cross-diffusion [25].

3.4 Large Eddy Simulation (LES)

In RANS, the flow property can be divided into the mean flow and the fluctuating

term, while in LES, it is divided into filtered term and modeled term.

Larger eddies are mainly driven by the inertia and the smaller one is driven by

viscous forces. In LES spatial filters are used which distinguished the large eddies

and the small eddies. Spatial filtering method is given below:

3.4.1 Spatial Filtering Method for the Unsteady Navier-

Stokes Equations

The turbulence scale separation is achieved by applying a filtering process to the

governing equations. The filtration process is discussed below.
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3.4.1.1 Filtering Functions

In LES, spatial filtering operations through a filter function G(x, x′,△) are defined,

as given below:

ϕ(x⃗, t) =

∫∫∫ ∞

−∞
G(x⃗, x⃗′,△)ϕ(x⃗′, t)dx

′

1dx
′

2dx
′

3 (3.20)

Where, ϕ(x⃗′, t) = unfiltered (original) function ϕ(x⃗, t) = filtered function △ =

filtered cutoff width

The simplest forms of the function for 3D LES computations are Box filter or top

hat:

G(x⃗, x⃗
′
,△) =

0, |x⃗− a⃗′| > △/2

1
△3 , |x⃗− a⃗′| < △/2

Gaussian filter:

G(x⃗, x⃗
′
,△) = (

γ

π△2
)3/2 exp (−γ

| x⃗− x⃗
′ |2

△2
) (3.21)

Typical value for parameter γ = 6 Spectral cutoff:

G(x⃗, x⃗
′
,△) =

3∏
i=1

sin ([x− x
′
i]/△)

x− x
′
i

(3.22)

Box filter or top hat is applied in finite volume employment of LES and△ is topical

grid-scale while it is calculated in coherence with computational cell volume by

△ = V 1/3.

3.4.2 Filtered Equations

If the filtering function G(x⃗, x⃗
′
) = G(x⃗− x⃗

′
) is used throughout the computational

domain in order to make independence of G from position x, the simplified form

of algebric calculation is possible. After incorporating the filtering function, the

equations for the LES becomes:
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Continuity equation

div(ũ) = 0 (3.23)

Reynolds equations

∂ũ

∂t
+ div(ũũ) = −1

ρ

∂p̃

∂x
+ νdiv(grad(ũ))− (div(ũu)− div(ũũ))

∂ṽ

∂t
+ div(ṽũ) = −1

ρ

∂p̃

∂y
+ νdiv(grad(ṽ))− (div(ṽu)− div(ṽũ))

∂w̃

∂t
+ div(w̃ũ) = −1

ρ

∂p̃

∂z
+ νdiv(grad(w̃))− (div(w̃u)− div(w̃ũ))

(3.24)

Where div(w̃u)−div(w̃ũ) =
∂τij
∂xj

, and τij is refer to convection momentum equation

due to interaction between the unresolved eddies, which are called sub-grid-scale

(SGS) stresses, [103].

3.4.3 Selection of the Model

Several models have been developed in recent few decades which use the Boussi-

nesq hypothesis to compute eddy viscosity. However, for engineering problems,

the models can be divided into two categories namely Smagorinsky and dynamic

models. Smagorinsky uses constant eddy viscosity coefficient for the entire flow

domain and is not valid for the complex engineering flows. While the dynamic

model varies the constant value through out the domain directs by local flow char-

acteristics [111] which is suitable for the complex flow problems. For example, the

authors of [112] and [113] used model in the straight and curved flow pipes while

Yang et al. [114] used Smagorinsky for the rotating pipe flow.

Tutar et al. [115] utilized the Smagorinsky Lilly Model in the LES simulation of

flow around the circular cylinder. He observed that results of turbulence model

based on the Smagorinsky Lilly Model produced more reasonable results than

the two equation model or RSM. Gong et al. [116] used the Smagorinsky Lilly

Model to capture the wake characteristics around the valve. They presented the

evolution of vortices around the valve to illustrate the formation of the single
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vortex propagating downstream. Smagorinsky [117] developed the Smagorinsky

model which is further developed by the Lilly [105, 106] and it is discussed in the

coming section.

3.4.4 Smagorinsky Lilly Model

This model utilized the boussinesq hypothesis for calculating the sub-grid turbu-

lence stresses. These stresses compute from:

τij − 1/3τkk△ij = −2µtSij (3.25)

Here µt is the turbulent viscosity of the sub-grid-scale. Furthermore, the τkk is not

demonstrated here, though contributed to the filtrated static-pressure expression.

Sij is the strain-rate tensor for the calculated scale defined by:

Sij =
1

2

(∂ui

∂xj

+
∂uj

∂xi

)
(3.26)

Eddy viscosity is utilized in this model as follows:

µt = ρL2
s|S| (3.27)

And Ls is combining length for subgrid-scales while |S| =
√

2SijSij. Similarly, Ls

is calculated:

Ls = minimum(kd, Cs△)

where k is constant of Von-Karman, d is the near-wall distance, Cs is constant value

of Smagorinsky and △, as given above, is topical grid-scale while it is calculated

in coherence with computational cell volume by △ = V (1/3). Furthermore, Cs is

the Smagorinsky constant and its value is selected to be 0.1, [25].



Chapter 4

Role of Dimple Topologies in

Thermal-Hydraulic Performance

Enhancement of Tubes

4.1 Introduction

In this chapter, the flow and heat transfer characteristics of dimpled tubes are

investigated using numerical simulations. At first, the numerical outcomes (Nu)

and (fr) of smooth tube are compared with the empirical correlation. Afterwards,

the conical, spherical and ellipsoidal dimpled tubes are analyzed and their heat

transfer and hydraulic losses are compared. To ensure that the available volume

for flow of incompressible fluid remained same, the dimple volumes are kept con-

stant. Therefore, equal surface area of the dimples for each shape and orientation

is ensured. The ellipsoidal dimpled tube is provided better heat transfer character-

istics with relatively less friction. Afterwards, the orientation of ellipsoidal dimple

with tube axis has been varied from 0◦ to 90◦ and the influence of the dimple ge-

ometry and its arrangement patterns on the heat transfer and flow characteristics

are studied for a wide range of Reynolds numbers.

42
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Through a parametric study, identification of the optimum dimple geometry as well

as arrangement configuration are investigated using Reynolds Averaged Navier

Stokes (RANS) under steady flow conditions. The flow physics which resulted

in increased thermo-hydraulic performance of the optimum configuration is fur-

ther investigated using Large Eddy Simulation (LES) to highlight the transport

mechanism of heat and momentum. LES results provided insights on the un-

steady dimpled tube flow with high resolution of the wake, elaborating the role of

orientation of dimples and their spacing in terms of wake-dimple interaction. In

addition, correlations for Nusselt number and friction factor that cover all angular

topologies of ellipsoidal dimpled tube are proposed.

4.2 Computational Domain

4.2.1 Geometry and Boundary Conditions

The computational domain is a tube of diameter Dh with dimple diameter Dp,

dimple depth H and center to center distance, as shown in Figure 4.1a-4.1c. The

length of the tube is 120 mm; however, the effective enhanced tube length is se-

lected to be 100 mm in order to eliminate any spurious effects of inlet and outlet

boundary conditions. The inward facing dimples in the tube are positioned in the

in-line and staggered arrangements, as presented in Figure 4.1d. The dimples in

the inline configuration are in-phased while in the staggered configuration dimples

are out of phase. The number of dimples in circumferential direction is referred in

this study as “Star”. Ten dimples are used in the axial direction for all configura-

tions. The dimples shape along with other geometrical parameters are presented

in Table 4.1. Three different shapes of dimples consisting of conical, spherical

and ellipsoidal profiles are used which are shown in Figure 4.2a-4.2c while the

conical, spherical and ellipsoidal dimpled tubes are also shown for the complete

view in Figure 4.3a-4.3c, respectively. These tubes are also used in the numerical

investigation by Li et. al.[22].
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(a)

(b)

(c)
(d)

Figure 4.1: (a) Geometry of the ellipsoidal dimpled tube (b) geometric prop-
erties of dimple (center to center distance, diameter and depth) (c) cross-section

of dimpled tube (d) dimple inline and staggered configurations

(a)
(b)

(c)

Figure 4.2: Shapes of dimples (a) conical (b) spherical (c) ellipsoidal
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(a)

(b)

(c)

Figure 4.3: Geometry of enhanced tubes having different dimple shapes: (a)
conical (b) spherical (c) ellipsoidal
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Table 4.1: Parameters of all tubes used for validation

Sr. No. (Dh) Dimple Profile Depth(H) Center to center distance (Dp) Star Configuration

(mm) (mm) (mm) (mm)

tube 1 17.272 conical 1.2 10 5 6 staggered

tube 2 17.272 conical 1.2 10 5 6 inline

tube 3 17.272 conical 1.2 10 5 4 inline

tube 4 17.272 spherical 2.5 10 5 4 inline

tube 5 17.272 ellipsoidal(0◦) 1.5 10 5 4 inline

4.2.2 Boundary Conditions

The flow at the inlet of the channel is considered to be fully developed. A turbulent

inlet velocity profile, representing the fully developed flow using 1/7th power law

[118], is imposed as the inlet boundary condition. The velocity profile at the inlet

of the tube is presented in following equation (4.1).

U

Uc

= (1− r

Rh

)1/7 (4.1)

where r denotes the radial distance, Rh is half of the hydraulic diameter of tube. At

the outlet, pressure outlet boundary condition is used which considers zero-gauge

pressure at outlet while no slip condition boundary condition is used at the wall.

The working fluid is water with constant fluid properties. The density of water

is 994.57kg/m3, dynamic viscosity is 7.5407 × 10−4kg/m.s, thermal conductivity

is 0.62215W/m.K and a Prandtl number is 4.8734. The operating temperature

range in this work is sufficiently small therefore these properties are considered

as constant. Generally, the surface of the tubes can be heated by maintaining

three different types of thermal boundary conditions: (i) uniform wall temperature

circumferentially and uniform heat flux axially, (ii) uniform wall heat flux in both

axial and circumferential direction, and (iii) uniform wall temperature. However,

according to [61], the choice of thermal boundary conditions does not effect thermal

and hydraulic trends of the enhanced tubes. Therefore, in the current study, a

uniform wall heat flux in both axial and circumferential direction is applied. The
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value of heat flux is set as 10kW/m2, which is uniformly applied along the length

of the tube as shown in Figure 4.1a. This heat flux value is selected as the reference

value based on the experimental work of Li et al. [22]. The adiabatic condition is

applied at the upstream and downstream part of the dimpled tube. The collective

information of boundary conditions is given in Table 4.2.

Table 4.2: Boundary condition (BC) for the tube analysis and modeling

Inlet Velocity inlet

Inlet(thermal) 305.5K

Outlet Pressure outlet (0-gauge pressure)

Wall(friction) No slip

Wall(thermal) Constant heat flux 10 kW/m2

Up and downstream Adiabatic condition

Working fluid Water, with constant properties

4.2.3 Grid Generation of Dimple Enhanced Tube

The domain discretization is performed by generating a structured mesh with

refinement at near plane wall and dimple surface, as presented in Figure 4.4a -

4.4d. For this, ICEM CFD is used to generate the structured blocking for multi

region which helps to generate the high resolution grid at the area of interest [103].

In order to do it, the original block is sliced in axial and radial direction along

with the generation of “O-grid” around the dimples, as shown in Figure 4.4a.

In current study, the dimple is the area of high resolution, therefore, a high-quality

mesh around the dimples is imperative since the flow separation, attachment, vor-

tex formation and flow mixing take place in the vicinity of the dimple. Therefore,

additional care is taken while generating the mesh around the dimples. On the

other hand, minimum mesh density is used away from the dimple in order to avoid

extra mesh size.
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(a)

(b) (c)

(d)

Figure 4.4: (a) Structured Blocking of dimpled tube, (b-d) Orientations of
structured grid of ellipsoidal 45◦ dimpled tube

4.2.4 Grid Independence Study

A thorough mesh independence study is conducted and results for the case of

tube 3 at Re=5000 and 9000 are presented below. The resultant Nu and fr are

presented in Table 4.3 for different mesh sizes for the selected cases. The number

of cells, for different mesh sizes, are varied from 0.28 million (Coarse mesh) to 6.5

million (Fine Mesh). The percentage difference in Nu and fr is increased as the
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mesh size is reducing, however, it becomes constant at a 2.0 million mesh size.

In order to ensure that the mesh dependent variations are taken care of, a 3.0

million mesh is selected for all computational analyses presented in this paper.

Moreover, the accuracy of the solution of turbulent flow depends on the resolution

of the mesh in boundary layer region. In the selected mesh of 3.0 million elements,

the resultant y+ ≈ 0.51 is noted which ensures that the mesh size is adequate to

resolve the near wall effects.

Table 4.3: Grid independence study of conical staggered enhanced tube (tube
3)

Grid Re = 5000 Re = 9000

(Millions) Nu fr Nu fr

0.28 74.8 0.0820 112.0275 0.0761

1 69.36 0.0780 112.2322 0.0701

2 68.33 0.07815 11.9493 0.0679

3 68.31 0.0783 112.9873 0.06592

6.5 68.30 0.07835 112.9879 0.0650

4.3 Results and Discussion

4.3.1 Validation

The validation of numerical methodology is performed by comparing the results of

smooth tubes with empirical correlations and the dimpled tubes with experimental

results from literature. Typically, the most appropriate correlation to compare

the numerical Nu would be the Gnielinski correlation [119] as shown in equation

(4.2). The numerical friction factor is compared with the correlation presented by

Petukhov [120] in for smooth tube, as given in equation (4.3).

Nu =
(fr/8)(Re− 1000)Pr

1 + 12.7(fr/8)1/2(Pr2/3 − 1)
(4.2)
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fr = (0.79lnRe− 1.64)−2 (4.3)

The equation (4.2) is valid for a large range of Pr; 0.5 ≤ Pr ≤ 2000. The equation

(4.2) and (4.3) are valid for 3000 ≤ Re ≤ 5× 106.

Figure 4.5a - 4.5b shows comparison between numerical results and experimental

correlations of smooth tubes. Typically, in smooth tubes, Nu is directly propor-

tional to the Re while fr is inversely proportional to the Re. This trend can be

observed in Figure 4.5a which shows that the numerical simulations also predict

increase in Nu with increasing Re and a decrease in fr with increase in Re. The

percentage difference between the numerical results and correlations results of Nu

and fr is well with the range of 15%. The maximum difference is in transition

region.

The numerical results are also validated for the enhanced tubes and here some of

the results with conical dimples are presented. The Nu and fr of tube 1 and tube

2 (referred to Table 4.1) are compared with experimental results of Li et al. [22].

They have used thermocouples for their experimental apparatus for heat transfer

measurement. Initially, they have validated the smooth tube results (Nu and

fr) with the empirical correlation following the generation of conical tube results.

And these results are validated and compared in current study. The results from

the present numerical study have shown a reasonably accurate comparison to the

experimental and numerical results, as depicted in Figure 4.6a - 4.6b. It can be

observed from Figure 4.6a - 4.6b that Nu increases and fr decreases for both tube

1 and tube 2 with increasing Re. A maximum deviation of 24.4% is observed for

Nu and 18.34% for fr predictions. It is also observed that root mean square error

(RMSE) is 11.635 for the Nu while it is 0.016523 for fr.

It is pertinent to mention that the turbulence models in RANS are known to

over predict the hydraulic losses and heat transfer coefficient in the transition

region [68] and [61]. Therefore, the discrepancies between the experimental and

numerical results are expected in the transition region and reasonably matches well

with the previously reported trends. It can be noted that the maximum difference
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between the experimental and numerical results is observed in the transition Re

region. However, as the flow becomes fully turbulent, the turbulence closure model

improves the accuracy of the results by reducing the percentage difference to less

than 4% for Nu and 10% for fr.

(a) (b)

Figure 4.5: Comparison of predicted results with empirical correlations (i.e.
Gnielnski [119]) (a) Nu and (Filonieko [120]) (b) fr

(a) (b)

Figure 4.6: Comparison of present work of tubes 1 and 2 with experimental
results of Li et al., [22], (a) Nu and (b) fr

The validations with the numerical results of Li et al. [61] are also performed for

tube 3, tube 4 and tube 5. The Nu and fr are compared in Figure 4.7a - 4.7b

for 2300 ≤ Re ≤ 15000. It can be noted in Figure 4.7a that the spherical dimple

demonstrates highest heat transfer rate in comparison to ellipsoidal and conical
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(a) (b)

Figure 4.7: Comparison between the numerical results of Li et al., [61] and
the present work of the tubes (3-5), (a) Nu and (b) fr

dimpled tubes. Spherical dimpled tube shows 33.34% higher Nu than the conical

dimpled tube and 27.7% higher than the ellipsoidal dimpled tube. The presented

numerical results of Nu have shown a very good agreement to the results of Li

et al. [61]. It can also be noted from Figure 4.7b that the spherical dimple also

offered a relatively higher hydraulic loss in comparison to the other dimpled tubes.

Again, a maximum deviation of 15.35% occurs in the transition Reynolds numbers

range as compared to the results reported by Li et al. [61]. However, in the fully

turbulent region a very good agreement is observed between the present study

results and the results of Li et al. [61].

4.3.2 Selection of Dimple Shape and size for Further De-

tailed Analysis

Figure 4.7a - 4.7b shows the heat transfer and friction factors of conical, ellipsoidal

and spherical dimple tubes. Spherical dimple plays important role in enhancing

the heat transfer and it also produces highest hydraulic loss. These three dimple

shapes are taken from the literature Li et al. [61]. The comparison needs discussion

of some critical points for further work.
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In comparison within three dimple shapes, the spherical dimple has highest ge-

ometric volume while the conical dimple has lowest volume. Geometric volume

of dimple is one of the important factor which dominates in generating the heat

transfer characteristics and some times it surpasses the geometric shape, if the

volume of the dimple shape is comparatively very small. It means the shape is

irrelevant. It directly makes the spherical dimple to generate highest heat transfer

rate as well as highest frictional loss. If the volume of each dimple shape is same,

the results would be slightly different. On the other hand, conical and spherical

dimples are symmetric in its own axis of revolution. In contrary to, ellipsoidal

dimple has asymmetric shape where the lengths of major and minor axis are dif-

ferent. It gives the ellipsoidal dimple a significant role if orientation is changed.

These are the reasons for selecting the ellipsoidal dimple shape for further detailed

analysis.

It is important to mention that the volume of the ellipsoidal dimple is also selected

along with the ellipsoidal shape, and it is kept constant onward, throughout the

study. In any case of upcoming dimple shape or orientation of the enhanced tube,

the volume of the dimple is kept constant and is same as the volume of the conical

dimple which is 5.3040 mm3.

4.3.3 Thermal and Hydraulic Characterization of Enhanced

Tubes

The topologies of ellipsoidal dimples could play an important role in the thermal

and hydraulic performance enhancement of the tubes [26]. A variation in the

orientation of ellipsoidal dimple can offer ways of controlling heat transfer rate by

altering the flow characteristics.

However, according to authors’ knowledge, none of the previous studies have per-

formed a systematic investigation of thermal hydraulic characteristics of ellipsoidal

dimple tubes, based on the orientations of the dimples. Therefore, the present

study includes all possible variations of the orientations of ellipsoidal dimples and
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identifies the optimum geometry based on the Performance Evaluation Criteria

(PEC) [26], presented in equation (1.10).

The orientation of ellipsoidal dimples depends on the angles and patterns of the

dimple. The angle of ellipsoidal dimple, as presented in Figure 4.8, is an angle

between major axis of the dimple and tube axis.

From here onward in this study, the angle of the ellipsoidal dimple is referred as

placement angle (α). The placement angle of the dimples is varied from 0◦ to 90◦.

The tubes with placement angles of 0◦ and 90◦ are presented in Figure 4.9a - 4.9b.

Figure 4.8: Ellipsoidal placement angle

Two type of dimple patterns are used in this study i.e. parallel and perpendicular

as shown in Figure 4.9c - 4.9d. In the parallel dimple pattern, the placement angles

of dimple rows are measured opposite to flow direction. Whereas, in perpendicular

pattern, the placement angles of the first dimples row are measured opposite to

flow direction.

In the adjacent row, the placement angles are measured in the flow direction.

Therefore, in the perpendicular pattern, the circumferentially adjacent dimple has

an additional 90◦ angle. Table 4.4 and Table 4.5 shows different tube parameters

and configurations based on the placement angle and dimple patterns respectively.
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(a) ”0◦” (tube 6) (b) 90◦ (tube 11)

(c) 45◦ perpendicular pattern (tube 7) (d) 45◦ parallel pattern (tube 8)

Figure 4.9: Geometry of ellipsoidal dimple tubes

Table 4.4: Shape parameters of ellipsoidal dimple used in the tubes 6 to 15

Dh H(Depth or height) P Dp Star Tube

(mm) (mm) (mm) (mm) Configuration

17.272 1.1686 10 3.89506 4 Inline

4.3.4 Average Flow and Heat Transfer Characterization

The effects of the topologies of dimples on the thermal and hydraulic performance

of the enhanced tubes are presented in Figure 4.10a - 4.10c. The ellipsoidal 45◦

parallel dimpled tube (tube 8) shows the highest heat transfer rate in comparison

to all the other tubes. The ellipsoidal 45◦ perpendicular dimpled tube (tube 7)

and ellipsoidal 22.5◦ parallel (tube 12) have demonstrated enhanced thermal heat

transfer rate in comparison to both 0◦ and 90◦ dimpled tubes (tube 6 and tube

11). This is shown that the heat transfer rate is greatly modified by the inclination

of dimpled tube. It is important to mention that the tube 6 is shown lowest value

for Nu in most of the Re as observed in Figure 4.10a.

Interestingly, the heat transfer rate of each tube increases as the placement angles

increases from 0◦ to 45◦ but decreases as the placement angle is increased from
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45◦ to 90◦. Tube 7 and Tube 8 which refer to ellipsoidal 45◦ perpendicular and

parallel dimple orientations have shown better thermal performance than all other

tube configurations.

Table 4.5: Orientations of all tubes used in current study

Sr. No. Dimple Placement

angle (α)

Tube 6 0◦

Tube 7 45◦ Perpendicular

Tube 8 45◦ Parallel

Tube 9 22.5◦ Perpendicular

Tube 10 67.5◦ Perpendicular

Tube 11 90◦

Tube 12 22.5◦ Parallel

Tube 13 67.5◦ Parallel

Tube 14 11.25◦ Parallel

Tube 15 78.75◦ Parallel

However, the thermal performance cannot be the only performance criteria to

identify the optimum configuration of the enhanced tube. Hydraulic performance

of the tubes is also a crucial factor in the design of the dimpled tubes. For all

the tubes, fr presents a decreasing trend with respect to the Re. The relative

ranking of the tubes in Figure 4.10b resembles the ranking observed in Figure

4.10a. Ellipsoidal 45◦ parallel tube is experienced the higher-pressure loss and the

ellipsoidal 0◦ dimpled tube has the lowest hydraulic loss. The fr values of the rest

of the tubes are between the fr values of these two limiting tubes arrangements.

Figure 4.10c shows the PEC of tube 6 to tube 15 for different Reynolds numbers.

The results have shown that initially PEC of all tubes increases for 2300 ≤ Re ≤

3200 and decreases for Re > 3200. This trend was a result of flow transition from

laminar to turbulent. In the pure laminar region, flow inside the tube remains

attached to the surface and therefore high friction factor values could be observed.
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However, during the transition from laminar to turbulent flow, the friction factors

reduces rapidly owing to the onset of flow detachment across the dimples. The

enhanced fluid-surface interactions also increases the heat transfer in the tubes.

Therefore, PEC increases rapidly in flow transition regime.

However afterwards in fully turbulent regime this effect become gradually decreas-

ing as the flow detached resulted in persistent pressure loss in the dimpled tubes.

A significant variation in the value of PEC is observed as the placement angle

increases from 0◦ to 45◦. The PEC of the 90◦ ellipsoidal dimpled tube (tube 11)

shows average performance. The tube 8 shows highest PEC value whereas tube 7

has a slightly lower PEC. Moreover, tubes parallel patterns demonstrate higher

PEC than tubes with perpendicular patterns.

