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ABSTRACT

Heat transfer is an essential component o f nearly all industrial processes, ranging from power 

production, chemical and food industries, electronics, environment engineering, waste heat 

recovery, manufacturing industry, air-conditioning, refrigeration and space applications. 

Consequences o f  improper heat-transfer include non-reproducible processing conditions and 

lowered product quality, resulting in the need for more elaborate downstream process system 

and increased heat-transfer area. Helically coiled tubes find applications in various industrial 

processes like solar collectors, combustion systems, heat exchangers, and distillation 

processes due to their simple and effective means o f enhancement in heat and mass transfer, 

narrower residence time distribution and compact structure.

In the present study a new device “Coiled Flow Inverter” has been introduced based on the 

phenomenon o f flow inversion by changing the direction o f centrifugal force in helically 

coiled tubes. The main mechanism generating the flow in the production o f  spatially chaotic 

path by changing the direction o f flow in helical coils (alternating Dean flow). If the direction 

o f centrifugal force is rotated by any angle, the plane o f vortex formation also rotates with 

the same angle. Thus in coiled flow inverter (CFI) complete flow inversion is achieved by 

90° shift in the direction o f centrifugal force, which also produces the stretching and folding 

in flow and thermal profiles.

The attempts have been made to investigate the hydrodynamics and heat-transfer 

characteristics o f  a coiled flow inverter (CFI) as heat exchanger on pilot plant scale. The 

experiments have been carried out in counter-current mode operation with hot fluid in the 

tube side and cold fluid in the shell side o f coiled flow inverter heat exchanger (CFIHE).



Experimental study has been carried out over a wide range o f  Reynolds numbers using DM 

water in the tube side o f the heat exchanger. The shell side fluids used is either cooling water 

or ambient air. The tube side o f CFIHE comprised o f alternate helical coils and 90° bends 

which are inserted in a closed shell. The heat exchanger is fitted with three types o f baffles 

(central rod, square members and wedge shaped cut plates) to provide higher turbulence and 

avoid channeling in the shell side. The bulk mean temperatures at various downstream 

positions are reported for different flow rate on tube side. The heat transfer efficiency o f the 

heat exchanger is also calculated. Pressure drop and overall heat-transfer coefficient is 

calculated at various tube and shell side process conditions. The outer and inner heat-transfer 

coefficients are determined using Wilson plot technique. The results show that at low 

Reynolds number, heat-transfer in CFIHE is higher as compared to coiled tubes, while at 

high Reynolds numbers, the configuration has less influence on heat transfer enhancement. 

New empirical correlations have been developed for friction factor and Nusselt number 

predictions in the (CFIHE).

The convective heat transfer in CFIHE has been numerically investigated by varying Dean 

number, Prandtl number and number o f bends under laminar flow conditions with constant 

wall temperature (Tw) and constant wall flux (®w) as a boundary condition. The three- 

dimensional governing equations for momentum and energy under the laminar flow 

conditions are solved with a control-volume finite difference method (CVFDM) with second- 

order accuracy. The stretching and folding phenomenon in Coiled flow inverter is observed 

and discussed for flow and thermal development, heat transfer coefficient and flow resistance 

in the coiled flow inverter. The cyclic oscillation behavior in the heat transfer coefficient 

with downstream distance in the coiled flow inverter and coiled tube is also observed and



discussed. It appeared that heat transfer is strongly influenced by flow inversion. The effect 

o f boundary conditions on heat transfer performance in the Coiled flow inverter as well as in 

the coiled tube has also been studied. The effect o f Prandtl number on fully developed heat 

transfer coefficient is also reported. It is observed that heat transfer increases with increase in 

Prandtl number.

The study has been further extended to predict hydrodynamics and heat transfer with 

temperature-dependent properties (density, viscosity, thermal conductivity and specific heat) 

in the coiled tube and coiled flow inverter. The secondary flow induced due to centrifugal 

force distorts the velocity and temperature profiles when the effect o f temperature-dependent 

properties is taken into account. It is observed that the heat transfer under heating condition 

with temperature-dependent viscosity is higher as compared to the constant viscosity result 

while friction factor shows the reverse phenomenon in CFI. A new model is also developed 

in the present study based on the property-ratio technique for both friction factor and Nusselt 

number.

In another study the hydrodynamics and heat transfer characteristics o f a tube-in-tube helical 

heat exchanger at the pilot plant scale has also been investigated both experimentally and 

numerically. The experiments are carried out in counter current mode operation with hot 

fluid in the tube side and cold fluid in the annulus area. The outer tube is fitted with 

semicircular plates to support the inner tube and also to provide turbulence in the annulus 

region. The heat transfer coefficients are calculated in the inner as well as outer tubes using 

Wilson plots. The flow and thermal development in tube-in-tube helical heat exchanger are 

carried out numerically for both inner and outer tubes. The numerically obtained Nusselt 

number and friction factor values in the inner and outer tubes are compared with the
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experimental data collected in the present study as well as reported in the literature. The 

numerical predictions are in good agreement with the present experimental data. The 

performance o f CFIHE and tube-in-tube heat exchanger is compared.

The technology transfer o f CFIHE has also been done for the fertilizers industry in INDIA. 

The basic engineering package (BEP) and detailed drawings o f the CFIHE is prepared and 

given to the concerned fertilizers industry. The design o f  the CFIHE is carried out for the 

following two process streams: (a) installation o f  a new water cooler in C 0 2 compressor 

suction knock out drum and (b) replacement o f a liquid-liquid heat exchanger for heat 

recovery in Urea Plant. It is found that the there will be a 25 % energy saving if  the CFIHE is 

replaced with the existing heat exchanger in the fertilizers industry.