(a) Nu (b) fr

(c) PEC

Figure 4.10: Comparison between the tubes with equivalent dimples volumes
of the tubes (6-15) of the characteristics of (a) Nu, (b) fr and (c) PEC
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Thermo-hydraulic performance enhancement of 45◦ dimpled tube in comparison to

the other tubes can be associated to the flow dynamics. In this regard, Figure 4.11a

presents velocity contours of tube 6, tube8 and tube 11 in axial and circumferential

directions. The velocity profile evolution is observed to be completely different in

all three tubes. In Figure 4.11a, it can be observed that initially the tube 6 which

is an ellipsoidal 0◦ dimpled tube has a very thin velocity core in comparison to

tube 8 (ellipsoidal 45◦) and tube 11 (ellipsoidal 45◦). The velocity core of the tube

11 appears to remain constant throughout the tube. The velocity core of tube 8

comparing to tube 11 is also thinner in the beginning but it quickly grown up and

become thicker than the tube 11. The flow patterns in the velocity boundary layer

of tube 6 and tube 11 shows that the flow is completely detached from the wall

and the dimple surface whereas in case of tube 8, the flow remains attached to the

wall and interacts with the dimple. This could be the reason that the fr of tube

8 is higher. However, this could be also due to the fact that the enhancement in

fluid contact with the surface enhances the heat transfer rate. The temperature

distributions are presented in Figure 4.11b which show that tube 8 has much

thicker thermal boundary layer than the tube 6 and tube 11. The heat transfer

rate of the tube 6 is the lowest of all due to minimal fluid wall interaction.

The circumferential cross-sections of velocity fields at different axial locations are

presented in the Figure 4.11c for tube 6, 8 and 11. It is interesting to note that

each tube has a unique shape of the velocity core due to the different orientations

of ellipsoidal dimples. The velocity core of the tube 6 is circular in shape while

the tube 11 and tube 8 are square and diamond shaped respectively. The core

region of the tube 8 is larger than the other two tubes. The velocity profile

development affected the heat transfer rate but in order to understand the role of

dimple orientation, it is necessary to observe the thermal effects more closely.

For this purpose, the surface temperature and Nu distributions are presented, for

tube 6, 8 and 11, in Figure 4.12a and Figure 4.12b, respectively. The temperature

and Nu distribution on the surface of the tube and dimple are completely different.

However, a common pattern in the flow over the dimples for tube 6 and 11 is

observed which highlighted the fact that the flow detached very early from the
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surface of the dimples. The flow detachment forces the fluid streams of tube 6 and

11 to minimize the fluid-dimple contact of the proceeding dimples which limits the

thermal performance of these tubes. However, in case of tube 8, the fluid-dimple

interaction is enhanced and therefore heat transfer is promoted.

(a) velocity distribution along the flow
domination

(b) temperature distribution along the axis
of tubes

(c) velocity distribution at different cross-sections

Figure 4.11: Flow distributions at parallel and cross-flow sections of tubes (6,
8, and 11)

(a) Temperature (b) Nu

Figure 4.12: Contours on the surface of tubes (6, 11 and 8)
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Figure 4.13 shows the Nu distribution on the complete surface of tube 8. It is

observed that heat transfer is upraised on the fronts of all dimple faces where the

axially fluid flow paths exists. All dimple rows in circumferential direction (Star 4)

follows same pattern. Although, it is observed that the thermal performance of the

tube 8 is superior to the other tubes but the questions regarding the mechanism of

heat transfer and associated flow physics remained open. Therefore, it is essential

to investigate the instantaneous flow behavior over dimples.

Figure 4.13: the Nu distribution on the complete surface of tube 8

4.3.5 Instantaneous Flow and Heat Transfer Characteriza-

tion

The effects of flow dynamics on the heat transfer enhancement are studied by

investigating distribution of Nu and pressure and velocity over the surface of dif-

ferent topologies of ellipsoidal dimples are presented in the Figure 4.14a - 4.14l. It

is apparent from the Figure 4.14a - 4.14c that the flow experiences a stagnation

point (point A) at the leading edge of the dimples and therefore the fluid veloc-

ity reaches local minima. The local Nu is highest at the stagnation point and

lowest in the wake of the dimples. After experiencing the stagnation point, the

fluid accelerates in the upstream direction of the dimple due to favorable pressure
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gradient. The fluid velocity reaches local maxima at the top and bottom of the

dimple indicating symmetric flow behavior for tube 6 and tube 11 (0◦ and 90◦

dimples). After point C, a combined effect of viscous forces and adverse pressure

gradient forces the flow to decelerate rapidly. The flow eventually detaches at

point C initiating unstable detached shear layer of the flow producing a large vor-

tex in the wake of the dimple. The shear layers re-attached at point E for tube 6,

tube 11, as presented in Figure 4.14g - 4.14i, respectively. The flow re-attachment

points of both tube 6 and 11 are at the center-line of the dimples which deflects

the flow streams over the top and bottom of the upcoming dimples. This in turn

reduces the contact between the fluid and dimples. This flow behavior led to limits

thermal enhancement of the tube 6 and tube 11.

The flow and the associated wake dynamics of tube 8 (45◦ dimples) are fairly differ-

ent in comparison to the symmetric configurations of tube 6 and tube 11. In case

of tube 8, the flow over the inclined ellipsoidal dimple causes asymmetric pressure

distribution over the dimple which yields different velocity maxima locations at

the top and bottom half of the dimples comparing to tube 6 and tube11. At the

bottom half of the inclined dimple, the adverse pressure gradient was not as severe

as found in symmetric cases due to the gradual slope of the bottom surface. This

allows the fluid to remain attached with the surface and delays its separation at

point F.

On the other hand, the separation of the flow over the top half of the dimple at

point C occurres almost immediately at the top edge due to severe adverse pressure

gradient. As a result, asymmetric flow detachment leads to an asymmetric wake

as shown in Figure 4.14e and 4.14h. The flow reattachment point E of ellipsoidal

dimple is located well below the centerline of the dimples which helps the flow to

interact with frontal area of the next dimple and promotes the heat transfer. It

is also confirmed by the plots of local surface Nu along the axial direction of the

tubes, at the centerline of the dimples, in Figure 4.14j - 4.14l. The Nu of tube

8 is significantly higher than the tube 6 and tube 11. More over, velocity vector

representation of flow around the dimples of tubes 6, 8 and 11 are elaborated in the

figure 4.15a - 4.15c. Figure 4.15a - 4.15c denotes the velocity vectors around the
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ellipsoidal 0◦, 45◦ and 90◦ dimples, where stagnation points, increasing velocity,

separation points and vortex regions are clearly visible.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 4.14: Assessment of tube 6, 8 and 11, (A): local Nu distribution over a
single dimple of tubes; (B-D): pressure distribution;(E-G): velocity distribution
at 0.0083m cross-section of tubes ;(H-J): local Nu distribution over two dimples

tubes;

In order to further elaborate the heat transfer enhancement, a comparison of local

Nu for complete tubes is drawn on the lines having favorable regions of heat

transfer enhancement, as shown in the Figure 4.16. Local Nu at the mid line at

z = 0m and z = 0.001m are presented in Figure 4.17a and 4.17b. The crest of
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local Nu represent dimple location while the flat lines of Nu represent the spacing

between the dimples. The Nu are comparable for all three tubes (tube 6, 8 and

11) for first dimples as the flow interacts with the complete frontal area of the

dimple.

(a) Velocity vector around the dimples of tube 6 (b) Velocity vector around the dimples of tube 8

(c) Velocity vector around the dimples of tube 11

Figure 4.15: Velocity vector around the dimples of tube 6, 8 and 11

However, the flow separation occurs as soon as the flow crosses over the first

dimple and a wake is formed at the back of the dimple. The wake at the back

of the dimples dictates the flow interaction with dimples. As explained earlier,

the flow is deflected over the upcoming dimples by the symmetric wake of the

0◦ dimpled tube (tube 6) and 90◦ dimpled tube (tube 11) which reduces the heat

transfer whereas the asymmetric wake of 45◦ dimpled tube (tube 8) allows the flow

to interact with the complete frontal area of the upcoming dimple and therefore

enhances the heat transfer rate. This is confirmed by the axial Nu profiles in

Figure 4.17a and 4.17b which is shown that tube 8 has much higher Nu values

than tube 6 and tube 11.
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Figure 4.16: Schematic of tube 6 with axial lines for local properties on it

(a) Local Nu of tubes 6, 8 and 11 at the
mid line (z=0 m)

(b) Local Nu of tubes 6, 8 and 11 at the
z=0.001m

(c) Zoomed portion of Figure 4.17a (d) Zoomed portion of Figure 4.17b

(e) Polar representation of local Nu of tubes
6, 8, and 11 at x=0.06 m of the tube

(f) Polar representation of local Nu of tube
8 at various axial locations

Figure 4.17: Local Nu of tubes 6, 8, and 11 in axial direction as well as various
cross-sections of downstream sections
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The average value of Nu of tube 6, 8 and 11 are 85.9, 280 and 142.8 in case of mid

line at 0 m and while it is 69.3, 332.3 and 195.2 for the case of mid line at 0.001

m respectively, as shown in Figure 4.17b. Tube 6 has the lowest heat transfer rate

in comparison to the other tubes. The role of wake in the thermal performance

is further elaborated by investigating the Nu values at circumferential plane in

between the two dimples. For this purpose, the distributions of Nu for tubes

6, tube 8 and tube 11 along the circumferential directions at x = L/2, which

corresponds to a cross-sectional plane at 60 mm from the inlet, are presented in

Figure 4.17e. The four peaks of Nu are corresponded to the trailing edges of the

dimples of each tube. Tube 8 (45◦ parallel) is shown higher heat transfer rate,

which is 3 times higher than a smooth tube while tube 6 and 11 enhance the heat

transfer rate by 1.3 and 1.96 times the smooth tube, respectively. Again, the tube

8 has shown better thermal performance than other tubes.

The Nu along the circumferential direction at different downstream locations of

tube 8 are presented in Figure 4.17f. The Nu initially increases in the downstream

direction but decreases near the tube outlet. At 20mm downstream position, the

Nu is two times higher than the Nu of smooth tube and further increases to 3

times at x = L/2. At the tube exit (x = L), Nu is 2.7 times the Nus due to the

unsteadiness in the flow field at the tube exit.

4.3.6 Transient Flow and Heat Transfer Characterization

using Large Eddy Simulation

The effect of orientation of ellipsoidal dimple changes the flow patterns signifi-

cantly. Therefore, strong influence of flow dynamics is involved in the heat trans-

fer enhancement. The associated wake dynamics and fluctuating flow are expect-

edly transient phenomena. For this purpose, Large Eddy Simulation (LES) is

performed which resolve integral and inertial sub-range scale eddies in the flow

and model the Kolmogorov scale eddies. Minimum volume of the grid, used in

current simulation, is 1.07 × 10−14m3 with the smaller edge length of the grid is

2.204×10−5m. The size of large-scale eddy is generally 7-8% of the characteristic’s
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length (hydraulic diameter) and it is 0.000121m to 0.000138m in this simulation.

Therefore, it is pertinent to mention that LES in the current simulation resolves

the eddies starting from the length 0.000138m up to the minimum length of grid

2.204× 10−5m and below this volume the smaller scale eddies are modeled.

Figure 4.18: Velocity contours and streamline plots from LES results of (a)
tube 8 (b) tube 11

Since, LES is computationally very expensive, therefore it is used to study only

tube 8 and tube 11 at Re = 5000 with three dimples in axial direction. A struc-

tured mesh with 4.4 million computational cells is used with wall y+ < 0.4. A fixed
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time step of 50µs is employed for both cases for a flow time duration of 300ms.

Temporal distributions of velocity of tube 8 and tube 11 are presented in Figure

4.18. Initially at 50 ms, a vortex pair emerges in the wake of the dimple for tube

11. This vortex is travelled in the downstream direction and eventually interacts

with the next dimple. At 100 ms, flow paths are created over the top and bottom

half of the dimples. After 150 ms, the tail of the wake of first dimple attaches with

the stagnation point of the downstream dimples which forces the fluid streams

to travel over the edges of the dimples. It is more elaborated in the streamlines

that wake of the tube 11 is symmetric and thick which do not allow the flow to

interact with the downstream dimple. Furthermore, in tube 11, as observed in

Figure 4.18, the vortex length of second dimple increases and eventually results in

vortex shedding. The vortex shedding between the dimples causes additional flow

deflection which makes further reduction of heat transfer in tube 11.

However, the wake pattern of tube 8 is different from the tube 11. Figure 4.18

shows that the wake behind the dimples emerges from the bottom half of the dim-

ples which slowly move upwards and attaches to the bottom half of the downstream

dimple. The asymmetric wake allows the flow to interact with the downstream

dimples and produces a narrow flow path at the bottom half of the dimple. This

can also be observed in streamlines which shows that the fluid-dimple interaction

is enhanced which in turn increase the heat transfer rate.

4.4 Proposed Correlations for Different Ellipsoidal

Dimple Topologies

The correlation of Nu and fr, for all possible topologies of ellipsoidal dimples,

are proposed in equations (4.4) and (4.5), respectively. The relationships of Nu

and fr are proposed as a function of Re and placement angle α. The Reynolds

number is ranged between 2300 ≤ Re ≤ 15000, a Prandtl number is 4.8734 while

placement angle is varied between 0◦ ≤ α ≤ 90◦. The constants a and b of both

correlations are linear functions of the placement angle α. The comparisons of
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Nu and fr for numerical results and proposed correlations are presented in Figure

4.19a and 4.19b, respectively. These correlations are valid for the fluid properties

and boundary conditions, given in section 4.2.2. Moreover, these correlations are

proposed using the least square method for curve fitting [107]. A good agreement

between the correlation and numerical results is observed. The maximum differ-

ence for Nu remained below 5% and below 16% in case of fr, for all placement

angles and Reynolds numbers.

Nu = aReb(1+0.3α/2π), a = −0.0006617α + 0.13474

b = 0.00051111α+ 0.7412
(4.4)

fr = [a ln (Re+
α

2π
) + b]−3/2, a = −0.0079747α + 1.2462

b = 0.059878α− 5.3636

(4.5)

(a) Nu
(b) fr

Figure 4.19: Comparison of numerical and correlation results, (a) Nu and (b)
fr

4.5 Conclusion

Thermo hydraulic performance of flow through externally heated dimple enhanced

tubes with constant surface heat flux was investigated. The tubes were enhanced
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by introducing different topologies of ellipsoidal dimples of equivalent volumes. It

was observed that in general, in comparison to smooth tubes, all configurations

of ellipsoidal dimpled tubes demonstrated improved overall performance of the

enhanced tubes. However, the ellipsoidal 45◦ dimpled tube (tube 8) enhanced the

average heat transfer rate, average thermo-hydraulic performance by 119.5% and

58.1% in comparison to the smooth tube, respectively. At low Re, tube 8 achieved

the average surface Nu of 52.7 which was 112% higher than that of smooth tube

and 25% higher than Nu of tube 6 and tube 11. At high Re, the average surface

Nu of tube 8 increased to 213.5 which was 85% higher than Nu of smooth tube

while 23% and 10 % higher than tube 6 and tube 11, respectively. The dimple

fluid interaction also increased the friction factor of the tube however thermo-

hydraulic performance of tube 8 was much higher than that of smooth tubes.

The performance evaluation criteria of tube 8 varied between 1.45 and 1.30 for

2300 ≤ Re ≤ 15000. The better performance of tube 8 observed in the study is

observed to be linked to asymmetric wake behind the dimples which provided a

path for the flow to interact with the succeeding dimples. The increased interaction

between the flow and dimples promoted heat transfer. Whereas, tube 6 and tube

11 decreased the flow interaction with dimples by deflecting the flow streams over

the dimples which subsequently reduced the heat transfer. In the end, correlations

for Nu and fr were proposed as a function of Re and dimple placement angle α

which covered each configuration of the ellipsoidal dimpled tube. Nu and fr

could readily be obtained for different topologies of ellipsoidal dimpled tube with

reasonable accuracy for 2300 ≤ Re ≤ 15000.

It is pertinent to mention that the study revealed the fluid flow interaction between

the dimples causing the performance enhancement. However, fluid flow may ex-

hibit a different behavior when subjected to pitch variation. This may yield lower

or higher performance due to flow dissimilarity. This hasn’t been numerically ana-

lyzed yet. The other aspect is the geometric modification of dimple shape because

conical, spherical and ellipsoidal dimples are standard shapes. The shape like el-

lipsoidal dimple needs to improve for augmentation in heat transfer or reduction in
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hydraulic loss, as there is always room for performance enhancement through geo-

metric modification. The innovative dimple like Teardrop dimple which have been

claimed to perform better than ellipsoidal 0◦ dimple [72] and its pitch variation

is not included in present numerical analyses. Furthermore, the Re > 15000 also

affects the performance since it increases the fluid flow interaction with dimples

causes more shear on it resulting in better heat transfer. However, the effect of in-

creasing Re may result in significant change in the flow characteristics around the

dimple, which may vary along the axial as well as radial directions leading to flow

detachment/reattachment. This can significantly influence the frictional losses

as well as heat transfer characteristics along the length of the tubes. Moreover,

the impact of dimple locations and distributions along the axial as well as radial

directions can lead to suppression or enhancement of such flow characteristics.

Therefore, in forthcoming chapters, the impact of different flow regimes (in terms

of Re) shall be explored for different dimple shapes and geometric arrangements



Chapter 5

Effect of Dimple Pitch on Heat

and Flow Dynamics

5.1 Introduction

In previous chapter, orientation of ellipsoidal dimple in enhanced tube from 0◦

to 90◦ is numerically analyzed for the heat transfer enhancement. In compari-

son with all orientations, the 45◦ orientation is best considered among rest of the

orientation, as far as performance augmentation is considered. In this chapter,

numerical study is conducted against the pitch variation of ellipsoidal 0◦, 45◦ and

innovative teardrop dimpled tubes and comparison is drawn between their overall

performances. In order to ensure that the available distance between dimples, the

distance from leading edge of the upstream dimple to the leading edge of down-

stream dimple remains constant for each tube. The influence of the pitch variation

and its arrangement patterns on the heat transfer and flow characteristics have

been studied for a wide range of Reynolds numbers. Through a parametric study,

identification of the best pitch length with its geometry as well as arrangement

configuration are investigated using Reynolds Averaged Navier Stokes (RANS)

under steady flow conditions. The thermo-hydraulic performance enhancement

for the optimal configuration is investigated and categorized locally through Nu,

71
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skin friction coefficient. In addition, the effect of variation of the number of dim-

ples in circumferential direction is also analyzed for the optimum tube. At the

end, correlations for Nusselt number and friction factor that cover all pitches of

ellipsoidal 45◦ dimpled tube are proposed.

5.2 Computational Domain of Enhanced Tube

for Pitch Variation

5.2.1 Introducing the Teardrop Dimple

Ellipsoidal dimple is numerically analyzed and compared with the conical and

spherical dimples in the previous chapters. Ellipsoidal dimple has shown the lower

hydraulic loss in comparison with spherical dimple. Because ellipsoidal dimple

makes its wake behind the trailing edge smoother then the wake of spherical dim-

ple. Teardrop dimple front has spherical in shape while the trailing edge has sharp

conical edge, as shown in the Figure 5.1b. This sharp edge has the tendency to

reduce the wake size behind it which leads to the reduction in fr, as discussed by

Xie et. al. [69]. This tendency makes it better than ellipsoidal 0◦ dimple regarding

the overall performance. This is the reason, the authors introduces it in current

chapter and make a comparison with ellipsoidal 0◦ dimple tube.

5.2.2 Geometry of Dimples

Two different geometric shapes of the dimples are considered in this study i.e.,

ellipsoidal and teardrop dimples. The design parameters of both dimple shapes

are provided in Figure 5.1a - 5.1b. These parameters are sensitive, therefore, some

numbers are in fourth decimal places.
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Table 5.1: Geometric parameters for different dimples

Parameters of dimples (mm)

Ellipsoidal Teardrop

E1(major length at the wall) 3.926 T1(axial length at the wall) 4.996

E2(minor length at the wall) 2.35 T2(Width at the wall) 2.491

RE1(major diameter) 1.963 T3(front nose length) 1.665

RE2(minor diameter) 1.178 T4(Tail length) 3.532

H(dimple height from wall) 1.1779 RT (radius of nose sphere) 1.249

H(dimple height from wall) 1.24886

For example, E1, E2, RE1, RE2 and H of ellipsoidal dimple are 3.926 mm, 2.35

mm, 1.963 mm, 1.178 mm and 1.1779 mm respectively. Similarly, T1, T2, T3, T4,

RT and H for the Teardrop dimples are 4.996 mm, 2.491 mm, 1.665 mm, 3.532

mm, 1.249 mm and 1.24886 mm respectively. After rounding off, these parameters

are given in Table 5.1.

The ellipsoidal dimples are further divided into categories based on the angle of

the major axis and flow direction. The dimples aligned to the flow direction are

denoted as ellipsoidal 0◦ dimples and dimples with the major axis tilted at an

angle of 45◦ to the flow direction are referred to as ellipsoidal 45◦ dimples. The

teardrop dimples are only considered for the aligned arrangement of the dimple

axis and flow direction [69].

(a) 3D geometry of ellipsoidal dimple with top and side views

(b) 3D geometry of ellipsoidal dimple with top and side views

Figure 5.1: Geometry of ellipsoidal and teardrop dimple
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5.2.3 Geometry of Enhanced Tubes with Pitch Variation

Sabir et. al. [121] used ellipsoidal dimpled enhanced tube with 10 mm distance

from dimple center-to-center in axial direction. They varied the dimple orientation

and found the best performance of ellipsoidal 45◦ dimpled tube contrary to other

orientations. The standard definition of pitch for the dimple case is dimple center

to center distance, as given by Li et.al.[22].

However, in current study, the definition of pitch is slightly changed to account

for the distance of vortex formation after the trailing edge in the axial direction.

This vortex has influence on the fluid flow and heat transfer characteristics of the

enhanced tube. So, the pitch that is the axial distance between the trailing edge

and the leading edges of the two consecutive dimples was 7.17 mm.

It is important here to define pitch (P ) as the axial distance between leading and

trailing edges of the successive dimples for tubes as shown in Figure 5.2a and 5.2b.

In current study, the dimple center to center distances of ellipsoidal 45◦ tubes

varies from 6 mm to 16 mm with 2 mm increments.

(a) tear drop dimple (b) ellipsoidal 45◦;

(c) geometric parameters of the dimpled tube displayed on axial cross-section
of the tube

(d) hydraulic
diameter of

the tube

Figure 5.2: Pitch and dimple center to center distance

On the other hand, these center-to-center distances are equivalent to 3.17 mm to

13.17 mm pitches with addition of axial length of dimple shape. As reported in [29],

the vortex in the downstream axial direction of the dimple has a significant role
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Table 5.2: Parameters of all tubes used for current study

Sr no
Tube
Names

Diameter of tube
(Dh)
(mm)

Dimple Profile
Depth (H)

(mm)
Pitch (P)
(mm)

Star

1 Tube E0P3 17.272 Ellipsoidal (0◦) 1.175 3.17 4
2 Tube E0P5 17.272 Ellipsoidal (0◦) 1.175 5.17 4
3 Tube E0P7 17.272 Ellipsoidal (0◦) 1.175 7.17 4
4 Tube E0P9 17.272 Ellipsoidal (0◦) 1.175 9.17 4
5 Tube E0P11 17.272 Ellipsoidal (0◦) 1.175 11.17 4
6 Tube E0P13 17.272 Ellipsoidal (0◦) 1.175 13.17 4
7 Tube TDP3 17.272 Teardrop 1.24886 3.17 4
8 Tube TDP5 17.272 Teardrop 1.24886 5.17 4
9 Tube TDP7 17.272 Teardrop 1.24886 7.17 4
10 Tube TDP9 17.272 Teardrop 1.24886 9.17 4
11 Tube TDP11 17.272 Teardrop 1.24886 11.17 4
12 Tube TDP13 17.272 Teardrop 1.24886 13.17 4
13 Tube E45P3 17.272 Ellipsoidal (45◦) 1.175 3.17 4
14 Tube E45P5 17.272 Ellipsoidal (45◦) 1.175 5.17 4
15 Tube E45P7 17.272 Ellipsoidal (45◦) 1.175 7.17 4
16 Tube E45P9 17.272 Ellipsoidal (45◦) 1.175 9.17 4
17 Tube E45P11 17.272 Ellipsoidal (45◦) 1.175 11.17 4
18 Tube E45P13 17.272 Ellipsoidal (45◦) 1.175 13.17 4

on the heat transfer. Therefore, for comparative analysis of the effect of different

dimple shapes on the heat transfer of the tube, same pitches for all dimple shapes

must be considered. This effect of same pitch is considered in current study. The

pitch and dimple center to center distances for different dimple configurations are

shown in Figure 5.2a and 5.2b.