TABLE OF CONTENTS

CERTIFICATE i

ACKNOW LEDGEM ENT ii

ABSTRACT iv

LIST OF FIGURES xiv

LIST OF TABLES xxii

NOTATIONS xxiv

CHAPTER 1 INTRODUCTION

1.1 Background 1

1.2 Hypothesis 8

1.3 Objectives 11

1.4 Overview o f dissertation 13

CHAPTER 2 LITERATURE REVIEW

2.1 Introduction 14

2.2 Coiled Tube Applications 14

2.3 Fluid Flow in Curved Tubes 15

2.3.1 Flow development at low Dean number 15

2.3.2 Fluid flow at high Dean numbers 19

2.3.3 Development o f flow fields 21

2.3.4 Effect o f torsion on secondary flow 23

2.4 Friction Factor in Curved Tubes 28

2.4.1 Laminar flow in coiled and curved tubes 28

2.4.2 Transition from laminar to turbulent flow 30

2.4.3 Turbulent flow 35

2.4.4 Orientation o f  the coiled/curved pipes 38

2.5 Mass Transfer and M ixing in Curved Tubes 38

2.5.1 Axial dispersion in curved tube 38

Vlll



2.5.2 Mass transfer in curved tubes 40

2.6 Heat Transfer 48

2.6.1 Thermal development in curved tube 48

2.6.2 Fully developed heat transfer 53

2.6.3 Effect o f  pulsatile Flow 62

2.6.4 Influence o f pitch on heat transfer 63

2.6.5 Effect o f  buoyancy force 65

2.6.6 Unsteady state fluid flow and heat transfer 67

2.7 Non-Newtonian Fluid Flow and Heat Transfer 68

2.8 Helical Flow with Curved Annulas 71

2.9 Chaotic Configuration (combination o f coils and bends) 74

2.10 Conclusions 77

CHAPTER 3 EXPERIM ENTAL SETUP AND M ETHODOLOGY

3.1 Experimental Apparatus 82

3.1.1 Liquid-feed section 82

3.1.2 Heating section 86

3.1.3 Inter-stage cooling and pressure regulating section 86

3.1.4 Utility section 89

3.1.5 Instrumentation 89

3.1.5.1 Temperature measurements 89

3.1.5.2 Pressure measurements 91

3.1.5.3 Flow measurements 92

t3.1.5.4 L iquid level measurements and control 92

3.2 Heat Exchanger 92

3.3 Software Description 97

3.4 Process Fluids and Conditions 97

3.5 Experimental Procedure 99

3.6 Thermal Equilibrium Criterion 100

3.7 Calculation o f Heat Transfer Coefficient 101

3.7.1 Graphical Wilson plot technique 103

ix



3.8 Fluid Flowing in Shell Side: The Equivalent Diameter 106

3.9 Preliminary Results and Discussion 107

3.9.1 Flow and temperature profiles in coiled flow inverter heat 107 

exchanger

3.9.2 Rise in temperature o f the tube side fluid 107

3.10 Conclusions 108

CHAPTER 4 PRESSURE DROP AND HEAT TRANSFER IN COILED  
FLOW INVERTER HEAT EXCHANGER

4.1 Introduction 111

4.2 Pressure Drop Observation and Friction Factor Calculations in 112 

Coiled Flow Inverter Heat Exchanger

4.2.1 Tube side pressure drop and friction factor 112

4.2.2 Shell side pressure drop and friction factor 120

4.3 Heat Transfer in Coiled Flow Inverter Heat Exchanger 122

4.3.1 Variation o f bulk mean temperature at various banks 122

4.3.2 Effectiveness o f CFIHE 123

4.3.3 Overall heat transfer coefficient 125

4.3.4 Tube side heat transfer coefficient 127

4.3.5 Shell side heat transfer coefficient 131

4.4 Conclusions 135

CHAPTER 5 NUM ERICAL MODELLING OF COILED FLOW
INVERTER HEAT EXCHANGER

5.1 Introduction 136

5.2 M athematical Formulation 136

5.2.1 Governing equations 136

5.2.2 Boundary conditions 138

5.2.3 Parameter definitions 139

5.3 Numerical Computation 140

5.3.1 Numerical method and grid topology 140

5.3.2 Convergence criteria 141

x



5.3.3 Grid system 141

5.4 Results and Discussion 142

5.4.1 Description o f velocity fields 143

5.4.2 Description o f  temperature fields 153

5.4.3 Effect o f number o f bends 161

5.4.4 Development o f  local friction factor and Nusselt number 161

5.4.5 Development o f average friction and Nusselt number 167

5.5 Flow Resistance in Coiled Flow Inverter 169

5.6 Heat Transfer Enhancement 170

5.6.1 Data comparison 170

5.6.2 Heat transfer under constant wall temperature and wall flux 172 
conditions

5.7 Effect o f Temperature-Dependent Properties on Fluid Flow and 175 
Heat Transfer in Curved Tubes

5.7.1 Mathematical Model 175

5.7.2 Results and Discussions 178

5.7.2.1 Velocity fie lds \ 78

5.7.2.2 Temperature fields \ 84

5.7.2.3 Thermo-physical property distribution 189

5.7.2.4 Flow resistance 189

5.7.2.5 H eat transfer variation fo r  temperature-dependent 192 
properties

5.7.2.6 M odel development 192

5.7.2.7 Effect o f  temperature-dependent properties fo r  194 
viscous flu ids

5.8 Comparison of Present Experimental and Numerical 198 
Predictions

5.8.1 Axial bulk mean temperature 202
5.8.2 Friction factor comparison in coiled flow inverter heat 202 

exchanger

5.8.3 Heat transfer comparison in coiled flow inverter heat 203 
exchanger

5.9 Conclusions 206

xi



CHAPTER 6 PRESSURE DROP AND HEAT TRANSFER IN TUBE-IN- 
TUBE HELICAL HEAT EXCHANGER

6.1 Introduction 208

6.2 M odelling of Tube-in-Tube Helical Heat Exchanger 208

6.2.1 Mathematical formulation 208

6.3 Numerical Computation 215

6.4 Development o f Flow and Thermal Fields 218

6.5 Experimental Study 222

6.5.1 Tube-in-tube heat exchanger 222

6.5.2 Experimental procedure 223

6.5.3 Calculation o f heat transfer coefficients 224

6.5.4 Fluids Flowing in Annuli: The Equivalent D iam eter 224

6.6 Results and Discussion 225

6.6.1 Friction factor in tube-in-tube heat exchanger 226

6.6.1.1 Inner Friction factor 226

6.6.1.2 Outer Friction factor 226

6.6.2 Fully developed heat transfer 228

6.6.2.1 Inner Nusselt number 228

6.6.2.2 Outer Nusselt number 230

6.7 Comparison with Coiled Flow Inverter Heat Exchanger 232

6.8 Conclusions 232

CHAPTER 7 DESING OF COILED FLOW INVERTER HEAT  
EXCHANGER FOR INDUSTRY

7.1 Introduction 235

7.2 Design of W ater Cooler in CO2 Compressor Suction Knock Out 236 

Drum

7.3 Design of Liquid-Liquid Heat Exchanger 243

7.4 Conclusions 246

CHAPTER 8 CONCLUSIONS AND RECOM ONDATIONS

8.1 Summery of Conclusions 248

Xll



8.1.1 Experimental Study for heat transfer enhancement 248

8.1.2 M echanism o f heat transfer enhancement in coiled flow 249 
inverter heat exchanger

8.1.3 Heat transfer and pressure drop in tube-in-tube helical heat 250 
exchanger

8.1.4 Design o f  coiled flow inverter heat exchanger for the industry 251

8.2 Recommendations for Future W ork 252

B IB LIO G R A PH Y  255

ANNEXURE A 282

ANNEXURE B 288

ANNEXURE C 295

A U T H O R ’S BIO D A TA  302

xiii