It is pertinent to mention that the tube lengths, with different geometric shapes

of the dimples for a same pitch, are different. In order to avoid this ambiguity,

the dimple pitch of each tube configuration are varied from 3.17 mm to 13.17 mm

while maintaining the axial length of the tube (L) to dimple pitch (P ) ratio (L/P )

of 10 as shown in Figure 5.2c and reported in Table 5.2. The constant L/P ratio

ensure equal number of dimples in the axial direction of the tube. The hydraulic

diameter of the tubes is represented by Dh and it is equal to 17.272 mm while the

height of the dimple inside the tube is denoted as H.

Furthermore, to eliminate any spurious effects of inlet and outlet boundary condi-

tions, 20 mm length is used in each “upstream” and “downstream” section of the

tube, as shown in Figure 5.2c. The inward dimples in the tube are positioned in

inline.
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In current study, axial length of each dimple shape is added in the pitch to find out

the length of heated section of tube. For example, length of ellipsoidal 0◦ dimple

tube for 3.17 mm pitch = 10 * (3.17+3.926) = 70.92 mm. The numbers of dimples

in the axial and radial direction are ten and four, respectively for all tubes. All

dimples are of equivalent volume of 5.3040 mm3. The geometric parameters of the

dimpled enhanced tubes are presented in Figure 5.2c and 5.2d and Table 5.2. The

tube names are abbreviated from their characteristics, i.e. E0P3 means ellipsoidal

0◦ dimpled tube with 3.17 mm pitch. Similarly, TDP3 means Teardrop dimpled

tube with 3.17 mm pitch and E45P3 means ellipsoidal 45◦ dimpled tube with 3.17

mm pitch, as shown in Figure 5.3.

Figure 5.3: Schematic of tubes E45P3- E45P13

5.3 Results and Discussion

5.3.1 Effect of Pitch on Heat Transfer and Inertial Loss

As mentioned above, the number of dimples in axial direction are fixed in all the

tubes for Re range 9000 ≤ Re ≤ 40000. The quantitative analysis of heat transfer

and hydraulic loss can be best associated to Nu and fr, respectively.
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(a) Nu (b) Nu

(c) Nu (d) fr

(e) fr (f) fr

Figure 5.4: comparison ofNu and fr (a and d) of Ellipsoidal 0◦ dimpled tubes:
tubes E0P3-E0P13; (b and e) Teardrop dimpled tube: tubes TDP3-TDP13; (c

and f) Ellipsoidal 45◦ dimpled tube: tubes E45P3-E45P13

Therefore, the results of all dimpled tubes for different Re in the form ofNu and fr

are presented in Figure 5.4a - 5.4f. Nu varies with respect to Re as well as against
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the pitch. It is observed that the Nu increases as the Re increases, however, the

Nu decreases as the pitch increases from 3.17 mm (tube E0P3) to 13.17 mm (tube

E0P13). The Nu of tube E0P3 (P = 3.17 mm, Ellipsoidal 0◦) is 16.8% higher

than Nu of tube E0P13 (P = 13.33 mm of Ellipsoidal 0◦) at Re = 9000 whereas

it is only 4.98% higher at Re = 40000.

It is also established from the Figure 5.4a that 3.17 mm pitch of ellipsoidal 0◦

dimpled tube (tube E0P3) improves the heat transfer rate under all Re. Similarly,

the pitches of other dimpled shapes also improve their heat transfer against all Re

considered here.

For example, the Nu of the tube TDP3 (P = 3.17 mm, Teardrop) is around 14.6%

higher than that of tube E0P13 (P = 13.33 mm of Ellipsoidal 0◦) at the Re = 9000,

while it is 7.28% at the Re = 40000, as shown in Figure 5.4b. Similarly, the Nu

of tube E45P3 (P = 3.17 mm, Ellipsoidal 45◦) is 44% higher than that of tube

E0P13 at the Re = 9000, and it is 27.38% at the Re = 40000, as shown in Figure

5.4c.

It is obvious from the Figure 5.4c that the Nu of dimple tube decreases gradually

as the pitches increase from 3.16 mm to 13.16 mm, respectively. This depicts that

Nu is inverse in relation with pitch P for all dimple shapes. The friction factors

are observed to decrease with an increase in Re.

However, the pattern of increase in fr is same as that ofNu against the variation in

pitches i.e. by increasing the dimple pitch P , friction factor reduces, as presented

in Figure 5.4d, 5.4e and 5.4f. For example, fr of the tube E0P3 (P = 3.17 mm)

is 53.07% higher than that of tube E0P13 (P = 13.17 mm) at Re = 9000, while

it is 46.5% at Re = 40, 000 as observed in Figure 5.4d.

It is also worth noticing that fr of tube E45P3 are considerably higher than tube

E0P3 and tube TDP3 under all Reynolds numbers, as presented in Figure 5.4d,

5.4e and 5.4f. It is important to mention from the results that the hydraulic losses

of Ellipsoidal 45◦ dimple tubes are much greater than the other dimple shaped

tubes at the same pitch.
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5.3.2 Effect of Pitch Variation on the Fluid Flow and Heat

Transfer Characteristics of Enhanced Tubes

The fluid flow over different shapes of dimples exhibit distinct patterns which lead

to augmentation in heat transfer and hydraulic losses.

These flow patterns are strongly linked to the wakes of the dimples. The stream-

lines over the Ellipsoidal 0◦, Teardrop and Ellipsoidal 45◦ dimples, in Figure 5.5a

- 5.5c, highlight the different wake structures. It can be observed that Ellipsoidal

0◦ and Teardrop dimples produce large and symmetric wake structures. Whereas,

the wake of Ellipsoidal 45◦ dimple is also large with asymmetric flow detachment.

These flow patterns and their effects are further elaborated by pressure, velocity,

wall shear stress and temperature distributions at cross-sections of tubes E0P3,

TDP3 and E45P3 at a fixed radius of 0.0082 m in Figure 5.6a - 5.6c.

It is apparent from these figures that the flow experiences a stagnation points at the

leading edge of the dimples and therefore the fluid velocity reached local minima.

Afterwards, the fluid is accelerated in the upstream direction of the dimple due

to favorable pressure gradient, however this pressure gradient is different in each

dimple due to its specific geometric shape. In other words, dimple shape also

dictates this pressure gradient. Generally, the fluid velocity reaches local maxima

at the top and bottom of the dimples of each shape. After achieving the local

maximum velocities, the flow decelerates rapidly due to combined effect of viscous

forces and adverse pressure gradient attenuating unstable detached shear layer of

the flow yielding large vortex in the wake of the dimple, also observed in 5.6a -

5.6c.

(a) (b)
(c)

Figure 5.5: Vortex formation ahead of dimple (a) ellipsoidal 0◦, (b) teardrop
and (c) ellipsoidal 45◦
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The symmetric local maxima of velocities around the dimples of tube E0P3 (P

= 3.17 mm, Ellipsoidal 0◦) can be shown on the Figure 5.6a. The local velocity

magnitude around the dimples decreases in the rare half of the tube due to ho-

mogenous flow distribution and significant pressure drop. For Re = 12000, a clear

flow path is created around the dimples due to the attachment of the tails of wakes

to the frontal stagnation points of the dimples. The wakes of all dimples remain

stable and limit the fluid dimple interaction. A similar fluid-dimple interaction

can be observed for Re = 20000.

Interestingly, the wakes of the first and second dimple are apparently seemed

slightly unstable and disturb the flow path initially, as shown in the Figure 5.6a.

However, the flow after the third dimple becomes stable and a similar flow pattern

appears again as observed in case of Re = 12000. Fluid dimple interaction is

also shown here using the wall shear distribution which prescribes that how much

stress is exerted on the tube wall by the fluid flow.

The scale for the wall shear range is limited from 0 to 25 Pa for both Re cases for

both Re all dimple shapes. The front halves of the dimples show higher shear stress

and surface temperature in comparison to back halves. This manifests that fluid

interaction at the back half of each dimple is minimum due to the flow separation.

Figure 5.6b, for the tube TDP3, also shows a symmetric flow path by generating

stable wakes behind the dimples. The detachment of fluid flow around teardrop

dimples occurs smoothly due to gradual pressure drop in trailing edge of the

dimple. This results in the formation of relatively weak and thin vortex behind

the dimples, as observed in Figure 5.5b and Figure 5.6b.

The vortices in the wakes of the dimples are observed to be stretched by the flow

streams and consequently are attached to leading edges of the subsequent trailing

dimples. As a result, the wall shear increases as flow Reynolds number is increased.

Furthermore, the maximum exchange in temperature takes place along the path

of wall shear, as depicted in the temperature distribution of tube TDP3 in Figure

5.6b.
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(a)

(b)

(c)

Figure 5.6: Pressure, velocity, wall shear stress and temperature contours at
radius = 0.0082m for Re 12000 and 20000 (a) tube E0P3 (b) tube TDP3 (c)

tube E45P3

Figure 5.6c presents the results of tube E45P3 at the Re = 12000 and 20000. The

angular positions of the dimples modify the flow patterns completely. The stag-

nation point appears at the top of the dimple and an asymmetric wake structure

appears at the back of the first dimple. The asymmetric wakes allow to create a

flow path between the dimples and subsequently enhance the fluid surface interac-

tions. This flow pattern exists at all Reynolds numbers. The surface shear stress

and temperature contours in Figure 5.6c show the enhancement in frictional effects

and heat transfer, respectively. Moreover, Ellipsoidal 45◦ dimples induce a slight

radial flow in the bottom half of the dimples which also promotes fluid-surface
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interaction and consequently the heat transfer. This effect is further elaborated

by radial cross-sections of velocity for different dimpled tubes at Re = 12000 in

Figure 5.7.

Figure 5.7: Velocity distributions for different tubes and dimple locations

The velocity contours are presented across first dimple (D−1), fifth dimple (D−5)

and last dimple (D− 10). At D− 1, the velocity core is narrow while the viscous

effects are dominant, however, the velocity core plays dominant role at D-10. The

velocity core grows wider and approaches approximately double the radius of D-1

core radius. The core of each dimple has its unique shape. The velocity core of

Ellipsoidal-0◦ has tilted square shape, while the Teardrop and Ellipsoidal-45◦ have

circular and diamond shapes respectively. Furthermore, Figure 5.7 also depicts

that the boundary layers of Tubes E0P3, TDP3 and E45P3 at their respective

dimple locations are more disturbed/perturbed than their other respective pitches.

5.3.3 Influence of Pitch Variation on the Performance En-

hancement of Dimple Tubes

The performance enhancement criteria (PEC) for all dimpled tube (18 tubes) are

presented in Figure 5.8a - 5.8c. The thermal-hydraulic performance of enhanced
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tubes decreases with increase in Re for all pitches. In Figure 5.8a, tube E0P9

(P = 9.17 mm, Ellipsoidal 0◦) manifests highest PEC value of 1.35 that is 35%

performance improvement in comparison to PEC of smooth tube (i.e. PECs = 1

at all Re), at Re = 9000. The PEC value of tube E0P9 remains greater than 1.3

until Re = 16000. At Re = 20000, the PEC of tube E0P9 reduces to 1.2 while at

Re = 40000, PEC diminishes to 1.1.

(a) (b)

(c)

Figure 5.8: comparison of PEC of (a) Ellipsoidal 0◦ dimpled tubes: tubes
E0P3-E0P13, (b) Teardrop dimpled tube: tubes TDP3-TDP13 (c) Ellipsoidal

45◦ dimpled tube: tubes E45P3-E45P13

On the other hand, tube E0P11 (P = 11.17 mm, Ellipsoidal 0◦) and tube E0P13 (P

= 13.17 mm, Ellipsoidal 0◦) demonstrate higher PECs for Re ranges 16000−20000

and 20000− 40000, respectively. Teardrop dimpled tubes also show similar trends

of the PEC curves. In case of teardrop dimpled tube, at Re = 9000, tube TDP9
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(P = 9.17 mm, Teardrop) shows considerable performance improvement however

it diminishes quickly at higher Re.

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 5.9: PEC of all dimple shaped tubes with respect to pitch variation
for the Re = 9000 to 40000

Moreover, Figure 5.8c presents a comparison of the performance enhancement for

Ellipsoidal 45◦ dimpled tubes (tubes E45P3-E45P13). The tube E75P7 (P = 7.17

mm) has better performance at the Re = 9000 and 12000 while the Nu of 3.17

mm pitched tube (tube E45P3) is at the peak at the Re = 14000 to 30000. The

percentage difference between tube E45P3 and tube E45P13 decreases from 22.2%

to 15.85% from Re = 9000 - 40000. This trend makes the tube E45P3 for highest

ranking of PEC among 18 tubes from Re = 14000 to 30000 while tube E45P7

depicts the best PEC at the Re =9000 to 12000.
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Table 5.3: Percentage differences of E-45◦ dimpled tubes against that of E-0◦

and Teardrop dimple at same pitches

Re= 9000 Re= 12000 Re= 14000 Re= 16000 Re= 18000 Re= 20000 Re= 30000 Re= 40000
Pitch
(mm)

E-0o

(%)
TD
(%)

E-0o

(%)
TD
(%)

E-0o

(%)
TD
(%)

E-0o

(%)
TD
(%)

E-0o

(%)
TD
(%)

E-0o

(%)
TD
(%)

E-0o

(%)
TD
(%)

E-0o

(%)
TD
(%)

3.17 7.83 6.94 3.84 4.12 5.0 2.64 6.78 1.95 7.83 1.95 7.86 3.48 0.91 -0.49 -1.94 -3.48
5.17 10.03 8.7 5.51 5.80 3.73 4.89 1.31 2.83 0.82 2.83 0.78 2.19 -5.11 -2.93 -6.34 -3.06
7.17 13.53 14.45 8.61 10.75 3.53 6.86 -1.21 2.0 -4.65 2.0 -6.28 -5.77 -5.01 -2.79 -5.21 -2.04
9.17 7.32 5.32 2.64 7.05 0.02 8.42 -1.46 7.08 -2.28 7.08 -2.85 2.23 -4.99 3.18 -4.75 4.43
11.17 8.93 7.16 4.22 4.11 0.14 3.17 -3.4 3.16 -5.34 3.16 -5.92 1.87 -4.60 0.79 -4.88 2.77
13.17 8.42 6.75 4.19 3.95 0.31 3.32 -3.28 3.19 -5.28 3.19 -5.8 1.59 -5.54 0.53 -5.91 2.71

The performances of the tubes, given in Figure 5.8a - 5.8c, are against the Re.

It is worth noticing that different pitches of each dimple shape have exhibited

better PEC for their respective Re ranges while the same pitches compromised

their performances other than their favorable Re. Therefore, there is need to

reconsider the performances of each tube with respect to pitch measurement. For

this, performances of all tubes are plotted against the pitch variation, as shown

in the Figure 5.9a - 5.9h. Figure 5.9a - 5.9h shows the performance variation

concerning the change in pitch for all dimple shapes. It is clear from the Figure

5.9a and 5.9b that the PEC of Ellipsoidal 0◦ and teardrop are comparable at the

Re=9000 to 12000. Beyond Re=12000, only PEC for 3.17 mm pitch of teardrop is

higher. Contrary to it, the performance of ellipsoidal 0◦ remains higher than that of

teardrop dimple for rest of the pitches, as shown in Figure 5.9c - 5.9h. Figure 5.9a

- 5.9h also shows that the PEC of 3.17 mm and 7.17 mm pitches of ellipsoidal 45◦

are comparable against the Re =9000 to 12000. Beyond Re = 12000, The PEC

of 3.17 mm pitch is distinctly higher than all other PECs up till the Re = 20000,

Figure 5.9c - 5.9f.

The percentage differences of PEC at the Re = 9000 for ellipsoidal 45◦ (3.17 mm

pitch) in comparison to ellipsoidal 0◦ (3.17 mm pitch) and teardrop dimple (3.17

mm pitch) are 7.83% and 6.94% respectively. Similarly, the percentage differences

of ellipsoidal 45◦ (5.17 mm - 13.17 mm pitches) against the same pitches of ellip-

soidal 0◦ and teardrop are 10.03%, 13.53%, 7.32%, 8.93% and 8.42% respectively.

The percentage differences of ellipsoidal 45◦ (3.17 mm - 13.17 mm pitches) against

the same pitches of ellipsoidal 0◦ and Teardrop dimples at all Re are presented in

Table 5.3.
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Table 5.4: Optimum dimpled tube configuration and working ranges

Dimple shape
Optimum tube
configuration

Pitch
(mm)

Optimum working
range of Re

Performance
enhancement

Ellipsoidal 45o E45P3 3.17 9000-30000 45.7% - 9%
Teardrop TDP3 3.17 14000-40000 31.2% - 3.3%
Ellipsoidal 0o E0P11 11.17 16000-20000 30% - 24%
Ellipsoidal 0o E0P13 13.17 30000-40000 15% - 11%

Based on the above comparative study of different pitches, at respective Re, the

best PEC ranges of tubes are extracted and subsequently shown in Table 5.4.

However, some tubes exhibit remarkably better performances in their favorable

Re regimes. For instance, the 3.17 mm pitch of ellipsoidal 45◦ has significantly

higher PEC at Re = 9000 to 16000, contrary to ellipsoidal 0◦ (11.17 mm pitch)

and teardrop (3.17 mm pitch) which are comparable to ellipsoidal 45◦ at the Re

= 18000 to 20000. However, E45P3, E0P11, E0P13 and TDP3 tubes have best

performances in their respective Re ranges out of all tubes.

5.3.4 Local Hydraulic Characterization of Dimple Pitched

Tubes Having Best Performances

The previous work dealt against the Ellipsoidal 0◦, 45◦ and teardrop dimples

shows that the each dimple shaped tubes have better performances against there

respective Re ranges. However, in comparison with all dimple tubes, E45P3 has

shown the better overall performance in its respective Re. To further elaborate

the flow dynamics of these tubes, local characterization of tubes E0P11, TDP3

and E45P3 is of key importance. For this purpose, three positions on the dimple

are chosen with respect to its radial height i.e. top section-TS (radial height =

0.0083 m), middle section-MS (radial height = 0.008 m) and lower section-LS

(radial height = 0.0077 m), as shown the schematic in Figure 5.10. The values of

pressure coefficient, skin friction coefficient and Nu at the specified sections are

plotted in Figure 5.11a - 5.11b.
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Figure 5.10: Three geometric positions on the dimples for characterization

5.3.4.1 Local Hydraulic Characterization:- First Dimple

Figure 5.11a - 5.11b shows the local pressure coefficients (Cp), as provided in

equation 1.4, and skin friction coefficients (Cf ), as given in equation 1.3 of tubes

E0P11, TDP3 and E45P3 at the Re = 12000 and these distributions are compared

on the polar plots. All sections of 1st dimple for the tubes E45P3, E0P11 and

TDP3 are collectively drawn in a graph. Different sections of each dimple shape

have various Cp, therefore, in order to understand it in a better way, normalized

polar plots (max. magnitude of Cp = 1) are presented here. Figure 5.11a shows

that the maximum pressure coefficient for tube E0P11 of MS and TS sections lie

at the 180◦ exhibiting the stagnation point, however its magnitude decreases from

MS to LS. Contrary to, the pattern of Cp of TS shows the lower values of Cp at

the 180◦ and it also does not has sharp end on it. It reveals that stagnation region

just diffuses at the TS. Most of the part of TS exists at the 0◦ to 90◦ and 270◦

to 0◦ which reveals the detachment of fluid flow. And detachment at TS is more

than that at MS and LS.

On the other hand, the magnitude of Cp at MS of tube TDP3 is higher than

the TS which shows that the stagnation point lies around the MS, similar to

that of Ellipsoidal 0◦. The boundary layer is extremely thin at the stagnation

point while it gradually starts to thicken afterwards with the increase in fluid
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(a) (b)

Figure 5.11: Local distributions at TS, MS and LS of first dimple of Ellip-
soidal 0◦, Teardrop and Ellipsoidal 45◦ (a) pressure coefficient (b) skin friction

coefficient

velocity. This particular behavior can be further understood through skin friction

coefficient (Cf ). At 180◦, the value of Cf is about 0.02 while maximum values

are observed from 135◦ to 180◦ and onward from 180◦ to 225◦, for the E0P3 and

TDP3 dimples. The skin friction of TS of all dimples has close resemblance with

the flower petals where two peaks show the fluid flow paths on the either sides of

the dimple. Furthermore, the magnitude also decreases from TS to LS. After the

crests, as appeared from the Figure 5.11b, that the Cf starts to decreases from

the maximum magnitudes up-till the trailing edge where it has minimum values.

Teardrop also has a similar pattern but the curvature radius region is slightly larger

than the ellipsoidal 0◦ as shown in Figure 5.11b. It also shows that the stagnation

region lies at the MS section of teardrop contrary to TS of ellipsoidal 0◦. The

apparent shape of Cf can be attributed as heart-shaped at TS and MS ranging

from 120◦ to 240◦. The location of stagnation points in ellipsoidal 0◦ and teardrop

dimple at 180◦ i.e. frontal side, however, due to change in geometric features, the

flow behavior across the dimple is different which causes the deviation in respective

Cf . On the other hand, the ellipsoidal 45◦ is dissimilar from other dimples due to

its tilted orientation which exposes maximum frontal area for the incoming fluid

flow. As a result, larger area of pressure and skin friction are observed, as shown

in Figure 5.11a - 5.11b. Contrary to other dimples, stagnation point of ellipsoidal
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45◦ lies at the 165◦ with a wide span if about 30◦ ranging from 150◦ to 180◦. The

maximum Cf lies at 135◦ having a tilted flower shape owing to its orientation.

5.3.5 Local Hydraulic Characterization of Second to Fifth

Dimples of Enhanced Tubes

(a) Dimple 2 (b) Dimple 3

(c) Dimple 4 (d) Dimple 5

Figure 5.12: Local Skin friction coefficient on the LS, MS and TS of tubes
E0P11, TDP3 and E45P3 at dimple 2, 3, 4 and 5

Cp of second to fifth dimples are skipped here in this section to avoid extra in-

formation about these dimple and Cf also represents the behavior of fluid dimple

interaction in a informative way, especially, when the dimple shapes are different.

Figure 5.12a - 5.12d show skin friction coefficient (Cf ) distributions for the 2nd

to 5th dimple of tubes E0P11, TDP3 and E45P3, at the Re = 12000. The re-

spective magnitudes of Cf for the tubes E0P11 and TDP3 decrease from 2nd to
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5th dimple. Contrary to 3rd to 5th dimple of ellipsoidal 0◦, the local maxima of

Cf for the 2nd dimple lies at 155◦. The maxima/minima pattern of teardrop and

ellipsoidal 0◦ from 3rd to 5th dimples remain the same with an overall decrease in

magnitude. On the other hand, the magnitude of Cf for the ellipsoidal 45
◦ remains

approximately at the 0.1 for the 2nd to 5th dimples. The value of Cf for the 4th

to 5th dimples of ellipsoidal 0◦ (Tube E0P11) and teardrop (Tube TDP3) shapes

remains below the 0.05 that is drastically less than Cf of ellipsoidal 45◦ (Tube

E45P3). This depicts that the 2nd to 5th dimples of ellipsoidal 45◦ (Tube E45P3)

contribute much more in regards of Cf , contrary to ellipsoidal 0◦ (Tube E0P3) and

teardrop (Tube TDP3) shapes. Cf depicts the friction by the fluid flow towards

the dimple. However, to observe the collective behavior of each dimple towards

the formations of friction, the form and friction drag coefficients are discussed in

the next section. These drags also differentiate and elaborate the pressure and

friction drags.

5.3.6 Form and Friction Drag Coefficients for Different En-

hanced Dimples

When the fluid flows having some velocity over an immerse body, the body experi-

ences the resultant force by the the fluid flow. This resultant force in the direction

of upstream velocity is called Drag. Drag is affected by geometric shape of the im-

merse body, velocity and properties of fluid. Drag has been mainly studied for the

external flows and it provide the numerous quantitative measure for aerodynamic

industry to improve and upgrade it for the next generation challenges [118]. Sim-

ilarly, drag is also becoming the favorite topic for the internal flows as far as the

dimples are concerned because it directs to upgrade the dimple geometric shape

which ultimately leads to improve the overall performance [122, 123].

Drag coefficient consists of two major components namely form drag coefficient(cP ),

as given in equation 1.5, and friction drag coefficient (cF ), as provided in equation

1.6. As far as the enhanced tubes are concerned, dimples are main source of resis-

tance against fluid flow, therefore drags are computed specifically for the dimples,
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as shown in Figure 5.13a - 5.13c. First two dimples of teardrop shape have higher

form drag coefficient which increases with increase in Re, as shown in Figure 5.13a

- 5.13c.

The drags of teardrop and ellipsoidal 45◦ are comparable for the first dimple while

the difference increases considerably as the fluid moves towards the second dimple.

As the fluid flow reaches the 3rd to 5th dimple, ellipsoidal 45◦ faces high form drag

while other two dimples face less pressure resistance.

As far as the viscous drag is concerned, ellipsoidal 45◦ dimple shows the dominant

behavior for the first dimple whereas, the ellipsoidal 0◦ and teardrop dimples are

comparable. From 3rd to 5th dimple, viscous drag coefficient of all the shapes

are comparable. The drag behavior shows the 3rd to 5th dimples are the major

contributors for the ellipsoidal 45◦ contrary to the ellipsoidal 0◦ and teardrop

shapes.

(a) (b)

(c)

Figure 5.13: pressure and viscous drag coefficients of dimples at Re (a) 12000,
(b) 16000 and (c) 20000



Effect of Dimple Pitch on Heat and Flow Dynamics 92

5.3.7 Local Nu Distributions of First to Fifth Dimple

Figure 5.14a - 5.14e shows the Nu distributions on the lower (LS), middle (MS),

and top sections (TS) E0P11, TDP3 and E45P3. The Figure 5.14a apparently

shows that, at dimple 1, Nu of ellipsoidal 0◦ (i.e. in blue color) has maximum value

of approximately 1220 at the TS while it decreases from TS to LS. The Nu of

teardrop dimple (i.e. in black color) has maximum value of about 1500 which also

decreases from TS to LS. Contrary to dimple 1, the disturbed flow interacts with

dimple 2 and onward, therefore the maximum value of Nu at the dimple nose front

decreases gradually from 2nd to 5th dimple of both configurations. Furthermore,

the Nu polar plots of ellipsoidal 0◦ and teardrop dimples are in circular and heart

shapes similar to the patterns of Cf observed in the Figure 5.11b and Figure 5.12a

- 5.12d.

In comparison to the ellipsoidal 0◦ and teardrop dimples, ellipsoidal 45◦ has a geo-

metric inclination angle that interacts with the fluid first. Afterward, it disperses

the flow at 45◦ inclination angle and establishes the Cp and Cf accordingly, which

is shown in Figure 5.11a - 5.11b and Figure 5.12a - 5.12d. As a result, heat transfer

also takes place according to its 45◦ inclination angle, which is shown in Figure

5.14a - 5.14e. The local Nu of ellipsoidal 45◦ shows the maximum value of 1534

at the TS of dimple 1. However, due to its geometric shape, the stagnation region

of ellipsoidal 45◦ is tilted in shape as compared to ellipsoidal 0◦ dimple hence pro-

ducing the effect of the asymmetric wake in the downstream direction. Therefore,

Nu has trapezoidal shape with the maximum value of 1534 at the first dimple.

Contrary to it, the Nu of MS and LS has circular in shapes, which denotes that

stagnation region diffuses towards the top to bottom side of the dimple. In down-

stream, the Nu maxima of ellipsoidal 0◦ (Tube E0P11) and teardrop (Tube TDP3)

dimples have the range between 400-700, contrary to ellipsoidal 45◦ (Tube E45P3)

which has the Nu range of 1000 to 1250, owing to the pattern of Cf , Figure 5.12a

- 5.12d. This depicts that 3rd to 5th dimple of ellipsoidal 45◦ has a considerable

share in heat transfer rate.
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(a) Dimple 1 (b) Dimple 2

(c) Dimple 3 (d) Dimple 4

(e) Dimple 5

Figure 5.14: Nu distributions on the LS, MS and TS of tubes E0P11, TDP3
and E45P3 at dimple 1, 2, 3, 4 and 5

5.3.8 Stanton No. and Colburn j Factor of First to Fifth

Dimples

Since the fluid inside the tube is the same and only the dimple shape influences the

heat transfer, therefore the thermal-hydraulic performance of these tubes can be
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compared in patches. The patch is defined as the portion of the tube consisting of

dimple and smooth surface as shown in Figure 5.15. Stanton number (St) as given

in equation 1.11, a dimensionless number that relates the transfer of heat into the

fluid to the thermal capacity of the fluid, and Colburn j factor (jH) as given in

equation 1.12 that draws an analogy between momentum and heat transfer, are

used to investigate the performance of these patches. The Prandtl is for the St is

given in section 4.2.2. The plots of Stanton number and Colburn j factor versus

different patches of the tubes for Re = 12000, 16000 and 20000 are presented in

Figure 5.16a to 5.16c, respectively.

Figure 5.15: Schematic of patch 1 to patch 5 on the computational domain

The St and jH of 1st patch for all the shapes are higher which starts decreasing

at the downstream sections. After the second dimple, the St and jH of ellipsoidal

0◦ and 45◦ don’t exhibit any significant change for the rest of the downstream

section, contrary to the teardrop dimple shape which has a decreasing trend. The

ellipsoidal 45◦ has overall higher St and jH for all the patches, however, after the

second dimple, its difference with teardrop dimple increases at the downstream

section.

The overall patterns of St and jH are same for all Re however, the order of mag-

nitude varies in all cases as shown in Figure 5.16a to 5.16c. At Re = 12000, jH

of tube 13 is 47.7% higher than the jH of tube E0P11 at the patch 1 whereas it
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is 60.04% at patch 5. The jH of tube TDP3 is 32.11% higher than the jH of tube

E0P11 at the patch 1, while it is 9.19% at patch E0P11.

Furthermore, the percentage differences of St between the tubes E45P3 and E0P11

and tubes TDP3 and E0P11 are approximately the same as mentioned for the jH

of all patches. Figure 5.16a to 5.16b also shows that St and jH is slightly higher at

the Re = 16000, in comparison with St and jH for all the patches at Re = 12000.

It is also established from Figure 5.16a to 5.16c that the jH of tube E45P3 at the

Re = 16000 is 19.64% higher than the jH of same tube at Re = 12000 for the

patch 1 while it is 27.43% for the patch 5. Moreover, the percentage difference of

tube E45P3 between Re = 20000to12000 ranges from 36.33% to 51.35% for the

patches 1-5. It is also evident that the ellipsoidal 45◦ (tubes E45P3) has higher

St and jH for all the patches at all Re.

(a) (b)

(c)

Figure 5.16: Colburn j factor and Stanton number for tubes E0P11, TDP3 &
E45P3 at the Re (a) 12000, (b) 16000 and (c) 20000
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5.4 New Correlations of Nu and fr for Ellip-

soidal 45◦ Dimpled Tube

Since thermal-hydraulic performance of ellipsoidal 45◦ dimpled tubes is far greater

than rest of the dimpled tube configurations. Therefore, it is deemed appropriate

to propose correlations of Nu and fr for these enhanced tubes for different pitch

configurations for the optimum Re working range. The correlation of Nu and fr,

for possible pitches of ellipsoidal 45◦ dimpled tubes, are proposed in equations

(5.1) and (5.2), respectively. The relationships of Nu and fr are proposed as a

function of Re and pitch P , where pitch is in millimeters. These correlations are

valid for the fluid properties and boundary conditions, given in section 4.2.2. The

Reynolds number can be ranged between 9000 ≤ Re ≤ 30000, a Prandtl number

is 4.8734 while pitch can be varied between 3.17 mm to 13.17 mm.

Nu = c1Rec2(1+P/1000)

c1 = −0.0037866P + 0.19872

c2 = −0.00047674P + 0.7367

(5.1)

fr =
[
c3 log

(
Re+

P

1000

)
+ c4

]−3/2

c3 = −0.0017367P − 0.11898

c4 = 0.20937P + 5.325

(5.2)

The constants a and b of both correlations were linear functions of the pitch P .

The comparisons of Nu and fr from numerical results and proposed correlations

are presented in Figure 5.17a - 5.17b, respectively. A good agreement between the

correlation and numerical results is observed. The maximum difference for Nu

remained within 15% while it is 20% in case of fr, for all pitches and Reynolds

numbers.
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(a) (b)

Figure 5.17: Comparison of numerical and correlation results of ellipsoidal
45◦ dimpled tube (a) Nu and (b) fr

5.5 Conclusion

The numerical investigation of thermal and hydraulic performances of dimpled

tubes having various geometric pitches at a constant heat flux of 10 kW/m2 for a

wide range of Reynolds numbers was carried out. Three different dimple shapes of

equivalent volume were considered for that purpose i.e., ellipsoidal 0◦, Teardrop,

and ellipsoidal 45◦ dimples. The ratio of the tube length to dimple pitch ratio was

fixed to 10 to ensure the same number of dimples by accommodating the size of the

dimple during the pitch variations for all tube configurations. The dimple pitch

played a dominant role in the thermal performance augmentation of the enhanced

tubes. The performance of enhanced tubes deteriorated with increasing Reynolds

numbers as the friction factors of the tubes increased appreciably. Therefore, op-

timum dimple pitch along with the best working ranges of Reynolds numbers for

all three dimple tube configurations was investigated. The pitch of 3.17 mm was

found to be the optimal choice for the teardrop and ellipsoidal 45◦ dimpled tubes

i.e., tube TDP3 and tube E45P3. The thermal-hydraulic performance enhance-

ment of tube E45P3 was found to vary between 45.7% to 9% for the Re range

of 9000 to 30000, respectively. Tube TDP3 showed the thermal-hydraulic perfor-

mance augmentation to alter from 31.2% to 3.3% for the Re range of 14000 to
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40000. The best pitch configurations for ellipsoidal 0◦ dimpled tube were obtained

to be 11.17 mm (tube E0P11) and 13.17 mm (tube E0P13) for Re = 16000 to

20000 and Re = 30000 to 40000, respectively. For those ranges of Re, tube E0P11

and tube E0P13 exhibited the performance enhancements of 30% - 24% and 15%

- 11%, respectively, as given in Figure 5.18.

Figure 5.18: Best tube configurations with their favorable Re ranges

The performance augmentation of dimpled tubes was found to be strongly linked to

flow distribution around the wake and fluid-dimple interactions downstream of the

tubes. It is pertinent to mention that the better performance of tube E45P6 was

observed to be linked to the asymmetric wake behind the dimples which created

a path for the fluid to interact with succeeding dimples which promoted heat

transfer. Whereas, tube E0P11 and tube TDP3 generated a stable wake behind

the dimples which created channel-like flow with minimal fluid-dimple interaction

in the downstream direction and hence yielded a moderate increase in heat transfer

rates. Local characterizations of tubes E0P11, TDP3, and E45P3 were presented

using skin friction coefficient (Cf ), drag coefficient, Nusselt number (Nu), and

Colburn j factor (jH). Cf of tube E45P3 remained constant at 0.1 for the first five

dimples while in cases of tube E0P11 and tube TDP3 Cf decreased from 0.1 to

0.04. Local Nu of tube E45P3 decreased from 1534 to 1000 from 1st to 5th dimple

however, it was significantly lower for other tubes. As a result, Colburn j factor of
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tube E45P3 was 47.7% higher than that of tube E0P11 for the first patch at the

Re = 12000 and 60.04% at patch 5. Moreover, for tube E45P3, correlations for

Nu and fr were also proposed as the functions of Re and P which covered each

configuration of the ellipsoidal dimpled tube. The Nusselt numbers and friction

factors could readily be obtained for any ellipsoidal dimple tube topology with

reasonable accuracy for 9000 ≤ Re ≤ 30000.

It is appropriate to mention that the best pitched dimple tubes with Re have

been numerically analyzed following with proposed correlations. Up till now, Star

(circumferential dimples) configuration in all tubes is fixed, denoting the surface

area is not changed yet. It is necessary for the current study to analyze the

behavior of fluid flow with the variation in radial orientations of dimple i.e., ’Star

of enhanced tube’, to evaluate the impact on overall performance. In the next

chapter, determination of these characteristics of enhanced tubes with variation

in Star is carried out numerically along with the proposed correlations.



Chapter 6

Influence of Transverse Dimples

Patterns on Fluid Flow and Heat

Transfer Characteristics

6.1 Introduction

In the previous chapter, thermal hydraulic performances of the flow through heated

enhanced tubes with best chosen pitches having their favorable Re ranges and con-

stant surface heat flux were investigated for the ellipsoidal 45◦ dimples. The fluid

flow interaction of dimpled tube with Star variation is inevitable for the engineer-

ing system design or industrial usages, as discussed in the conclusion of Chapter 5.

Therefore, in this chapter, the flow and heat transfer characteristics of ellipsoidal

0◦, 45◦ and Teardrop dimpled tube with variation in Star is numerically analyzed

for a wide range of Re. Through a parametric study, identification of the best Star

formation is investigated using Reynolds Averaged Navier Stokes (RANS) under

steady flow conditions for each geometric configuration. The thermo-hydraulic

performance enhancement for the optimal configuration is investigated, flow char-

acteristics of the enhanced tube with star variation are discussed and categorized

locally throughNu. In addition, the correlations ofNu and fr for the Star variated

100
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enhanced tubes are proposed for the wide range of Re. In the end, performance

of best pitched tube, along with best Star configuration is presented.

6.2 Computational Domain of Dimple Tube with

Star Variation, Boundary Condition and Grid

Generation

The effects of dimple pitch on the thermal-hydraulic performance of tubes en-

hanced with Ellipsoidal 0◦, Ellipsoidal 45◦ and Teardrop dimples have been inves-

tigated in the previous chapter. The optimum pitches for each dimple shape have

been highlighted while considering only four dimples in the transverse or circum-

ferential direction. The total number of dimples and dimple length to pitch ratios

for each tube are fixed to 10. It has been revealed that the thermal performance

of the tube is linked to the interruption of the boundary layer flow by the par-

ticular axial flow patterns generated by the vortices in the wakes of the dimples.

However, the effects of the neighbouring dimples in the transverse dimples were

not focused since the dimples were fairly distant. However, the number of dimples

in the transverse direction may play a crucial role in the flow patterns generation

in dimples wakes and consequently in altering the thermal-hydraulic performance

of the augmented tubes.

Figure 6.1: Geometric configuration of Star
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Table 6.1: Parameters of all tubes used for the current study

Dimple Pitch (P)
(mm)

Star

4 6 8 Dimple profile Ratio of Dimple Pitch to height
3.17 TDP3S4 TDP3S6 TDP3S8 Teardrop 2.54
11.17 E0P11S4 E0P11S6 E0P11S8 Ellipsoidal 0◦ 9.47
3.17 E45P3S4 E45P3S6 E45P3S8 Ellipsoidal 45◦ 2.54

Therefore, in current chapter, a detailed investigation of the effects of circumfer-

ential dimples on the thermal and hydraulic performance of Ellipsoidal 0◦, 45◦,

and Teardrop dimpled tubes is carried out. The angle between the circumferential

dimples is 90◦, 60◦ and 45◦ for the Star 4, 6 and 8 respectively. Different configu-

rations of Star variation of Ellipsoidal 45◦ dimple tube along with inside angles are

presented in Figure 6.1. And geometries of different tubes are also shown in the

Figure 6.2. As given in the previous chapters, the tube numbers are linked with its

geometric properties therefore, in current chapter, additional property (i.e. Star)

is added in the tube name. For example, TDP3 represents the tear drop dimple

tube with 3.17 mm pitch configuration. Here it becomes TDP3S4, which denotes

that Teardrop dimpled tube with P=3.17 mm and Star=4. Similarly, all tubes of

current chapter having optimum pitches and Star configurations along with tube

parameters are given in Table 6.1.

The boundary conditions, used in current chapter, are discussed in the chapter 4.

Generation of structured mesh through near-wall refinement is implemented for

domain discretization, as presented in Figure 6.3. The number of grid elements are

varied from 0.28 million (Coarse mesh) to 6.2 million (Fine Mesh). The difference

in Nu and fr increases as the grid size is refined, nevertheless, it becomes constant

for 2.0 million grid elements, as given in Table 6.2.

After all, to confirm that the grid dependence disparities are insignificant, 3.0

million mesh cells are favored for all computations in the current study. Since the

precision of the solution of turbulent flow depends upon the resolution of the grid

in the boundary layer regime, therefore grid size of 3.0 million is preferred which

also allows the accurate computation of the near wall effects. In the selected mesh

of 3.0 million elements, the resultant y+ ≈ 0.51 is noted which ensures that the

mesh size is adequate to resolve the near wall effects.
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Figure 6.2: Geometries of different tubes with Star variation

Figure 6.3: Structured grid of the computational domain
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Table 6.2: Grid independence study of Tube E45P3S6

Grid Re = 9000 Re = 14000

(in millions) Nu fr Nu fr

0.28 158.37 0.10864 228.58 0.10951

1 153.58 0.10232 220.69 0.10156

2 152.73 0.09953 219.73 0.09831

3 151.68 0.09797 218.56 0.09754

6.2 151.55 0.09788 218.37 0.09751

6.3 Results and Discussion Section

6.3.1 Influence of Star Variation of Dimpled Enhanced Tubes

on the Heat Transfer and Hydraulic Loss

The number of dimples in the circumferential direction varies from 4 to 8, therefore

9 tubes are employed, as presented in Table 6.1. These tubes are analyzed for the

Re range 5000 ≤ Re ≤ 40000. The quantitative analysis of heat transfer and

hydraulic loss can be best associated to Nu and fr, respectively. Therefore, the

results of all dimpled tubes for different Re in the form of Nu and fr are presented

in Figure 6.4a - 6.4f. It is obvious from Figure 6.4a - 6.4c that Nu increases with

increasing Re and the number of circumferential dimples. Tube TDP3S8 shows

a higher heat transfer rate for the entire range of Re. It is manifested in Figure

6.4a that the Nu of Tube TDP3S8 is 16.73% higher than Nu of Tube TDP3S4 at

the Re=5000 while it is 29.05% at the Re = 30000. Similarly, Figure 6.4b depicts

that the Nu of Tube E0P11S8 is 14.92% higher in comparison with Nu of Tube

E0P11S4 at the Re = 5000 while it is 33.49% at the Re = 40000. Furthermore,

Figure 6.4c also reveals that the Nu of Tube E45P3S8 is 36.94% higher than the

Nu of Tube E45P3S4 at the Re = 5000, however enhancement reduces to 14.6%

at the Re = 40000.
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Above results shows that the Nu of ellipsoidal 0◦ and Teardrop dimpled tubes also

present the same trend but with lower heat transfer enhancements, particularly at

high Re. It is appeared from the Figure 6.4a - 6.4f that the increase in the Star

augments the heat transfer rate. In addition, ellipsoidal 45◦ dimpled tubes have

relatively higher Nu.

Figure 6.4d - 6.4f shows the fr of all the tubes which depicts the hydraulic losses of

the tubes increase with different Star configurations. To increase the fluid surface

interaction, the hydraulic loss is also increased. Figure 6.4d reveals that fr of

Tube TDP3S6 is 4.13% higher than the fr of Tube TDP3S4 at the Re = 5000

while it is 18.9% at the Re = 40000. Similarly, hydraulic loss of Tube TDP3S8 is

22.48% higher than the fr of Tube TDP3S4 at the Re 5000 whereas it is 55.9%

at the Re = 40000.

It is also established in Figure 6.4f that the hydraulic loss of tubes E45P3S4 to

E45P3S8 is much higher in comparison with rest of the tubes. The fr of Tube

E45P3S6 is 33.14% higher than the fr of Tube E45P3S4 at the Re = 5000 while it

is 42.03% at the Re = 40000. Likewise, the fr of Tube E45P3S8 is 64.66% higher

than fr of Tube E45P3S4 however, it is 72.18% at the Re = 40000.

(a) (b) (c)

(d) (e) (f)

Figure 6.4: Comparison of dimpled tubes 1-9 (a, b & c) Nu and (d, e & f) fr
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6.3.2 Consequence of Star Variation on the Fluid Flow and

Heat Transfer Characteristics

The detailed discussion on the fluid flow and heat transfer characteristics at single

Re is not the main objective here as it has already discussed in detail in previous

chapters. In the first phase of this subsection, fluid flow property distribution of

some of the tubes is shown here for the glance of these distribution. Afterwards,

the distribution will on the distinction between the Star variation.

The fluid flow and heat transfer characteristics associated with the trends of Nu

and friction factors, as observed in Figure 6.4a - 6.4f are assessed in detail by

analyzing the velocity, wall shear, pressure, and Nu distributions of enhanced

tubes. Local thermal-hydraulic characteristics are presented in Figure 6.5 at the

Re = 5000 of tubes TDP3S4, E0P11S4 and E45P3S4. Velocity distributions

showing the flow paths around the dimples are drawn at the tube radius of 8 mm.

Velocity distributions show the flow paths around the dimples. It depicts that

tube TDP3S4 and E0P11S4 dimple tubes have fluid flow paths at the top and

bottom sides of the dimples while vortices are between the dimples. Vortices in

the wakes of dimples are of different shapes for the different tubes. For example,

in the case of TDP3S4 the wake of the upstream dimple attaches to the front

stagnation region of the downstream dimples. This forces the fluid to adopt a flow

path around the dimples and therefore limits the fluid-dimple interaction. The

tube embedded with Ellipsoidal 0◦ (E0P11S4) also shows a similar flow pattern

as observed in Tube TDP3S4 however, due to the larger pitch the wakes of the

upstream dimples do not interact with the stagnation points of the downstream

dimples and consequently fluid-dimple interaction are not diminished in the front

half of the dimples. The heat transfer increases at the front sides of dimples

due to the stagnation zone which is also shown in the Nu distributions. The

generation of stagnation region already has been discussed at the Ellipsoidal 0◦,

45◦ and 90◦ dimples in the Chapter 4 in detail. So, there is no need to discuss it

again. Now come to the tubes TDP3S4 and E0P11S4. Both tubes have dimples

that are symmetric along the axial direction. Axial Pressure distributions of tubes
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TDP3S4 and E0P11S4 show front local stagnation pressure of dimples decrease

successively in the downstream direction depicting the flow separation, as shown in

Figure 6.5. This is also confirmed through the wall shear distributions, Figure 6.5

which illustrate high shear at the upstream section of the tube as compared to the

downstream section. On the other hand, the wakes of the Ellipsoidal 45◦ dimple

tube (E45P3S4) are observed to be non-symmetric and the flow pathways around

the top and bottom halves of dimples are different. The non-symmetric wakes

of the upstream dimples attach to the bottom half of the downstream dimples

creating a path for the flow across the front face of the dimples.

Figure 6.5: Thermal and hydraulic property distributions at the Re 5000 of
Tubes TDP3S4, E0P11S4 and E45P3S4

Wall shear distributions depict high shear at the upstream section of dimple where

the fluid strike at the front side of dimple, as shown in Figure 6.5. As a result,

the heat transfer increases at the front sides of dimples, which is shown in the Nu

distributions. Both tubes have dimples that are symmetric along axial direction.

Contrary to this, Ellipsoidal 45◦ is asymmetric and produces different results. The

velocity distributions depict that the top side of tube E45P3S4 produces a higher

velocity magnitude than the bottom side. The vortices are also prolonged between

the downstream to the upstream of the next dimple, as shown in Figure 6.5. The

pressure gradient location is also inclined, as assist by dimple shape, which causes

more experience of pressure for the dimple frontal area. This produces high shear

at the dimple frontal area that is aligned at 45◦. As a result, Nu increases at

these spots, and more dimple areas experience the heat transfer, as shown in Nu

distributions in Figure 6.5. Furthermore, the flow in circumferential direction has
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major effect on all dimple configurations, especially for the Ellipsoidal 45◦ dimple

shape. This endorses the fluid-dimple contact followed by the advancement of heat

transfer. This effect is depicted in the velocity distributions in various cross-flow

sections at the Re = 5000 in the Figure 6.6. The velocity distributions are drawn

on the dimple-1 location ‘D − 1′, dimple-5 position ‘D − 5′ and dimple-10 place

‘D−10′, respectively. At D−1 of Star 4, the velocity core of all tubes is thin as it

reflects the dominance of viscous forces. Whereas the core radius develops further

at D − 10 and approaches around double the radius of D − 1.

Figure 6.6: Velocity distributions of cross-flow sections of tubes TDP3S4-
E45P3S4 at different dimple locations D-1, D-5 and D-10

Figure 6.7: Velocity Streamlines of tubes E45P3S4, E45P3S6, and E45P3S8,
respectively

The velocity core also spreads wider as the Star varies from 4-8. This depicts that

central velocity is in direct relation to the Star. There is also unique representation

of core shape for each dimple configuration. The velocity core of Teardrop dimple
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has almost circular in shape for all Star. The velocity core of Ellipsoidal 0◦ dimple

has tilted square shape for Star 4, while it is hex and octa for the Star 6 and 8,

respectively.

The velocity core in Ellipsoidal 45◦ tube forms a diamond shape for all Star config-

uration. Moreover, the boundary layer of Ellipsoidal 45◦ dimple tubes is compara-

tively thicker and more perturbed. It leads to enhance the fluid-dimple interaction

than the other dimple shapes. Therefore, a helical flow pattern is generated in the

Ellipsoidal 45◦ dimpled tube for every star configuration as shown in Figure 6.7.

Figure 6.7 shows the streamlines of fluid flow inside the tubes E45P3S4 to E45P3S8,

respectively. Streamlines of tube E45P3S4 show that some of the fluid flow is in-

tercepted by the dimples and the rest of the fluid flow is smooth and it is without

any interruption along the axial flow direction. However, the fluid flow of tube

E45P3S6 shows stimulating behavior. The fluid flow of tube E45P3S6 also inter-

acts in the circumferential direction. It look like that the flow started rotating and

following a helical path. It depicts that the 45◦ inclination side of the dimple allows

the fluid to flow along its side, which tries to interact with the 4th dimple in the

next row. This circumstantially directive flow is shown in Figure 6.7. Similarly,

the fluid flow interacts with the 2nd dimple in the next row of tube E45P3S8, as

shown in Figure 6.7.

6.3.3 Outcomes of Star Variation on the Thermal Hydraulic

Performance Enhancement

The performances of dimple tubes are presented in Figure 6.8a - 6.8c, whereas

PECs denotes the performance evaluation criteria of the smooth tube which is

obviously equal to 1. The thermal-hydraulic performance of enhanced tubes de-

creases with an increase in Re for all pitches. Figure 6.8a - 6.8b shows that for a

given value of star, PEC of Teardrop and ellipsoidal 0◦ dimpled tubes are quasi-

identical, particularly at low Re. At higher Re the difference of PEC increases

as the Star increases from 4 to 6 but for Star 8 PEC of both dimples once again
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becomes quasi similar and therefore limiting the performance. In contrary to, the

enhancement in PEC is significantly large at low and moderate Re for Ellipsoidal

45◦ dimpled tubes. It is established in the Figure 6.8c that the PEC of Tube

E45P3S6 is 12.15% higher than the PEC of Tube E45P3S4 at the Re = 5000

whereas it is 5.99% at the Re = 16000. Similarly, the Tube E0P11S6 is 6.83%

higher than the PEC of Tube E0P11S4 at the Re 20000 while it is 14.634% at the

Re = 40000.

(a) (b)

(c)

Figure 6.8: Thermo-hydraulic performances of: (a) tubes 1-3, (b) tubes 4-6,
and (c) tubes 7-9

However, as observed in Figure 6.9a - 6.9f at significantly large Reynolds num-

bers, i.e. Re greater than the 30000, Ellipsoidal 45◦ dimpled tubes become in-

effective. The reason for the deterioration of the thermal-hydraulic performance

of Ellipsoidal 45◦ dimpled tubes is because at higher Re the flow momentum is
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sufficiently large which diminishes the swirl behavior of the tubes and therefore

limits the fluid-dimple interaction.

(a) (b)

(c) (d)

(e) (f)

Figure 6.9: Performances of Teardrop, Ellipsoidal 0◦ and Ellipsoidal 45◦ dim-
pled tubes at the different Re, (a) Re = 5000, (b) Re = 12000, (c) Re = 16000,

(d) Re = 20000, (e) Re = 30000, (f) Re = 40000
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Therefore, the optimum configuration of enhanced tubes must be characterized

according to the favorable Reynolds number range. It is also pertinent to mention

that the thermal-performance enhancement of Star 6 and 8 configurations is indis-

tinguishable. However, the lower manufacturing cost of tubes with Star 6 config-

uration and high thermal-hydraulic performance gives an edge over the tube with

Star 8 configurations. From Figure 6.9a - 6.9f, for Re from 5000 ≤ Re ≤ 18000,

Tube E45P3S6 (Star 6 Ellipsoidal 45◦) is recommended while Tube E0P11S6 (Star

6 Ellipsoidal 0◦) should be used for the applications having working range of

20000 ≤ Re ≤ 40000.

6.3.4 Local Characterization of Tube E0P11S6 and E45P3S6

Tube E45P3S6 and Tube E0P11S6 are identified as the optimum enhanced config-

urations for 5000 ≤ Re ≤ 20000 and 20000 ≤ Re ≤ 40000, respectively. The axial

and radial flow and heat transfer characterization of the optimum tube configu-

rations under optimal conditions are also performed. Figure 6.11a - 6.11f shows

the distributions of local Nu and skin friction coefficients (Cf ) at different loca-

tions over the surface of tubes E0P11S6 and E45P3S6, at the Re of 20000 and

12000, respectively. These Reynolds numbers correspond to the optimum flow

conditions of the given enhanced tubes. Moreover, the axial distances of the tubes

are normalized with their respective dimple pitches. Figure 6.10 shows the specific

locations where the Nu and Cf are plotted for the tubes E0P11S6 and E45P3S6.

Y r corresponds to the radial displacement representing the dimple at different

sections of the dimples i.e., at 1 mm, 0 mm and -1 mm, while each of these lines

extends from the inlet to the outlet of the tubes. These different locations on the

surface are shown in the schematic of Figure 6.10. Y r is the radial displacement

covering the dimple at different locations 1 mm, 0 mm and -1 mm, while each of

these lines extends from the inlet to the outlet of the tubes. Figure 6.11a mani-

fests the local Nu at Y r = 1 mm which is located in the high-pressure zone that is

in the vicinity of the stagnation region for Tube E45P3S6 (Ellipsoidal 45◦) while

it is located in the low-pressure zone of Tube E0P11S6. The peak values of Nu
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depict the location of dimples whereas lower values with flat lines indicate the

smooth surfaces in between the dimples. Nu value at first dimple is 1200 for Tube

E45P3S6 which almost maintains till 4th dimple. It decreases to 990 at the 5th

dimple and decreases further in the downstream direction. At Y r = 1 mm, Nu of

Tube E45P3S6 is almost two times the Nu that of Tube E0P11S6 even though Re

of Tube E0P11S6 is higher than that of Tube E45P3S6. It also denotes that Nu

of Tube E0P11S6 from 3rd to 8th dimple remains almost constant at 670 at the

Re = 20000. The trend of Tube E0P11S6 shows that the fluid-dimple interaction

is remained indistinguishable in the downstream direction.

Figure 6.11b represents the Nu at the location Y r = 0 mm which is located in the

vicinity of the stagnation region for Ellipsoidal 0◦ dimple. Nu of Tube E0P11S6,

at Re = 20000, at the location at 1st dimple is approximately 1800 which is

approximately 1.7 times higher than that of Tube E45P3S6, at Re = 12000, at

the first dimple. Afterwards, Nu of Tube E0P11S6 declines to almost 1200 due to

flow path development in the axial direction. After the 3rd dimple, the flow path

is developed and the Nu becomes constant to a value of approximately 1200.

The local Nu of Tube E0P11S6 at Y r = -1 mm, as presented in Figure 6.11c,

decreases from 815 at the first dimple to 630 at last dimple. The trend of Tube

E0P11S6 shows that the interaction between fluid and dimple is maintained in the

downstream direction. Figure 6.11c also shows the local Nu distribution of Tube

E45P3S6 at the position Y r = -1 mm where fluid flow partially detached from the

dimpled surface due to the non-symmetric wake of the dimple. The non-symmetric

wake allows the flow to form a passage across the dimples and induces a helical

flow pattern. This improves the fluid-dimple interaction and generates higher heat

transfer rates. The maximum Nu of Tube E45P3S6, for Re = 12000, at 1st dimple

is approximately 800. Nu declines at the 2nd dimple as flow is unstable but rises

quickly to a value of 600 till the 9th dimple. The Cf at the Y r = -1 mm also

shows a similar pattern.

The Cf of Tube E0P11S6 at the Y r = 1 mm and Y r = -1 mm has magnitudes of

range 0.02 to 0.03, as shown in Figure 6.11d and 6.11f. The Cf of Tube E0P11S6
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at Y r = 0 mm follow the pattern that is different from the pattern of Nu, as

shown in Figure 6.11d. The Cf of the 1st dimple at Y r = 0 mm is 0.045 which,

after the 3rd dimple, slightly decreases to a value of 0.042. It is interesting to note

that Cf values of Tube E45P3S6 are typically 1.5 to 3 times higher than those of

tube E0P11S6.

Figure 6.10: Schematic of axial and radial locations on the tubes E0P11S6
and E45P3S6, respectively

(a) (b) (c)

(d) (e) (f)

Figure 6.11: Local Nu distribution of Tube E0P11S6 at Re=20000 and Tube
E45P3S6 at Re=12000 at the locations: (a) Y r =1mm, (b) Y r =0mm, and (c)
Y r =-1mm, Local Cf distribution of Tube E0P11S6 at Re=20000 and Tube
E45P3S6 at Re=12000 at the locations:(d) Y r =1mm, (e) Y r =0mm, and (f)

Y r =-1mm

The local distribution of Nu and Cf are also assessed in the circumferential direc-

tions for tubes E0P11S6 and E45P3S6 at Re = 20000 and 12000, by using polar

plots at the location of Y a that is 1 mm offset from the center of the dimples in
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the upstream direction as shown in Figure 6.12a - 6.12b. These locations represent

high heat transfer zones as demonstrated in Figure 6.5.

Figure 6.12a displays Nu distributions over the transverse cross-sections at axial

locations of dimple 1, dimple 4, and dimple 8 for both tubes. The magnitude of

Nu of Tube E0P11S6 for Re = 20000, in Figure 6.12a, show overall symmetrical

behaviour for all axial locations.

(a) (b)

Figure 6.12: Polar representations of Nu distributions of tube E0P11S6 and
E45P3S6, at (a) Re 20000, (b) Re 12000

Nu maxima at the axial location of dimple 1 is around 935 which decreases to 790

at dimple 4 location while it is 730 for dimple 8 location. It is also observed that

all dimples contribute to heat transfer and fluid flow and therefore result in the

high thermal-hydraulic performance of the tube, especially at high Re.

Figure 6.12b shows the Nu distribution of Tube E45P3S6 at the Re = 12000.

The Nu is approximately 975 at the axial locations of dimples 1 and 4 while it is

almost 790 at dimple 8. This shows that even at low Re the Ellipsoidal 45◦ dimpled

enhanced tube demonstrates high heat transfer rates as compared to other tubes.

The peak values of Nusselt numbers do not coincide at any given axial location due

to the swirl generation due to non-symmetric wakes of the Ellipsoidal 45◦ dimples.

Moreover, it can also be observed that Tube E45P3S6 has higher Nusselt numbers

at smooth surfaces between the dimples as compared to Tube E0P11S6.
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6.4 Proposed Correlations for Enhanced Tube

with Star Variation

The correlation of Nu and fr, for Tubes E45P3S4-E45P3S8 are proposed in equa-

tions (6.1) and (6.2), respectively.

Nu = aReb(1+S/1000)

a = 0.039144S − 0.065709

b = −0.019147S + 0.88302

(6.1)

fr =
[
a log

(
(Re+ S/1000)

)
+ b

]−3/2

a = −0.031937S + 0.25954

b = −0.04465S + 3.5019

(6.2)

(a)

(b)

Figure 6.13: Comparison of numerical and correlation results (a) Nu and (b)
fr

These tubes are chosen for correlation for having best performance in its favorable

Re region. The relationships of Nu and fr are proposed as a function of Re and

Star - S. The Reynolds number can be ranged between 5000 ≤ Re ≤ 20000,
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a Prandtl number is 4.8734 while Star can be varied between 4 to 8. The con-

stants a and b of both correlations are linear functions of the bent radius S. These

correlations are valid for the fluid properties and boundary conditions, given in

section 4.2.2. The comparisons of Nu and fr from numerical results and proposed

correlations are presented in Figure 6.13a and 6.13b, respectively. A good agree-

ment between the correlation and numerical results is observed. The maximum

difference for Nu is limited to 5% and below 11.4% in case of fr, for all Re and

Star configurations denoted as S in the equations.

6.5 Conclusion

The role of transverse dimple configurations in the augmentation of heat and fluid

flow performance of dimpled tubes was investigated numerically in this study.

Three different configurations of dimples were considered i.e., Teardrop, Ellipsoidal

dimples aligned with flow direction (Ellipsoidal 0◦), and ellipsoidal dimples tilted

45◦ to the flow direction (Ellipsoidal 45◦). Each dimpled tube configuration was

further modified by employing 4, 6 and 8 dimples in the circumferential directions

(Star). Therefore, a total of 9 tubes, subjected to a constant heat flux of (q′′ =

10kW/m2), were employed in this study. The total number of dimples and dimple

length to pitch ratios for each tube were fixed to 10. A fully developed turbulent

flow regime was considered with (5000 ≤ Re ≤ 40000). It was observed that

in general for all enhanced tube configurations heat transfer and friction factor

increased with increasing transverse dimples. Moreover, Nu increased linearly at

low Re but the increasing trend become non-linear at higher Reynolds number.

Whereas, friction factors of the tubes decreased with increasing Reynolds numbers.

The fluid flow analysis manifested that the increase in Star enhanced fluid and

surface interaction and thus resulted in the augmentation of heat transfer rate and

pressure losses. However, the rate of heat transfer increase was much greater than

hydraulic losses. Thermal-hydraulic performance of Tube E45P3S6 (Ellipsoidal

45◦ dimpled tube with Star 6) was superior to other dimpled tubes for the Re

range 5000 ≤ Re ≤ 20000. While Tube E0P11S6 (Ellipsoidal 0◦ dimpled tube
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with Star 6) was found to be the optimum choice for 20000 ≤ Re ≤ 40000. Local

characterizations of the optimum tubes manifested that Nu of Tube E45P3S6,

at Re = 12000, was 1200 at 1st dimple which remained quasi-constant until 4th

dimple but it was reduced by 50% at 8th dimple. The Ellipsoidal 45◦ dimples

generated swirl in the flow enhancing fluid-surface interaction as demonstrated

in friction coefficient. The interaction of fluid and dimple reduced at high Re

due to flow separation over the dimples. At high Re, Tube E0P11S6 showed

better thermal and hydraulic characteristics due to the creation of a flow path and

diminutive flow separation. Therefore, for high Re applications Ellipsoidal 0◦ tube

(Star 6) is recommended while for low Re applications Ellipsoidal 45◦ (Star 6) tube

is suggested. Afterward, correlations for Nu and fr with the function of Re and

S were proposed. The maximum difference numerical results and correlations for

Nu remained below 5% and below 11.4% in case of fr, for all Star ‘S ′ and Re.

In industrial applications, straight tubes are often used in a series of bends such

as U-bend for various applications needing long sections of tubes for transport

and heat transfer applications. In such geometric configuration, the conventional

U-bend introduces a secondary flow which leads to Dean Vortices. While dimpled

straight tubes are showing a promising ability to enhance the overall performance

in short length, the u-tube configuration is expected to engage another variational

aspect to fluid flow and thus require investigation to ascertain if the dimpled

tubes can be arranged in the U-bend arrangements and evaluate resultant flow

characteristics. Furthermore, the bend section also introduces additional hydraulic

losses, as mentioned previously. And fluid flow interaction of the dimple tube at

different radial orientations such as Star = 4 or Star = 6 with the bend section

may alter the frictional losses thus impacting overall performance. This shall

be investigated in the next chapter with the detailed comparison and proposing

correlation for the U-bend geometry having dimpled tubes along straight portions

of the bend.



Chapter 7

Implementation of Optimum

Design Parameters of the

Dimples in U-Tubes

7.1 Introduction

In the previous chapter, overall performances of flow through heated enhanced

tubes with pitch variation and constant surface heat flux were investigated for the

ellipsoidal 0◦, 45◦ and teardrop dimples. However, most industrial heat exchange

devices encompass tubes with 180◦ return bends (U-bends) for compactness and

continuous heat transfer at optimal efficiency. Examples of tubes with U-bends

(U-tubes) include shell and tube heat exchangers, refrigeration systems, cooling

of electronic devices, heat pipes, cooling channels of fuel cells, and gas turbines

blades, etc.

However, the U-bends generate complicated fluid flow patterns within the tube

depending on the sharpness of the bend (bend curvature) which ultimately affects

the thermal-hydraulic performance of the overall system. The fluid flow interaction

of dimpled tube with U-tubes is inescapable for the engineering system design or

industrial usages, as discussed in the conclusion of Chapter 6. Therefore, in this

119
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chapter, the flow and heat transfer characteristics of ellipsoidal 45◦ dimpled tube’s

interaction with U-tubes are numerically analyzed, for practical perspective.

Because, ellipsoidal-45◦ dimpled tube has provided the better overall performance

at its favorable Re region. In the first phase, Star is taken as 4 and curvature vari-

ation of U-Tube is considered for the analysis. After finding the U-Tube curvature

radius having best performance, best performance tubes of Chapter 6 having

Star = 6, are analyzed in coupled manner.

Because, the number of elements of dimple tube with Star = 6 in conjunction

with U-tube are very large and it takes much time for only one simulation. So, In

order to save time, initial analysis of dimple tube having Star 4 with U-Tubes are

conducted. Afterwards, the final results are drawn of E45P3 and E0P11 with the

U-tube having best overall performance.

The effects of different U-bend curvatures, of both smooth and dimpled tubes, on

fluid flow and heat transfer characteristics, are analyzed in detail. The effects of

dimples on the vortices of secondary flow in the bend are also analyzed in detail.

The local characteristics of heat transfer and each U-tube configuration are also

examined. In the end, new correlations of Nusselt number and friction factor are

presented for dimpled enhanced tube as the functions of Reynolds number and

ratio of the radius of U-bend curvature to tube radius.

7.2 Geometry and Boundary Conditions

In the first phase, an ellipsoidal 45◦ dimpled tube is used with pitch (P ) = 3.17

mm or dimple center to center distances of 6 mm having Star = 4, as reported in

Chapter 6. The numbers of dimples in the axial and radial direction are ten and

four, respectively. All dimples have the same equivalent volume of 5.3040 mm3.

The computational domain of the augmented bend tube is shown in Figure 7.1a.

Three different geometric bend curvatures are used in the bend section. The

hydraulic diameter Dh for both smooth and enhanced tubes is fixed to 17.272 mm.
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The geometric curvatures are different in bend sections; therefore, the overall tube

lengths are also different.

(a)

(b)

Figure 7.1: (a) Ellipsoidal dimple with U-tube with tube characteristics (b)
Geometries of U-tube E1 to E3, respectively

The tubes with different bend sections and other design parameters are given in

Table 7.1. U-tube S1 denotes the U-tube having radius of 0.6945Dh in conjunc-

tion with the smooth tube. To eliminate any spurious effects of inlet/outlet and

upstream/downstream section of bend, 40 mm length is used. Geometries of dif-

ferent U-tubes are also shown in Figure 7.1b. The inward dimples in the tube are

positioned inline.
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Table 7.1: Parameters of all tubes utilized in the current study

Sr. No U-tube
Diameter of tube (Dh)

(mm)
Dimple Profile

Depth (H)
(mm)

Pitch (P)
(mm)

U-tube curvature radius
(mm)

1 S1 17.272 Smooth tube - - 0.6945Dh

2 S2 17.272 Smooth tube - - 1.5Dh

3 S3 17.272 Smooth tube - - 2Dh

4 E1 17.272 Ellipsoidal (45◦) 1.175 3.17 0.6945Dh

5 E2 17.272 Ellipsoidal(45◦) 1.175 3.17 1.5Dh

6 E3 17.272 Ellipsoidal(45◦) 1.175 3.17 2Dh

7.2.1 Parameter Definition

The De, as given in the equation 1.13, is the representative of only the bend

section. Different De for the U-tubes of current section are presented in the Table

7.2.

Table 7.2: Dean number of different tubes utilized in current study

Dean number

De

U-tube curvature Radius (mm)

Re

0.6945 Dh 1.5 Dh 2 Dh

5000 2393.1 1628.7 1410.5

12000 5743.4 3908.8 3385.1

20000 9572.4 6514.7 5641.9

30000 14359 9772.1 8462.8

it is important to mention that the U-tube is a subsection of the whole system in

which smooth/dimple tube and U-tube are parts of the system where high Re of

turbulent flow is considered.

7.3 Mesh Generation and Grid Independence

The structured mesh with near-wall refinement is implemented for domain dis-

cretization, as shown in Figure 7.2. For this, ICEM CFD is used to generate the

structured blocking for multi region which helps to generate the high resolution

grid at the area of interest [103].
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Table 7.3: Grid independence study of U-tube E1

Grid
(Million)

Re=5000 Re=10000
Nu fr Nu fr

0.84 104.53 0.2123 208.467 0.2654
2 101.35 0.1716 205.35 0.2036
4.5 99.4182 0.163 204.0884 0.181777
7 99.4563 0.1627 204.094 0.1812

12.5 99.4566 0.1621 204.0943 0.1808

Figure 7.2: Grid generation of dimple U-Tube E1

In order to do it, the original block is sliced in axial and radial direction along with

the generation of “O-grid” around the dimples, as shown in Figure 7.2. In current

study, the dimple is the area of high resolution, therefore, a high-quality mesh

around the dimples is imperative since the flow separation, attachment, vortex

formation and flow mixing take place in the vicinity of the dimple. Therefore,

additional care is taken while generating the mesh around the dimples.

A detailed mesh independence study is performed and solutions for U-tube E1 at

the Re = 5000 and 12000 are demonstrated. The Nu and fr are shown Table

7.3 for various grid sizes. The grid sizes are varying from 0.84 million (Coarse

mesh) to 12.5 million (Fine Mesh). It is observed that initially the difference,

between two grid sizes, of Nu and fr is comparatively larger, however, it becomes
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Table 7.4: U-tube correlations of heat transfer and friction factor

Author Empirical correlation Re & De ranges Eq.
Rogers [124] Nu = 0.023Re0.85Pr0.4(d/D)0.1 9× 103 < Re < 105 (7.4.1)

Mori [125] Nu = Pr
26.2(Pr2/3−0.074)

Re0.8(d/D)0.1
[

0.098
[Re(d/D)2]0.2

]
104 < Re < 2× 105 (7.4.2)

Mori [125] fr = 0.3(d/D)−0.5[Re(d/D)2]−0.2[1 + 0.112[Re(d/D)2]−0.2] Recritic < Re < 6.5× 105(d/D)0.5 (7.4.3)
Schmidt [108] fr = fs,t[1 + 0.0823(1 + d/D)(d/D)0.53Re0.25] 2× 104 < Re < 1.5× 105 (7.4.4)
Mandal[126] fr = fs,t[1 + 0.03De0.27] 2.5× 103 < De < 1.5× 104 (7.4.5)

almost constant for 4.5 million mesh cells and onwards. To ensure the negligible

mesh-dependent variations and accurate results, 5.5 million grids with y+ ≈ 1.3 is

selected for numerical analysis in the current study.

7.4 Results and Discussion on the U-Tube Sys-

tem

7.4.1 Validation with Empirical Correlations

The numerical methodology is validated by comparing the numerical results of the

bend section of U-tube S3, obtained from the current methodology to the empirical

correlations documented in the literature. Some of the most appropriate correla-

tions of Nu for smooth bend tubes are presented in Table 7.4. The correlations of

Nu consist of Rogers and Mayhew [124], equation (7.4.1) and Mori and Nakayama

[125], equation (7.4.2). equation (7.4.1) has a wide Re range of 9×103 < Re < 105

equation (7.4.2) is valid for the Re range 104 < Re < 2×105. Mori et al. [125] also

proposed the correlation equation (7.4.3) for fr which is suitable for the compari-

son in the current study. The relation is valid for Recrit < Re < 6.5×105(d/D)0.5.

Likewise, Schmidt [108] and Mandal [126] have also presented the fr correlations,

which are givens in the equation (7.4.4) and equation (7.4.5), respectively. These

fr also compare in the present study. Equations (7.4.4) and (7.4.5) are valid for

the Re ranges of 2 × 104 < Re < 1.5 × 105 and 2.5 × 103 < De < 1.5 × 104

respectively.

7.3a - 7.3b shows the comparison of results from the present methodology and

empirical correlations of smooth U-tubes while the empirical correlations of Nu
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and fr along with Re and De ranges are presented in Table 7.4. Figure 7.3a -

7.3b shows that Nu is direct in relation to the Re while fr is inverse in relation

to the Re. This trend can be observed in Figure 7.3a which illustrations that the

numerical simulations also predict the direct relation of Nu with the Re while the

relation of fr is inverse with the Re ≤ 12000. The results of Rogers et al. [124] for

Nu are comparable in evaluation with the numerical results, as compare to Mori

et al. [125]. However, both the results are well within ±15% range. Most of the

results of fr correlations are also within the ±15% range, since, the magnitudes of

fr are very small and a few of the fr correlation results lie outside the ±15% range.

Nevertheless, the correlations of Nu and fr validate the numerical methodology

of present work.

(a) (b)

Figure 7.3: Comparison of predicted numerical results of the bent section of
U-tube S3 with empirical correlations (a) Nu and (b) fr

7.4.2 Heat Transfer and Hydraulic Loss of U-Tubes

The dimpled enhanced tubes are generally used to increase the heat transfer sur-

face area and alter flow dynamics for thermal-hydraulic augmentation of the heat

transfer system [121]. However, the compactness of the system demands the usage

of 180◦ return bends (U-bends) in the tubes. The secondary flow in U-bends,

consisting of counter-rotating vortices, is inherently generated due to the sudden

change in direction of the fluid. The secondary flow dynamics play an important
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role in the flow detachment and reattachment in post bend section. Therefore,

it has a significant influence on the thermal-hydraulic performance of the overall

system. The presence of dimples in the straight section of the tube alters the

secondary flow and heat transfer performance of the system. In current chapter,

Ellipsoidal-45◦ dimples are used in enhanced tubes for three different curvature

radii of U-bend. Therefore, a total number of six tube configurations, three each

for smooth and dimpled tubes, are studied for Re range of 5000 to 30000.

(a) (b)

Figure 7.4: Comparison of present work of Tubes 1-6 (a) Nu and (b) fr

In Figure 7.4a, it can be observed that the heat transfer depends on both Re and

bend curvature Rc. The Nu increases as the Re increases while it decreases as the

Rc increases. However, it is interesting to note from Figure 7.4a that enhanced

U-tubes have much higher heat transfer rates than the smooth tube. Figure 7.4a

also shows that quantitatively Nu of U-tube E1 is 26.6% higher than the Nu of

U-tube S1 at Re=5000, while it is 28.34% higher at Re=30000. Similarly, the Nu

of U-tube E3 is 21.4% to 23.29% higher than the Nu of U-tube S3 at the Re =

5000 and 30000, respectively.

Figure 7.4b depicts the rise in hydraulic loss in the enhanced system visa vis

smooth system. It also signifies that the fr of U-tube E1 is 6.73% higher than the

fr of U-tube S1, at the Re = 5000 whereas it is 29.74% higher at Re = 30000.

Similarly, fr of U-tube E2 is 17.29% higher than the fr of U-tube S2 at the Re
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= 5000 while at Re = 30000, it is 62.13% higher. Furthermore, fr of U-tube E3

is 16.78% higher than the fr of U-tube S3, at the Re = 5000 whereas at Re =

30000, it is 61.88% higher than the fr of U-tube S3. Moreover, the fr of U-tube

E1 is relatively higher than the U-tube E2 and E3.

(a) (b)

Figure 7.5: Examination of U-bends of present work for Tubes 1-6 against the
De (a) Nu and (b) fr

As reported in the introduction section, the De is the representative of secondary

flow in the bend section, therefore the heat transfer and frictional losses of bends

for tubes U-tubes S1 to E3 are categorized against the De, in Figure 7.5a - 7.5b. It

is observed in Figure 7.5a that heat transfer of U-bend is in direct relation withDe.

On the other hand, the De of lowest bend curvature (i.e. Rc = 0.695Dh) denotes

higher magnitudes of De representing high centrifugal forces (i.e. Secondary flow)

which causes enhancement of heat transfer for both the smooth and the enhanced

tube. On the contrary, higher Rc produces lower magnitudes of secondary flow

while enhancing the lesser amount of heat transfer. Figure 7.5a shows that the

U-bend of the ellipsoidal-45◦ dimple tube (i.e. Rc = 0.695Dh) produces 2.44%

higher Nu than the U-bend of smooth tube, at the De = 2393. However, it is

12.85% at the De = 14359. Figure 7.5b denotes the friction factor of the U-bends

for the tubes S1 to E3 against the De.

It is mentioned in Figure 7.5b that fr is inverse in relation to the U-bend curvature

radius (i.e. Rc). It is also depicted that fr of U-bend of smooth tubes has higher
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hydraulic loss than the U-bend with ellipsoidal-45◦ dimple tube, in comparison

with fr of whole U-tube system when it is plotted against the Re. The U-bend of

the smooth tube (i.e. Rc = 0.695Dh) produces 9.43% higher fr than the U-bend

of the ellipsoidal-45◦ dimple tube at the De = 2393, while it is 16.05% at the De =

9572. The other tubes having higher Rc experience comparatively lesser hydraulic

losses for both tubes. The fr of U-tube with smooth tube has higher hydraulic

loss because of the uninterrupted strike of core flow of smooth upstream section to

the bend outward side, contrary to dimple interrupted strike of the ellipsoidal-45◦

dimple tube.

7.4.3 Flow Distributions of U-Tube

The axial cross-sections of all the concerned U-tubes, presented in the Figure

7.6a - 7.6b further highlight the pressure and velocity variation in the tubes at

the Re=12000. The pressure distributions depict that the U-tube S1 has higher

overall pressure drop demonstrating relative sharp pressure gradients at the U-tube

inward section as shown in Figure 7.6a. The outward bend sections of U-tubes S1-

S3 denote the high-pressure regions while the upstream and downstream sections

represent the smooth pressure drops. However, U-tubes E1-E3 alter the boundary

layer of the flow significantly by the fluid-dimple interaction at the upstream and

downstream sections. This interaction creates the local stagnation points at the

leading edges of the dimples, as shown in Figure 7.6a. The alteration of flow

through the dimples wakes onsets a rapid dampening process of the large vortex

at the post bend section of the enhanced U-tubes.

The Figure 7.6b shows the velocity distributions of the U-tubes S1-S3 and E1-E3.

The smooth pressure drop generates the smooth flow while the U-tube initiates

the separation phenomena, having the vortices which elongates in the downstream

section. The velocity distribution depicts that flow achieves maximum velocity at

the two regions. First region is before the separation phenomena near the inward

U-tube side. On the other hand, the second region is the U-tube outlet at the U-

tube outward side. Figure 7.6b also emphasis that this local velocity maxima are
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also the function of U-tube curvature. It is appeared from the velocity distributions

that the velocity maximum magnitudes are inverse in relation with the U-tube

curvature radius.

(a)

(b)

Figure 7.6: Property distributions at the cross-sections of U-tubes (a) pressure
distribution of U-tubes S1-S3 and E1-E3, (b) velocity distribution of U-tubes

S1-S3 and E1-E3

7.4.4 Thermo-Hydraulic Performances of U-Tubes

Figure 7.7 shows the PEC of U-tubes E1-E3 for different Re and PECs denotes

the performance of smooth tube. It shows that U-tube E1 (Rc = 0.695Dh) has

a considerable higher PEC at all the Re as compared to the U-tube E2 and E3.

PEC of all tubes is inverse in relation with the Re. PEC of U-tube E1 is 7.45%

higher than the PEC of U-tube E3 at the Re = 5000, while it is 13.07% at the Re

= 20000. It is pertinent to mention that variation in PEC is marginal amongst
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U-tube E2 and E3. Figure 7.7 further implies that bend curvature for tubes is

inversely related to PEC.

Figure 7.7: Thermo-hydraulic performances of U-tubes E1-E3

Figure 7.8: PEC of the bent sections of U-tubes E1-E3

It is the performances of complete U-tubes; however, the U-bends also introduce

the performances. Figure 7.8 shows the PEC of U-bend sections for U-tubes E1 to

E3 against the respective De. It is mentioned in Figure 7.8 that the PEC of bent

section U-Tube E3 is higher at low De. While the PEC of U bends of Tubes E2
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and E3 is approaching each other as the De increases. PEC of U-tube E2 declines

as the De approaches 9500. PEC of U-tube E1 remains at 1.13 as De ≤ 9700.

7.4.5 Flow Characterization in Short Bend Curvature U-

Tubes

The enhanced U-tubes with shorter bend curvature demonstrated significant im-

provement in thermal-hydraulic performance. Therefore, in this section, a detailed

flow characterization of U-tube E1 is carried out and the results are compared to

U-tube S1. For this purpose, five cross-flow angular sections at U-tube, having 45◦

apart, are chosen for presenting the property distributions, as given in the Figure

7.9a.

Figure 7.9b shows that there is distinct change in the flow behavior at the U-tube

contrary to the smooth flow at different upstream locations of the tube. The fluid

flow between 0◦-45◦ in the inward side accelerates which implies the initiation of

separation. The flow eventually detaches between the 45◦-90◦ due to geometric

curvature, as shown in Figure 7.9b.

On the other hand, pressure distribution suggests the direct hit and mixing of

central flow with the boundary layer along U-tube outward side, which ultimately

produces the local stagnation zone. At the 135◦-180◦, the pressure distribution

displays the two local minima depicting two vortices, that is also visible in velocity

distribution.

This pair of vortices are symmetric in nature, where fluid accelerates outward

side and inward side experiences the vortices. After the stagnation region, the

pressure decreases which in turn assists the flow to accelerates adjacent to the

outward surface. Ultimately, the fluid velocity increases as shown in 180◦ cross-

flow section.

The pair of vortices symbolizes the secondary flow generation, as said by the Dean

[82]. Moreover, these two vortices diffuse when the fluid moves in the downstream
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section. The flow transforms further in the downstream section and alongside

outward surface the accelerated flow compresses the two vortices into one single

vortex. However, this single vortex fails to diffuse completely leading to long

detachment of flow up-till the exit of the tube.

(a)

(b)

Figure 7.9: (a) schematic of angular cross-section for cross-flow distribution,
(b) velocity and pressure distributions of U-tube S1 at different cross-sections

Figure 7.10 shows the pressure and velocity distributions at different cross-flow sec-

tions of U-tube E1. The fluid flow interaction of the enhanced tubes with smooth

bent section is more complex. Because the enhanced tube already propagates

the perturbed boundary layer flow due to the Ellipsoidal-45◦ dimples allowing the

center line velocity to increase in magnitude as compared to smooth tube. This

phenomenon can also be observed in the Figure 7.10.
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The Ellipsoidal-45◦ dimples assist the near-wall fluid to flow in the 45◦ direction.

Thus, the collective effect of all the dimples is to produce the helicity in the

boundary layer flow, while the centerline flow remains undisturbed. This helically

swirled boundary layer flow enters the bend section and modifies the behavior of

Dean vortices, which is shown in the 135◦ cross-flow velocity distribution. It is

distinguished in the pressure distribution that the two vortices have two different

local minima, thereby leading to generate the asymmetric vortices, Figure 7.10

(b-135◦ cross-flow section).

Figure 7.10: Velocity and pressure distributions of U-tube E1 at different
cross-sections

The fluid moves further, gain acceleration due to pressure gradient and achieve

a maximum velocity of approximately 1.5 m/s at the outward side. Upon the

interaction of this accelerated flow, an excessive level of disruption is observed

at the start of the downstream section. This results in the immediate diffusion

of vortices and flow re-attachment with the bottom surface. It is appropriate

to mention that this re-attachment occurs upstream of the third bottom dimple,

Figure 7.10. Contrary to the flow behavior of U-tube S1, flow separation and

reattachment effect are remained intact in the tube center till the flow exits from

the tube.
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The velocity streamlines of fluid flow inside the U-tube E1 is shown in Figure 7.11.

It apparently shows two different types of stream lines which exists inside the tube

in a coupled manner. One type shows the high velocity streamlines starting from

inlet to the tube exit, which do not interact with the tube wall/dimples and remain

smooth inside the tube. Opposite to it, second type of streamlines incorporates in

the vortex generation at the inner side of U-tube and it further elongates in post

bend tube till the 3rd lower dimple. Figure 7.11 depicts the streamlines near the

inner side of the wall of pre-bend tube which further take parts in the generation

of secondary flow.

Figure 7.11: Velocity streamlines of U-tube E1 at the Re = 12000

Figure 7.12a - 7.12b shows the helicity distribution on the Q criterion of tube

S1 and Tube E1 at the Re = 12000 in order to elaborate the interaction of flow

structure between the dimples and the bent. Q criterion characterizes the vortices

as the areas where the vorticity magnitude is greater than the magnitude of the

rate of strain [25]. The values of the Q criterion of U-tube S1 and E1 are 133.175

s−2 and 1344.1 s−2 respectively.

As discussed above, Figure 7.12a also shows the same immediate flow separation

at the inward side of bend curvature while the bottom tube core flow strikes

directly the bend outward frontal area. This fluid strikes and flows along the bend
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outward side however the separated flow employs two shears. Firstly, the high-

speed separated flow enforces the shear beneath its layer, which tries to stretch the

underneath layer and ultimately converted it into a vortex, which remains intact

with a bend inward surface. This vortex further elongated its length, as shown in

Figure 7.12a.

(a)
(b)

(c)
(d)

Figure 7.12: Q-criterion of U-tube S1, (a) side view, (b) back view, Q-criterion
of U-tube E1, (c) side view, (d) back view, Helicity upon Q-criterion, with
velocity cross-flow of (e) Tube 1 and (g) U-tube E1, 2D helicity at 135◦ of (f)

U-tube S1 and (h) U-tube E1

Secondly, the separated flow chops and divide the upcoming core flow while em-

ploying the shear on the sided flow, which initiates the swirl. Thus, the two shears

produce the two vortices, which are represented by the helicity distribution on the

cross-flow section, Figure 7.12c. The positive and negative directions of Helicity

distributions denote the direction reversal.

One vortex has the clockwise direction while the other has the anti-clockwise

direction. The combined effect of two shears produces the Dean vortices which
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further elongate at the sides of the tube and diffused near the tube exit, as shown

in Figure 7.12a. The overall flow structures of U-tube S1 and E1 are nearly similar

except, the wakes of the dimples make a difference by contributing to the bend

section.

Figure 7.12b shows that all the dimples of the inlet tube have approximately

smaller vortices while the wakes of the last dimples expanded and remain unbroken

until they join the origination of the bend’s side vortices. Their inputs to the bend

initiation of vortices cause the change in the behavior of Dean vortices.

Because the left-sided dimple wake (as shown in Figure 7.12b) is stronger than the

right side of the dimple’s wake (Figure 7.12b). This causes modification in flow

separation and further makes the upcoming left-sided vortex increase in strength.

On the other hand, the right-sided dimple’s wake remains intact with the bend’s

vortex, however, this wake is comparatively weak.

This delicate wake won’t contribute enough to generate the upcoming vortex with

the strength as equal as on the other side. Therefore, the Dean vortices, produce

in U-tube E1, are asymmetric, Figure 7.12d. It also particularizes that the central

vortex diffuses or divides itself into small vortices having elongated small vortices

of different lengths. These vortices of various lengths diffuse further in the core

flow, as shown in Figure 6.4 9 7.12c - 7.12d.

In the Q criterion of U-tubes S1 and E1, the velocity distributions are also incor-

porated which denote the flow magnitudes adjacent to the vortices, as shown in

Figure 7.12c - 7.12d. Figure 7.12c - 7.12d interestingly reveals the symmetric and

two pairs of vortices, while U-tube E1 shows the three pairs of vortices in which

two are relatively small.

It also denotes that direction reversal of pair of large vortices shifts to the opposite

direction at the 2nd row of relatively small pair of vortices. Furthermore, U-tube

E1 has an additional 3rd row of pair of smaller vortices in which the direction

reversal is opposite to the direct reversal of the 2nd row of pair. These additional

pairs also elongate in the core flow and diffuse slowly before the exit of the tube.
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7.4.6 Local Heat Transfer Characterization

To illustrate the heat transfer mechanism of tubes S1 and E1, an evaluation of

local Nu for the complete tube is shown in Figure 7.13a - 7.13c. The local Nu of

upstream and downstream sections are presented at the radial deflection = 0.001

m, as this deflection from axis signifies the higher values of Nu, nevertheless,

the local Nu of Bend section is drawn at the central line. The crowns of local

Nu denote the dimples, whereas, the flat lines of Nu express the smooth spacing

between the dimples.

As explained in the Chapter 4, the flow is deflected over the proceeding dimple

by the asymmetric wake of the 45◦ dimpled tube (U-tube E1) permitted the fluid

flow to interact with the dimple front of the proceeding dimple and therefore

augmented the heat transfer rate. This is established by the axial Nu shapes in

Figure 7.13a that the top and bottom sides of U-tube E1 transferred around same

amount of heat, but it is much higher in contrary to the U-tube S1. The peak

value of Nu of first dimple is 1430 while rest of the peak values are around 1000.

However, at the axial location of 0.01 m, the Nu of U-tube S1 is 131 and after a

while, the Nu remains at the value approximately 105.

Figure 7.13b presents the comparison of Nu plotted at the inward and outward

sections of the bends of U-tube S1 and E1. The plots portray that the sudden rise

in Nu at the outward section demonstrate the enhanced fluid surface interaction

due to the impingement of the separated flow on the outward bend surface. The

maximum value of local Nu for U-tube E1 and S1 are approximately 250 and 201

respectively. Afterwards, the Nu of tube U-tubes S1 and E1 becomes constant and

uniform at a vertical position of 0.00928 m. This position is adjacently below the

90◦ cross-flow section depicting similar local flow characteristics and heat transfer

characteristics of both tubes until the vertical position of 0.017 m. Afterward, the

fluid impingement of U-tube S1 occurs which increases its local heat transfer rate.

This shows delayed flow impingement in U-tube S1 as compared to U-tube E1 and

highlights the importance of upstream dimples in the straight section of the tube.

On the other hand, the local Nu distribution of the inward section of the
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(a)

(b)

(c)

Figure 7.13: Local surface Nu distribution of U-tube S1 and E1 at (a) up-
stream section: bottom side, and upstream section: top side, (b) U-tube out-
ward side, and U-tube inward side, (c) downstream bottom side and downstream

top side
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downstream tube shows the sudden decrease of Nu, manifesting the flow separa-

tion Figure 7.13b. The minimum value of Nu at the detachment point is 95.8.

Then Nu of both tubes raises afterwards due to the secondary flow generation.

However, the peak value of Nu of U-tube S1 was 259 whereas the U-tube E1 has

the Nu of 202. This reveals that the U-tube S1 generated a stronger secondary

flow than that of U-tube E1. In the end, the local Nu distribution of the top and

bottom side of the downstream section shows axial thermal distribution, Figure

7.13c. The Nu of top section indicates the effective interaction of flow-exiting

the bend-section and subsequent dimples at the top side of the post bend section.

Figure 7.13c shows that the peak value of Nu at the first dimple is 1980, whereas

the Nu of 2nd and 3rd dimples are 1410 and 1525. Afterward, the downstream

dimples attain the Nu approximately 1100.

(a) (b)

Figure 7.14: Polar representation of local Nu of (a) U-tube S1 and (b) U-tube
E1

On the contrary, the bottom side of the tube can be segregated in three differ-

ent heat transfer regions, namely fully detached region, partially re-attached and

fully re-attached region. The fully detached region denotes the weak fluid-dimple

interaction due to the re-circulation bubble at the bottom of the straight tube im-

mediately after the bend section encompassing 1st and 2nd dimple. Therefore, at

this location relatively low heat transfer is obtained yielding Nu = 380. The fluid-

surface interaction improves in partially reattached region as the main fluid core

starts to reattach to the surface resulting in higher Nu values of 803 and 867 at
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3rd and 4th dimple, respectively. Interestingly, quickly after the fully re-attached

region, the main fluid core diffuses throughout the tube.

The local Nusselt numbers of downstream (post-bend) straight sections of U-tube

are further analyzed for both tubes U-tube S1 and E1 through polar plots, pre-

sented in Figure 7.14a - Figure 7.14b. For this purpose, cross-sections of both

tubes corresponding to the locations of 67 mm, 49 mm, 31 mm, and 13 mm, Fig-

ure 7.14a, are selected which cover both detachment and reattachment regions of

the tubes. Here, tube exit lies at the 0 mm.

Figure 7.14a - Figure 7.14b both show that the heat transfer rate is much higher

in the top halves of the tubes for all given cross-sections. The smooth tube at

section 67 mm shows two distinct features in the top and bottom half of the tube.

It is observed that in the upper section (90◦- 270◦) of Tube S1, Nu=200 while in

the lower section, at 120◦ and 240◦ position Nu=170 which further reduces to 45

at 180◦. This manifest that there is flow separation due vertical structures in the

bottom half of the post-bend straight section of Tube S1.

A similar pattern is also observed in section 49 mm of Tube S1 demonstrating the

same fluid flow behavior. However, sections 31 mm and 13 mm of Tube S1 show

the effect of flow reattachment on heat transfer rate as Nusselt numbers values

of 170 and 155, respectively, are achieved at the top half of the tube. The heat

transfer rate at the bottom half of sections 31 mm and 13 mm of Tube S1 is also

increased more than twofold. It is also interesting to note that at section 67 mm

two local minima of Nusselt number is observed at 135◦ and 225◦ instead of the

single minima at 180◦ of other tube sections.

Figure 7.14b shows the polar plot of local Nu of U-tube E1 (dimpled enhanced U-

tube) at sections locations of 67 mm, 49 mm, 31 mm, and 13 mm. The four peaks of

Nu correspond to the dimple mid-section, along with schematic of geometric cross-

section as shown in Figure 7.14b. The Nusselt number values around the dimples

are significantly higher than smooth U-tube. The position at 0◦ for location 67

mm, represents the top dimple of the tube in the strong fluid-dimple interaction
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zone, where it has the local Nu of 1140 while the peak values of Nu at 90◦ and

270◦, representing dimples 2 and 3, respectively, are 650 and 850.

These values significantly reduces in the reattachment zones at sections 31 mm

and 13 mm, where Nu attain the values of 700 and 600 for the top dimples,

respectively, at 0◦ positions. The bottom dimples at 180◦ positions for sections

31 mm and 13 mm achieve Nusselt number values of 405 and 370, respectively.

This reiterates the fact that the heat transfer performance of U-tube E1, in both

detachment and reattachment regions, is significantly enhanced due to the presence

of dimples. Moreover, ellipsoidal 45◦ dimples induce swirl due to asymmetric wake

generation that leads to asymmetric distribution of heat transfer coefficient across

the circumference of the tube.

Up till now, U-tubes E1-E3 have provided better overall performances, in compar-

ison with U-tubes S1-S3, as far as RANS is concerned. Before going to the further

conclusion, it is mandatory to check the transient behavior behavior of U-tube.

The question is, whether the fluid flow behavior inside dimple U-tube will be the

same or it will change?. To find out the answer, a transient analysis of U-tube E1

(only one U-tube) is conducted in the coming section.

7.5 Transient Flow and Heat Transfer Charac-

terization of U-Tube E1

The variation of U-tube curvature has strongly influenced on the heat transfer

and frictional characteristics, which ultimately effect the overall performance. In

order to examine the unsteady behavior of Dean vortices and its impact on post

bend dimple tube of U-tube E1, transient analysis is used to configure it. This

analysis is conducted for the 300ms and distributions are displayed for different

time instances. Figure 7.16 shows the cross-flow velocity contours of U-tube E1

at different times, where D-6 to D-10 denote the 6th to 10th dimple locations, as

shown in the Figure 7.15.
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Figure 7.15: Schematic of locations for the cross-flow distributions U-tube E1

Figure 7.16: Cross-flow velocity distributions of U-tube E1 at different loca-
tions and bend sections at various time instances

The distributions are shown at different time instances (i.e. 1ms, 2ms, 150 ms and

300ms) for comparative examination. The flow physics is already discussed
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(a)

(b)

Figure 7.17: Comparison of local property distributions at various time du-
ration (a) Nu and (b) Cf
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above in current chapter. It is important to mention here that the velocity dis-

tributions at different instances show no major difference in flow physics of Dean

vortices and the core flow of pre and post bend sections are also remain unchanged.

The developed and disturbed boundary layer at each dimple location (i.e. D-6 to

D-10) resembles with the same location of each time duration and the strength of

Dean vortices also remain same. These velocity contours have different velocity

magnitudes at different flow time. However, the difference of velocity magnitudes

is very small and cannot be seen through the distribution as the difference is less

than 1%. It is evident through the velocity distribution that overall flow struc-

ture is remain unchanged from 1 ms to 300 ms and there is no major difference

in flow field between any two time instances. The effect of flow on the local Nu

and Cf can be seen on the Figure 7.17a and 7.17b. The behavior of local Nu

and Cf is already explained in detail, and the Figure 7.17a and 7.17b show the

comparison during different flow time. However, the Nu and Cf show that flow of

U-tube E1 has not affected its transient impact on the upstream and downstream

dimple tube. For example, the Nu of Pre-bend tube at the top sided location of

48mm is 608 for the steady state, while it is 607, 607, 607 and 606 for time =

1ms, 2ms, 150ms and 300ms respectively. Similarly, the steady state value of Nu

of Post-bend tube at the top sided location of 68.2 mm is 1850, while it is 1830,

1822, 1825 and 1823 for the time = 1 ms, 2 ms, 150 ms and 300 ms respectively.

The Cf of Post-bend tube at the top sided location of 68.4 mm is 0.0268 for the

steady state, while it is 0.0264, 0.0263, 0.0261 and 0.0264 for time = 1 ms, 2 ms,

150 ms and 300 ms respectively. This trend of small difference is not throughout

all locations, but it occurs when the peak values come across in the graphs.

7.6 Proposed Correlations for Enhanced Tube

with U-Tube Curvature Variation

The correlation of Nu and fr, for U-tubes E1-E3, are proposed in equations

(7.2) and (7.3) respectively. The relationships of Nu and fr are proposed as a
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function of Re and U-tube radius Rc, where U-tube curvature is in millimeters.

The Reynolds number can be ranged between 5000 ≤ Re ≤ 30000, a Prandtl

number is 4.8734 while bend curvature can be varied between 12 mm to 34.54 mm.

There is a linear relationship between the constants a and b of both correlations

and the U-tube radius Rc. These correlations are valid for the fluid properties

and boundary conditions, given in section 4.2.2. The assessments of Nu and fr

from numerical outcomes and suggested correlations are presented in Figure 7.18a

- 7.18b, respectively. A appropriate percentage difference between the correlation

and present work results is depicted. The maximum percentage difference for Nu

is less than ±3% and below ±12% in case of fr, for all RN and Re.

Nu = aReb(1+R−1
N /1000)

where, a = −0.00168091R−1
N + 0.086447

b = −0.0086843R−1
N + 0.8343

(7.1)

fr =
[
a log

(
Re+

R−1
N

1000

)
+ b

]−3/2

where, a = 0.30547R−1
N − 0.51166

b = −1.8693R−1
N + 6.7584

(7.2)

(a) (b)

Figure 7.18: Comparison of numerical and correlation results (a) Nu and (b)
fr
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7.7 Performance of U-Tubes with the Ellipsoidal-

0◦ and 45◦ Enhanced Tubes

In this section, the performance of various curvature U bends (Curvature radius

= 0.6945Dh, 1.5Dh, 2Dh) in contact with the best pitched tubes E45P3S6 and

E0P11S6 is evaluated for the Re range of 5000 ≤ Re ≤ 40000. U-tubes with dimple

tube of Star 4 are analyzed in the above section for the two reason. Firstly, the

analysis is performed in order to find out the flow physics inside the U-tube system.

Secondly, this is done for the comparison of performances between the U-tubes with

Star 4 and Star 6 enhanced. The question is, Whether the performance of U-tube

system increased or decreased when it is coupled with enhanced tube having Star

4 and Star 6? So, in this section comparison is made with only the information

of Nu, fr and PEC of both U-tube system with different curvatures. All the

tubes used in current section are given in Table 7.5. Now, the tube names from

the previous chapters incorporates additional term. For example, E45P3S6U12

describes the ellipsoidal 45◦ dimple tube with P = 3.17 mm, Star = 6 and U-tube

curvature radius = 12 mm.

Table 7.5: Parameters of all tubes utilized in the current section

Sr. No Tube names Dimple profile
Dimple Pitch

(mm)
Star

U-tube curvature radius

(mm)

7 E45P3S6U12 Ellipsoidal 45o 3.17 6 0.6945Dh

8 E45P3S6U25 Ellipsoidal 45o 3.17 6 1.5Dh

9 E45P3S6U34 Ellipsoidal 45o 3.17 6 2Dh

10 E0P11S6U12 Ellipsoidal 0o 11.17 6 0.6945Dh

11 E0P11S6U25 Ellipsoidal 0o 11.17 6 1.5Dh

12 E0P11S6U34 Ellipsoidal 0o 11.17 6 2Dh

Different geometric configurations of tubes are shown in Figure 7.19a - 7.19b. Since

the fluid flow interaction of dimpled enhanced tube with the U bend (i.e. Star 4)

is already discussed in the current section, therefore only the Nu, fr and PEC of

given tubes are discussed in the following section.
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(a)

(b)

Figure 7.19: Geometries of U-tubes, (a) E45P3S6U12 (b) E0P11S6U12

7.7.1 Heat Transfer and Hydraulic Loss of U-Tubes

Figure 7.20a - 7.20f shows the heat transfer, friction factor characteristics and PEC

of U-tubes with the ellipsoidal-45◦ (P = 3.17 mm) and ellipsoidal-0◦ (P = 11.17

mm) tubes of Star 6. The characteristics of E45P3S4U12-U34 (i.e. performance

of U-tube E1-E3 is also given in the Figure 7.7) tubes are also incorporated in the

Figure 7.20e - 7.20f to compare the Star variation (i.e. Star = 4, 6) of U12-34

tube for ellipsoidal 45◦ dimple tubes for the Re = 5000 to 40000. The fluid flow

interaction of these tubes with bend tube shows interesting results. As reported

in the section Performance enhancement of pitched tubes for the straight

tubes, U-tubes also performs the same behavior as the Star increases. Figure

7.20a shows that U-tubes generate better heat transfer with the ellipsoidal-45◦

dimple shape as the Star increases from 4 to 6 for the lower bent curvature while

the tube E45P3S4U34 remains the least at all Re. It also shows that Nu of both

tubes increases as the Re increases. Tube E45P3S6U12 produces the Nu 41.54%

better than the Nu of E45P3S4U34 at the Re=12000. The Nu of higher curvature

of Star 6 U-tube decays and approaches to Nu of Star 4 at the Re = 40000, while

the Nu of other tubes remains in-between these tubes.

Figure 7.20b denotes insignificant augmentation of Nu for the ellipsoidal-0◦ dimple

U-tubes as the Star increases from 4-6 while the U34 produces slightly higher Nu

at the higher Re. Figure 7.20c depicts that fr of tube E45P3S6U12 increases from

Re = 5000 to 12000, afterward, it decreases. The U25-U34 curvature radii faces

significantly lower hydraulic loss.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.20: Characteristics of E45P3S4U12-U34, E0P11S6U12-U34 and
E45S6U12-34 Tube E1 tubes, (a) Nu, (b) fr, and (c) PEC

The friction factor of Star 4 with U25-U34 remains the least in the Figure 7.20c

- 7.20d. The fr of tubes E0P11S6U12-U34 decreases as the Re increase, however
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these tubes faces substantially less fr, contrary to fr of ellipsoidal-45◦ dimple

U-tubes. In Thermo-Hydraulic performances of U-tubes section, ellipsoidal 45◦

with Star 4 enhanced the performance by 23% at the low Re. On the other

hand, Figure 7.20e denotes that E45P3S6U12 (Ellipsoidal 45◦ dimple) provides

the better overall performance against rest of the tubes for Re range of 5000 to

40000. It provides 45.43% performance at the Re = 12000. Tubes E45S6U25-U34

generate higher overall performances at the Re = 12000, while it remains lower

than the performance of tube E45S4U12 at other Re. Tube E0P11S6U34 denotes

interesting behavior at higher Re. It provides higher performance at high Re

which is 35.3% at the Re = 40000. As given in the Chapter 6, E0P11S6 provides

better performance at high Re. similarly it is appeared from the current analysis

that the E0P11S6 also provides better performance in U-tube system but with

the higher U-tube curvature radius. Furthermore, all bend tubes provide better

performance than the smooth bend (i.e. PECs) at all Re.

7.8 Conclusion

Overall performance of flow through heated smooth U-tube in contact with ellip-

soidal 45◦ dimpled enhanced tube with 3.17 mm pitch was numerically carried out.

The U-bend curvature of the smooth U-tube was varied from 12 mm to 34.54 mm

for the Re range of 5000 ≤ Re ≤ 30000. It was found that all the U-tubes/bend

tubes have improved the overall performances, however, PEC was increased as the

bend curvature decreases. The PEC of U-tubes E1 to E3 was 24% to 15% superior

to the smooth tube, at the Re = 5000. On the other hand, PEC of Tube E1 was

23% to 17% higher than the smooth tube at the Re = 5000 to 30000, respectively.

Flow characteristics of tube E1, at the Re = 12000, showed the asymmetric pair

of vortices as compared to tube S1 (symmetric vortices), because of secondary

flow generation. This secondary flow of tube E1 achieved maximum velocity in

the bend exit at the outward side and interacted with the upcoming ellipsoidal

45◦ dimple in the enhanced tube. As a result, high heat transfer was achieved

at the upcoming dimple, in the downstream section. Helicity distribution showed
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that tube S1 had 2 pairs of vortices at the bend section while it was 3 pairs for

tube E1. Furthermore, areas of these vortices at the bend cross-section of tube E1

were larger. Local characterization denoted that the peak value of Nu of the first

dimple of the upstream tube was 1430 while the rest of the peak values are around

1000. In the downstream tube, the top and bottom local showed different behav-

ior. The peak value of Nu at the first dimple (Topside) was 1980, whereas the Nu

of 2nd and 3rd dimples was around 1500, and afterward, the dimples attained the

Nu approximately 1100. However, the bottom side reflected three regions namely

the fully detached region, partially re-attached and fully re-attached region. All

these regions didn’t contribute to the heat transfer augmentation. Polar plots of

Nu for the downstream of tubes S1 and E1 were represented at 67 mm, 49 mm, 31

mm, and 13 mm locations. The Nu of 0◦ located dimple (67 mm-axial location,

Topside) of Tube 4 was 442% higher than that of tube S1. Whereas, the Nu of

90◦, 180◦ and 270◦ located dimples (67 mm-axial location) of tube E1 was 225.2%,

76.2% and 320.5% superior to that of tube S1, respectively. This revealed that 0◦,

90◦, and 270◦ located dimples contributed to heat transfer much higher than the

180◦ (bottom side) located dimples. This pattern of Nu for Tube E1 remained un-

changed for the other locations, however, the magnitudes decreased, till the tube

exit. The Pre-bend section of tube 4 contributed to heat transfer comparatively

lower than the post-bend section.

Transient flow simulation of U-tube E1 showed that there was very little change

in property distribution (i.e. Nu and Cf ) at different time steps 1 ms, 2 ms, 150

ms and 300 ms. The steady state value of Nu of Post-bend tube at the top sided

location of 68.2 mm was 1850, while it was 1830, 1822, 1825 and 1823 for the time

= 1 ms, 2 ms, 150 ms and 300 ms respectively. The Cf of Post-bend tube at the

top sided location of 68.4 mm was 0.0268 for the steady state, while it was 0.0264,

0.0263, 0.0261 and 0.0264 for time = 1 ms, 2 ms, 150 ms and 300 ms respectively.

This showed that fluid flow in the U-tube E1 was steady in nature and negligible

deviation at different time steps was observed. Afterwards, correlations for the Nu

and fr were proposed for the Re range of 5000 ≤ Re ≤ 30000. These correlations

were the functions of Rc and Re. An enclosed approximation was observed between
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the predicted results and the proposed correlations. In the end, the Nu, fr and

PEC of U-tubes with ellipsoidal-0◦ and 45◦ dimple tube with Star 6 were also

analyzed. The results showed that tube E45S6U12 produced 45.43% performance

at the Re = 12000. Tubes E45S6U25-U34 generated higher overall performance at

the Re = 12000, while it remained lower than the performance of tube E45S4U12.

Tube E0P11S6U34 denoted interesting behavior at higher Re. It provides higher

performance at high Re which is 35.3% at the Re = 40000.



Chapter 8

Conclusion and Future Work

In this thesis, the fluid flow and heat transfer characteristics of dimpled enhanced

tubes have been investigated using Reynolds Averaged Navier Stokes (RANS)

for the steady, Unsteady flows and (LES) Large Eddy Simulation for the dy-

namic flow. Thermal hydraulic performance of flow through externally heated

enhanced tubes with constant surface heat flux was investigated subjected to con-

stant external heat flux (q′′ = 10kW/m2), for a wide range of Reynolds numbers

(23000 ≤ Re ≤ 40000). The tubes were enhanced by introducing different topolo-

gies of conical, spherical and ellipsoidal dimples of equivalent volumes. In addition,

Pitch and circumferential dimples variation of dimple tubes and ellipsoidal dimple

tube with curvature variation of U-tube were investigated to find out the best

configuration of enhanced tube.

8.1 Conclusion

Main goal is the development of enhanced tube using dimple in conjunction with

the U-tube for heat exchanger depending upon flow physics. This goal is achieved,

and conclusions from current investigation have been drawn as given below:

1. While comparing the overall performances in terms of combined performance

parameter involving heat and momentum transfer, it can be concluded that

152
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the ellipsoidal dimpled tube is superior compared to conical and spherical

dimples. The additional feature of the ellipsoidal dimple allows orientation

of the dimple in reference to the tube axis, i.e., varying from 0◦ to 90◦, allows

further investigation for better performance. However, in general, dimpled

tube (for example tube 8) is superior to smooth tube irrespective of config-

urations of dimpled tubes by demonstrating enhanced overall performance

by 119.5% to 58.1% for 2300 ≤ Re ≤ 15000, respectively. At low Re, tube

8 achieved the average surface Nu of 52.7 which was 112% higher than that

of smooth tube and 25% higher than Nu of tube 6 and tube 11. At high

Re, the average surface Nu of tube 8 increased to 213.5 which was 85%

higher than Nu of smooth tube while 23% and 10 % higher than tube 6 and

tube 11, respectively. The underline physics is the enhanced dimple fluid

interaction which increases the friction factor of the tube however thermo-

hydraulic performance of tube 8 was much higher than that of smooth tubes.

The performance evaluation criteria of tube 8 varied between 1.45 and 1.30

for 2300 ≤ Re ≤ 15000.

2. A detailed investigation involving the effect of enhanced dimple-fluid inter-

action using LES results showed that the better performance of tube 8 was

observed to be linked to asymmetric wake behind the dimples which pro-

vided a path for the flow to interact with the succeeding dimples. Whereas,

tube 6 and tube 11 decreased the flow interaction with dimples by deflect-

ing the flow streams over the dimples which subsequently reduced the heat

transfer. In the end, correlations for Nu and fr were proposed as a function

of Re and dimple placement angle α which covered each configuration of

the ellipsoidal dimpled tube. The for Nu and fr could readily be obtained

for different topologies of ellipsoidal dimpled tube with reasonable accuracy

for 2300 ≤ Re ≤ 15000. However, the variations in the longitudinal and

circumferential placements of dimple seem to be an important parameter.

3. Enhancing the investigation of dimple placements within tube, three differ-

ent dimple shapes of equivalent volume were considered for pitch variation

purpose i.e., ellipsoidal 0◦, teardrop, and ellipsoidal 45◦ dimples. The ratio
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of the tube length to dimple pitch ratio was fixed to 10 to ensure the same

number of dimples by accommodating the size of the dimple during the pitch

variations for all tube configurations. The dimple pitch played a dominant

role in the thermal performance augmentation of the enhanced tubes. The

performance of enhanced tubes deteriorated with increasing Reynolds num-

bers as the friction factors of the tubes increased appreciably. Therefore,

optimum dimple pitch along with the best working ranges of Reynolds num-

bers for all three dimple tube configurations was investigated. The pitch of

3.17 mm was found to be the optimal choice for the teardrop and ellipsoidal

45◦ dimpled tubes i.e., tube TDP3 (P = 3.17 mm, teardrop dimple) and

tube E45P3 (P = 3.17 mm, Ellipsoidal 45◦). The thermal-hydraulic per-

formance enhancement of tube E45P3 was found to vary between 45.7% to

9% for the Re range of 9000 to 30000, respectively. Tube TDP3 showed the

thermal-hydraulic performance augmentation to alter from 31.2% to 3.3%

for the Re range of 14000 to 40000. The best pitch configurations for el-

lipsoidal 0◦ dimpled tube were obtained to be 11.17 mm (tube E0P11) and

13.17 mm (tube E0P13) for Re = 16000 to 20000 and Re = 30000 to 40000,

respectively. For those ranges of Re, tube E0P11 and tube E0P13 exhibited

the performance enhancements of 30% - 24% and 15% - 11%, respectively.

4. Local characterizations of tubes E0P11 (P = 11.17 mm, Ellipsoidal 0◦),

TDP3, and E45P3 were presented using skin friction coefficient (Cf ), drag

coefficient, Nusselt number (Nu), and Colburn j factor (jH). Cf of tube

E45P3 remained constant at 0.1 for the first five dimples while in cases of

tube E0P11 and tube TDP3 Cf decreased from 0.1 to 0.04. Local Nu of

tube E45P3 decreased from 1534 to 1000 from 1st to 5th dimple however, it

was significantly lower for other tubes. As a result, Colburn j factor of tube

E45P3 was 47.7% higher than that of tube E0P11 for the first patch (1st

dimple with its smooth surface) at the Re = 12000 and 60.04% at patch 5

(5th dimple with its smooth surface). Moreover, for tube E45P3, correlations

for Nu and fr were also proposed as the functions of Re and P which covered

each configuration of the ellipsoidal dimpled tube. The Nusselt numbers
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and friction factors could readily be obtained for any ellipsoidal dimple tube

topology with reasonable accuracy for 9000 ≤ Re ≤ 30000.

5. The overall performances of flow, through the selected heated enhanced

tubes were numerically carried out with three different dimple configura-

tions, namely teardrop a variant of ellipsoidal dimple, ellipsoidal-0◦, and

ellipsoidal-45◦. The number of dimples in axial direction was 10, and Star

(number of dimples in the tangential direction of tube) varied from 4 to 8,

subjected to constant external heat flux (q′′ = 10kW/m2 ), for a wide range

of Reynolds numbers (5000 ≤ Re ≤ 40000). It was found that overall per-

formance increased as the Star increased. A detailed numerical simulation

using steady-state Reynolds Averaged Navier Stokes simulations was carried

out to compare the flow physics and heat transfer characteristics of dimpled

enhanced tubes. The results depicted that the Nu of ellipsoidal 45◦ dimpled

tube with Star 8 (Tube E45P3S6 i.e. P = 3.17 mm, Star = 6, ellipsoidal

45◦) was 36.94% higher in comparison with Nu of tube E45P3S4 (P = 3.17

mm, Star = 4, ellipsoidal 45◦) at the Re=5000 while it was 14.6% at the

Re = 40000. The fluid flow analysis prescribed that an increase in the num-

ber of Star incorporated more dimples in the circumferential direction which

introduced more fluid surface interaction. As a result, the heat transfer rate

augmented, however, the hydraulic loss was also increased. The hydraulic

loss of tube E45P3S8 (P = 3.17 mm, Star = 8, ellipsoidal 45◦) was 33.14%

higher than the friction factor (fr) of tube E45P3S4 at the Re = 5000

whereas it was 42.03% at the Re = 40000.

6. The comparative analysis against the variation in Star showed that thermo-

hydraulic performance of the ellipsoidal 45◦ dimpled tube with Star 6 (tube

E45P3S6) was superior to other dimpled tubes for the Re range 5000 ≤ Re <

18000. And the overall performance of the ellipsoidal 0◦ dimpled tube with

Star 6 (E0P11S6 i.e. P = 11.17 mm, Star = 6, ellipsoidal 0◦) was better

for its favorable Re range 18000 ≤ Re ≤ 40000. Local characterization of

Tube E0P11S6 presented that centrally located line (i.e. Y r = 0 mm) was

the major effective line towards the enhancement of Nu and Cf in contrary
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to sided lines (i.e. Y r = 1 mm and -1 mm). It denoted that Nu of 1st

simple was 600 at the Re = 12000 afterward it decreased gradually. The

Nu at the last dimple was approximately 380. The Nu of 1st to 8th dimple

was 630 at the Re = 20000, later, it increased to 800 at the last dimple.

Opposite to it, Y r = 1 mm location was favorable for the Tube E0P11S6

than the Y r = 0mm and -1mm, regarding the Nu and Cf . Local Nu of

E0P11S6 depicted that the first five dimples had Nu greater than 1000 at the

Re = 12000 and it was almost 1300 at the Re = 20000. Polar representation

of tube E0P11S6 showed that the magnitude of Nu at 150◦ and 210◦ located

dimples is approximately 1300 while it is 1100 for 30◦ and 90◦, at dimple 1.

This denotes that all dimples don’t contribute completely to heat transfer

augmentation. Afterward, correlations for Nu and fr with the function of

Re and S were proposed. The maximum difference numerical results and

correlations for Nu remained below 5% and below 11.4% in case of fr, for

all Star ‘S ′ and Re.

7. Motivated by the utility of the assessment in a straight short tubes, a direct

application especially in heat exchangers, is a U-tube tube. Overall per-

formance of flow through heated smooth U-tube in contact with ellipsoidal

45◦ dimpled enhanced tube with 3.17 mm pitch was numerically carried out.

Ellipsoidal 45◦ dimpled enhanced tube with 3.17 mm pitch with Star = 4

was selected to find out the complex structure of fluid flow physics inside the

U-tube before adding the more dimples in the circumferential direction. In

doing so, the analysis of curvature variation was conducted in less compu-

tational cost. The U-bend curvature of the smooth U-tube was varied from

12 mm to 34.54 mm for the Re range of 5000 ≤ Re ≤ 30000. It was found

that all the U-tubes/bend tubes have improved the overall performances,

however, PEC was increased as the bend curvature decreases. The PEC

of U tubes E1 (P = 3.17 mm, Star = 4, ellipsoidal 45◦, U-tube radius = 12

mm) to E3 (P = 3.17 mm, Star = 4, ellipsoidal 45◦, U-tube radius = 34.54

mm) was 24% to 15% superior to the smooth tube, at the Re = 5000. On
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the other hand, PEC of Tube E1 was 23% to 17% higher than the smooth

tube at the Re = 5000 to 30000, respectively.

8. Flow characteristics of tube E1, at the Re = 12000, showed the asymmetric

pair of vortices as compared to tube S1 (symmetric vortices), because of

secondary flow generation. This secondary flow of tube E1 achieved maxi-

mum velocity in the bend exit at the outward side and interacted with the

upcoming ellipsoidal 45◦ dimple in the enhanced tube. As a result, high heat

transfer was achieved at the upcoming dimple, in the downstream section.

Helicity distribution showed that tube S1 had 2 pairs of vortices at the bend

section while it was 3 pairs for tube E1. Furthermore, areas of these vortices

at the bend cross-section of tube E1 were larger.

9. Local characterization denoted that the peak value of Nu of the first dimple

of the upstream tube was 1430 while the rest of the peak values are around

1000. In the downstream tube, the top and bottom local showed different

behavior. The peak value of Nu at the first dimple (Topside) was 1980,

whereas the Nu of 2nd and 3rd dimples was around 1500, and afterward,

the dimples attained the Nu approximately 1100. However, the bottom side

reflected three regions namely the fully detached region, partially re-attached

and fully re-attached region. All these regions didn’t contribute to the heat

transfer augmentation. Polar plots of Nu for the downstream of tubes S1

and E1 were represented at 67 mm, 49 mm, 31 mm, and 13 mm locations.

The Nu of 0◦ located dimple (67 mm-axial location, Topside) of Tube 4

was 442% higher than that of tube S1. Whereas, the Nu of 90◦, 180◦ and

270◦ located dimples (67 mm-axial location) of tube E1 was 225.2%, 76.2%

and 320.5% superior to that of tube S1, respectively. This revealed that

0◦, 90◦, and 270◦ located dimples contributed to heat transfer much higher

than the 180◦ (bottom side) located dimples. This pattern of Nu for Tube

E1 remained unchanged for the other locations, however, the magnitudes

decreased, till the tube exit. The upstream section of tube 4 contributed

to heat transfer comparatively lower than the downstream section. In the

end, correlations for the Nu and fr were proposed for the Re range of
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5000 ≤ Re ≤ 30000. These correlations were the functions of Rc and Re.

An enclosed approximation was observed between the predicted results and

the proposed correlations.

10. In order to analyze the dynamic behavior of the fluid flow inside the U-tube,

transient simulation was performed. The results showed that fluid flow in

the U-tube E1 was steady in nature and negligible deviation at different time

steps was observed.

11. The Nu, fr and PEC of U-tubes with ellipsoidal-0◦ and 45◦ dimple tube

for the case of Star 6 were also analyzed. The results showed that tube

E45S6U12 (P = 3.17 mm, Star = 6, ellipsoidal 45◦, U-tube radius = 12

mm) produced 45.43% performance at the Re = 12000. Tubes E45S6U25

(P = 3.17 mm, Star = 4, ellipsoidal 45◦, U-tube radius = 24 mm) - U34 (P

= 3.17 mm, Star = 4, ellipsoidal 45◦, U-tube radius = 34.54 mm) generated

higher overall performance at the Re = 12000, while it remained lower than

the performance of tube E45S4U12. Tube E0P11S6U34 denoted interesting

behavior at higher Re. It provides higher performance at high Re which is

35.3% at the Re = 40000.

8.2 Future Recommendations

There are some suggestions for the future work, which are given here:

8.2.1 Orientation of Ellipsoidal Dimple in U-tubes

The wakes of ellipsoidal 45◦ dimples in upstream section of U-tube interact with

Dean vortices resulting in asymmetric generation of vortices in the U-tube. Thus,

in upstream section one side of the wake is stronger than the other. However, the

asymmetric wake pattern may be controlled by changing the dimple orientations

on the concerned side of the tube. Therefore, it would be interesting to study this

aspect in future.
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8.2.2 Incorporation of Dimples in the Bend Sections of U-

tubes

In the current study, the dimples were not incorporated in the bend sections of the

U-tubes. The inclusion of dimples in the bends would certainly introduce more

levels of complexity to the already complex flow field. Therefore, the dimples in

the bends may further lead to thermal-hydraulic improvement of U-tubes.

8.2.3 Boiling Heat Transfer in the Dimpled Enhanced Tubes

In this study, the phase change of the working fluid was not studied. In the future,

the study of boiling heat transfer in dimpled enhanced tubes can play an important

role in the performance augmentation of refrigeration systems.

8.2.4 Investigation of Multiple Bend Section with the Dim-

ple Tube

The investigation of thermal and hydraulic performance of dimpled enhanced tubes

with only one bend section was analyzed in this study. The role of dimples may

alter in the enhanced tubes with multiple bend sections. Since tubes with mul-

tiple bends are commonly used in compact heat exchange devices, therefore, the

performance of such tubes may further be explored in the future study.
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[57] A. Garćıa, P. G. Vicente, and A. Viedma, “Experimental study of heat

transfer enhancement with wire coil inserts in laminar-transition-turbulent

regimes at different Prandtl numbers,” International Journal of Heat and

Mass Transfer, vol. 48, no. 21-22, pp. 4640–4651, 2005.

[58] A. Garcia, J. Solano, P. Vicente, and A. Viedma, “The influence of artificial

roughness shape on heat transfer enhancement: corrugated tubes, dimpled

tubes and wire coils,” Appl. Thermal Eng, vol. 35, pp. 196–201, 2012.

[59] E. K. Akpinar, “Evaluation of heat transfer and exergy loss in a concentric

double pipe exchanger equipped with helical wires,” Energy Conversion and

Management, vol. 47, no. 18-19, pp. 3473–3486, 2006.

[60] A. E. Bergles and R. M. Manglik, “Current progress and new developments

in enhanced heat and Mass Transfer,” Enhance Heat transfer, vol. 20, 2013.

[61] M. Li, T. S. Khan, E. Al Hajri, and Z. H. Ayub, “Geometric optimization for

thermal-hydraulic performance of dimpled enhanced tubes for single phase

flow,” Applied Thermal Engineering, vol. 103, no. September, pp. 639–650,

2016.

[62] S. Aroonrat, K.; Ahn, H.S.; Jerng, D.-W.; Asirvatham, L.G.; Dalkılıç, A.S.;
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Appendix A

Numerical Methodology

A.1 Finite Volume Method (FVM)

Finite volume method (FVM) is very popular technique which is implemented in

ANSYS Fluent. FVM discretizes the computational domain into finite volumes us-

ing grid generation, where scalar quantities are computed at the cell centered and

fluxes are computed on the cell faces. This is conducted by the domain decomposi-

tion, integration of governing equation in each cell and computation from algebraic

equation (linearization of discrete equations). Mainly, two kinds of solvers, in AN-

SYS Fluent, are used, which are Pressure-based solver (PBS) and Density-based

solver (DBS). There are two approaches that are established according to their us-

ages. The PBS is formulated for minimum speed, in-compressible fluid flow while

the DBS is purely established for ultra-speed compressible flows. However, two

approaches have been re-established further and re-covered of flow development

beyond their classical domain. In both methods, momentum-equations are the

origin for computing velocity flux. In DBS, the continuity-equation is employed in

order to find out the density flux whereas the pressure flux is calculated through

the state equation. Furthermore, in the PBS, manipulation of continuity and

momentum equation is used to find the pressure/pressure correction equation for

A.1
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computation of pressure flux. Both methods employ a same grid generation pro-

cess (FVM), however the method employ to linearize and compute the discretized

is dissimilar.

A.1.1 Discretization of Transport Equation

ANSYS Fluent converts the scalar transport equation to algebraic equation in

order to compute it numerically using FVM. It integrates the transport equation

(of scalar ϕ (flow variable, i.e. u, v, w, etc.)) of each cell volume V to figure out

the discrete form. For example:

∫
V

∂ρΦ

∂t
dV +

∮
ρΦv⃗ · dA =

∮
Γϕ∇ϕ · dA+

∫
V

SϕdV (A.1)

Where ρ = density v⃗ = velocity (= uî+ vĵ in 2D) A⃗ = surface area vector

Γϕ = diffusion coefficient for ϕ

∇ϕ = gradient of ϕ = ∂ϕ
∂x
î+ ∂ϕ

∂y
ĵ in 2D

Sϕ = source of ϕ per unit volume

Equation A.1 is employed to every cell volume. The volume integrals of convective

and diffusive fluxes, in equation A.1, are converted to surface integrals while in

equation A.2, the surface integrals are converted to semi discretized (summation)

form, which can be easily computed in each cell. For example, in the case of

following cell volume, the schematic diagram and equation A.2 can be written as:

∂ρϕ

∂t
dV +

Nfaces∑
f

ρf v⃗fϕf · A⃗f =

Nfaces∑
f

Γf∇ϕf · A⃗f + SϕV (A.2)

Where

Nfaces = number of faces enclosing cell ϕf = value of ϕ converted through face

f ρf v⃗f · A⃗f mass flux through the face A⃗f area of face f ,|A| (= |Axî + Ay ĵ|
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in 2D) ∇ϕf
= gradient of ϕ at the face f V = cell volume Similar to the 2D

triangular element, CFD applies the same procedure in every grid (2D or 3D) of

computational domain and calculated it numerically.

A.1.2 Computing the Linear System

As the transport equation A.2 contained the unknown, which needed to be figure

out. Generally, the system of equations was non-linear, which was needed to be

converted to linear system. Such appearance of equation A.2 can be denoted as:

Apϕ =
∑
nb

anbϕnb + b (A.3)

Here the nb denotes the neighbor cells and ap and anb are the coefficients of ϕ

and ϕnb. The cell neighbor’s quantity dependent on topology of mesh, however it

will basically the face numbers be containing the cell. Every cell has the similar

equation in the grid which produces a set of algebraic equations for which ANSYS

FLUENT resolves the system of linear equation by Gauss seidel incorporation with

an algebraic multigrid method.

A.1.2.1 Production of k and ω for (SST)K − ω Model

G̃k = min(Gk, 10ρβ
∗kω), Gω = a

vt
G̃k where G̃k and Gω represent the production of

turbulence kinetic energy and production of ω respectively. Where Gk is defined

likewise the standard k−ω. This expression is different from expression of standard

k−ω model due to the a∞ term. As the standard k−ω model used it as constant

value of 0.52. while the SST used it as follows:

a∞ = F1a∞,1 + (1− F1)a∞,2 (A.4)

Where

a(∞, 1) =
βi,1

β∗
∞

− k2

σw,1

√
β∗
∞
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where k is 0.4

A.1.2.2 Model the Turbulence Dissipation for (SST)K − ω Model

A.1.2.3 k Dissipation

The statement Yk can be defined like-wise the standard k−ω model and it denote

the dissipation of turbulence kinetic energy. The fβ∗ is represented as the piece

wise-linear function in standard k − ω while it has constant value of 1 in SST.

Therefore,

Yk = ρβ∗kω (A.5)

A.1.2.4 ω Dissipation

Similarly, the statement Yω can be defined like-wise the standard k−ω model and

it denotes the ω dissipation. Only difference in SST k − ω is fβ had a value of 1.

Therefore,

Yk = ρβω2 (A.6)

Rather a constant value, βi has the following form

βi = F1βi,1 + (1− F1)βi,2

where F1 is derived from the Equation

F1 = tanh(Φ4),

,
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A.1.3 Cross Diffusion Modification

The SST k−ω is based on standard k−ω and the standard k−ϵmodels. Therefore,

the blending is used between the two models and the cross-diffusion Dω can be

stated as equation follows:

Dω = 2(1− F1)ρ
1

ωσω,2

∂k

∂xj

∂ω

∂xj

(A.7)

And constants for the model are given here: σk,1 = 1.176, σω,1 = 2.0, σk,2 =

1.0, σω,2 = 1.168, a1 = 0.31, βi,1 = 0.075, βi,2 = 0.0828

All supplementary constant (a∗∞, a∞, a0, β
∗
∞, Rβ, Rk, Rω, ζ

∗, andMt0) has identical

values like-wise the standard k − ω.

A.1.3.1 Boundary Conditions (BC) for the Wall

Wall BC has similar treatment to the treatment of k-equation with enhanced wall

treatment in k − ϵ model. This implies the wall BC according to wall function

approach. The treatment of wall BC for the k equation in the k−ω models is same

as the treatment of k-equation with enhanced wall treatment in k− ϵ model. This

allowed the wall boundary conditions for the mesh of wall function to discretized

according to the wall function, where ω can be written as:

ωw =
ρ(u∗)2

µ
ω+ (A.8)

Here the computational solutions may be written as:

ω+ =
6

βi(y+)2
, and:ω+ =

1√
β∗
∞

du+
turb

dy+
(A.9)
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A.2 Pressure-Based Solver (PBS)

The governing equations are computed sequentially in the currently used solution

algorithm (pressure-based solver (PBS)). As the governing equations are coupled

and non-linear, the resolution circle should base upon the iterative procedure in

order to approach the convergence criteria. Segregated algorithm (SA) solve the

governing equations for calculated variables after one another. In the SA, each

governing equation for the variables (e.g. u, v, w, p, T , etc) are solve consecutively.

Every equation, in computation process, is “decoupled” or “segregated” from rest

of the equation, therefore its name is relevant to the solution procedure. The

segregated approach was memory economical because in memory, the discretized

equations are called one in a time. Therefore, the solution procedure is com-

paratively slow due to sequential behavior. Segregated algorithm comprises the

following steps during each iteration:

� In current iteration, fluid properties (e.g. viscosity, density, turbulent vis-

cosity etc) are modified.

� In each iteration, momentum equations are solved using the upcoming values

� In each iteration, pressure equation is corrected by the current mass and

velocity field

� Then, mass fluxes, pressure and velocity fields are adjusted through the

information from step 3

� Furthermore, the turbulent quantities, energy and other scalars are solved

� Analyze the convergence criteria These steps, as shown in Figure 3.6 1, are

followed until the convergence criteria is fulfilled.

Sequential-algorithm Coupled-algorithm
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Figure A.1: Flow charts for the sequential and coupled algorithm

A.2.1 The Pressure-Based Coupled Algorithm (PBCA)

Opposite to the sequential method, the coupled algorithm resolves the couple

system of equations simultaneously. Therefore the 2nd and 3rd steps of sequen-

tial method are combined and become one step in coupled method. The other

equations are resolved likewise in the sequential method. The coupled algorithm

computed the system in less time than the sequential manner, as the continuity

and momentum are solved at a time. However, it required more memory to solve

the coupled system of equation.

A.2.2 Discretization Schemes

Related content is summarized as follows:
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1. Spatial discretization

2. Temporal discretization

3. Assessment of Gradients and derivatives

4. Gradient limiters

A.2.2.1 Spatial Discretization

The cell centers (co&c1) contains the locus of discrete values of cell properties.

There is the requirement of face values ϕf for the convective term in equation A.2.

Moreover, interpolation should be there in the cell middle values. Upwind scheme

implies the interpolation. In this scheme ϕf is manipulated using the upstream,

or “upwind” with respect to vn in equation A.5. The diffusion terms in equation

A.2 are used central-differencing scheme for solution and are consistently correct.

A.2.2.2 Second-Order Upwind Scheme

In this scheme, the scalars at the cell faces are computed using the approach [127].

Taylor series expansion of cell centered computation is employed to attain the

higher order accuracy at the faces of cell. Therefore, ϕf is calculated as:

ϕf,SOU = ϕ+∆ϕ · r⃗ (A.10)

Here ϕ and ∆ϕ are the values at the cell centered while their gradients are in the

upstream cell. Similarly, r⃗ denotes the displacement vector from the upstream

cell centroid to the centroid of the face. This is useful to find the solution of the

gradient ∇ϕ in each cell. At the end, the gradient ∇ϕ is determined in order to

inserted the new maxima.
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A.2.2.3 Temporal Discretization

In transient simulations, the discretization of governing equations in space & time

must also be applied. The time dependent and steady state equations have same

spatial discretization however, for the temporal discretization case, it carries out

the integration of each term of differential equation on the ∆t. A general expression

of time variation of variable ϕ can be written as:

∂ϕ

∂t
= F (ϕ) (A.11)

Here F includes any spatial discretization. If the backward differences are used for

the discretization of time derivatives, then second order temporal discretization

can be written as:
3ϕn+1 − 4ϕn + ϕn−1

2∆t
= F (ϕ) (A.12)

Here

ϕ = a scalar quantity n+1 = next value at the time level t+∆t n = value at the

current time level t n − 1 = previous value at the time level, t −∆t Afterwards,

evaluation of F (ϕ) against the ϕ is only remain the question.

A.2.3 Bounded Second Order Implicit Time Integration

The discretization in time for any variable can be written as:

∂ϕ

∂t
=

ϕn+1/2 − ϕn−1/2

dt
(A.13)

Where

ϕ(n+1/2) = ϕn + 1/2β(n+1/2)(ϕn − ϕn−1)

ϕ(n−1/2) = ϕn−1 + 1/2β(n−1/2)(ϕn−1 − ϕn−2)
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Here n, n− 1, n− 2, n+ 1/2, n− 1/2 are dissimilar time stages. β(n+1/2)&β(n−1/2)

are bounding factors for every variable at n+ 1/2, n− 1/2 stage.

A.2.4 Assessment of Gradients and Derivatives

There is the requirement of gradients for generating the scalar values at the faces

of cell. Secondary, it is also helpful for measuring the secondary diffusion term as

well as the derivatives of velocities. The ∆ϕ(gradient) is used for discretization of

the convective as well as diffusive terms in the conversation of flow equation. CFD

solved the ∆ϕusing the Green-gauss cell-based (GGCB), Green-gauss node-based

(GGNB) and Least squares cell-based (LSCB). However, this study has used the

LSCB method because it is superior than others two methods, as given below:

A.2.4.1 LSCB Gradient Evaluation

Here, the linearly variation occurs in solution, which can be denoted as:

(∇ϕ)c0 ·∆ri = ϕci − ϕc0 (A.14)

If similar equations, surrounded by cell c0, is arranged together, the compact form

of system can be denoted as:

[J ](∇ϕ)c0 = ∆ϕ (A.15)

Where [J ] represents the geometry function and it is the coefficient matrix. Fur-

thermore, the∇ϕ0 = ϕxî+ϕy ĵ+ϕzk̂ is the main goal here through the minimization

of the non-square matrix system. The linear set of equation, as mentioned above,

is over-defined which can be computed through the break-downing the coefficient

matrix by the process [128]. Here the break-down produces weighted matrix of

every individual cell. Here in the cell-centered scheme, it means that the weights

W x
i0,W

y
i0,W

z
i0 are made for all faces of the c0. Thus, the gradient can be calculated
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by doing the multiplication of weighted factors and the vector ∆ϕ = (ϕc1 − ϕc0)

(ϕx)c0 =
n∑

i=1

W x
i0 · (ϕci − ϕc0) (A.16)

(ϕy)c0 =
n∑

i=1

W y
i0 · (ϕci − ϕc0) (A.17)

(ϕz)c0 =
n∑

i=1

W z
i0 · (ϕci − ϕc0) (A.18)

A.3 Discretization and Schemes of Pressure-Based

Solver (PBS)

The discretization and schemes for the PBS follows the steps leading to discretiza-

tion of the momentum equation, discretization of the continuity equation, pressure-

velocity coupling (PVC), steady-state iterative algorithm and time-advancement

algorithm. These steps are easily depicted by considering the integral form of

steady-state continuity and momentum equations:

∮
ρv⃗ · dA⃗ = 0 (A.19)

∮
ρv⃗v⃗ · dA⃗ = −

∮
pl · dA⃗+

∮
¯̄taudA⃗+

∫
V

F⃗ dV (A.20)

Here I is the identity matrix, F⃗ is the force vector, and ¯̄τ is the stress tensor.

A.3.1 Discretization of the Momentum Equation

Here discretization pattern of momentum equations is same as for the discretiza-

tion of scalar transport equations. In the case of x-momentum equation, there is

the only adjustment of ϕ = u;

aPU =
∑
nb

anbunb +
∑

pfA · î+ S (A.21)
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If the face mass fluxes and pressure field are known, above equation can be solved.

The discretization of pressure gradient can be obtained by the interpolation of

pressure magnitudes [129, 130] as given below:

Pf =

Pc0
ap.c0

+ Pc1
ap.c1

1
ap.c0

+ 1
ap.c1

(A.22)

This coefficient works good as long as there is smooth pressure variation between

cell centers. As the momentum source terms has large gradients, the pressure

profiles also have high gradients at the cell faces which cannot be interpolated by

this scheme. However, if this method is used, the divergence occurs in overshoots

or undershoots of cell velocity. Therefore, it is essential to fill the region of high

gradients with larger mesh size to determine the pressure variation effectively. The

linear approach evaluates faces pressure through the arithmetic mean of the all

terms in the neighboring cells. The second order scheme provides more advance-

ment than the standard or linear schemes. However, if this scheme is used with

bad mesh or used at the start of the computation, it will give some trouble.

A.3.1.1 Pressure Velocity Coupling (PVC)

The coupled method has supercity over the segregated solver methods due to its

robustness. The pressure based (PB) coupled solver provided another alternative

over SIMPLE-type PVC for both the PB and DB segregated solvers. Furthermore,

CA is essential in case of transient case, when there is poor mesh quality or time

step was larger. The semi implicit computation approach shows slow convergence

because the PBSA computes the momentum and pressure correction equation

separately. However, the PBCA computes the momentum and pressure-based

continuity equation together. In equation A.21, the gradient of pressure for k is:

∑
f

pfAk = −
∑
j

aukppj (A.23)

Here aukp is the coefficient obtained from equation A.22, Lastly, for the ith cell, the

component uk, which is the discrete shape of the momentum equation, is written
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as followed: ∑
j

aukuk
ij ukj +

∑
j

aukp
ij pj = buk

i (A.24)

In the equation A.33 the equilibrium of fluxes is changed by the flux expression in

equation A.34, producing in the discrete form:

∑
k

∑
j

apuk
ij ukj +

∑
j

appij pj = bpi (A.25)

At the end, the final form of system equation A.24 and A.25. As a consequence,

the overall system of equation A.24 as well as A.25, later being converted to the δ

form, was written: ∑
j

[A]ijX⃗j = B⃗i (A.26)

Where the effect of a cell j had the appearance

Aij =


appij apuij apvij apwij

aupij auuij auvij auwij

avpij avuij avvij avwij

awp
ij awu

ij awv
ij aww

ij

 (A.27)

Furthermore, the unknown and residual vectors had the following representation

X⃗j =


P

′
i

u
′
i

v
′
i

w
′
i

 (A.28)

B⃗i =


−rpi

−rui

−rvi

−rwi

 (A.29)
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A.3.1.2 Under-relaxation (UR) of Variables

It is necessary to regulate the gradient of ϕ which is obtained by the under-

relaxation of variables and minimizes the variation of ϕ obtain through-out every

iteration. Apparently, the updated value of the variables ϕ, which is contained in

a cell, relied on the previous values, ϕold, the calculated variation in ϕ, Aϕ, and

the UR factor, α, are written as follows:

ϕ = ϕold + α∆ϕ (A.30)

A.3.1.3 Under-Relaxation (UR) of Equations

The UR of equations is employed in the PBS to regularized the convergence per-

formance by establishing limited amount of ϕ in the system.

apϕ

α
=

∑
nb

anbϕnb + b+
1− α

α
apϕold (A.31)

Furthermore, the CFL number is a factor of solution in the PBCA and it is rep-

resented in the form of α:
1− α

α
=

1

CFL
(A.32)

A.3.2 Discretization of the Continuity Equation

The integration of equation A.19 over the control volume can produced the dis-

cretization equation as follows:

Nfaces∑
f

JfAf = 0 (A.33)

Here Jf is the mass flux by faces f ,ρvri. Moreover, it is compulsory to link the

velocity face values v⃗ri to velocity magnitude obtained at the mid of cells. The

linear interpolation of mid cell velocities to the face resulted in unusual checker-

boarding of pressure. In order to prevented this, an approach is recommended by



Appendices A.15

Rhie and Chow [130] is used to prevent board checking. The velocity face value is

not averaged linearly, recommended however, it is done using momentum-weighted

averaging by applying weighing factors depend upon aP coefficient from equation

A.21 is computed. Following this approach, Jf can be denoted as:

Jf = ρf
ap,c0vn,c0 + ap,c1vn,c1

ap,c0 + ap,c1
+ df ((Pc0 + (∇P )c0 · r⃗0)−

(Pc1 + (∇P )c1 · r⃗1)) = jf + df (Pc0 − Pc1)

(A.34)

Here pc0, pc1 and vn,c0 , vn,c1 are the pressures and normal velocities correspondingly,

Ĵf has the effect of velocities in corresponding cells. On the other hand, df is

dependent on āp, the mean of the momentum equation ap coefficients.

A.4 The Energy Equation

In solving the energy equation, other scalars (i.e. pressure, velocity etc.) are used

which are computed in momentum and continuity equation, as given above. Then

the energy equation can be computed as given below:

∂

∂t
(ρE) +∇ · (v⃗(ρE + p)) = ∇ · (keff∇T −

∑
j

hjJ⃗j + (τ⃗eff · v⃗)) + Sh (A.35)

Here keff is the effective conductivity (k + kt , where kt is the turbulent thermal

conductivity, employed corresponding to the used turbulent model), and J⃗j denotes

the diffusion flux of j species. Furthermore, E can be denoted as:

E = h− p

ρ
+

v2

2
(A.36)

Here the sensible enthalpy h is specified for gases and for incompressible flows

respectively, as

h =
∑
j

Yjhj

h =
∑
j

Yjhj +
p

ρ

(A.37)
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Here Yj is the mass fraction of species

hj =

∫ T

Treff

cp,jdT (A.38)

Where Treff is reference temperature.
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