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Preface 
 
Welcome to the new edition of Wolverine Tube Inc.’s Wolverine Engineering Data Book III. This book 
has been written primarily with heat transfer engineers in mind but also for research engineers who want 
to get caught up on the latest advances in heat transfer design methods for tubular heat exchangers. The 
objectives of the book are to present a limited review of the basic principles of heat transfer and then 
describe what I currently consider to be the best thermal design methods available. Hence, each chapter 
presents a detailed state-of-the-art review of heat transfer and fluid flow research of practical interest to 
heat exchanger designers, manufacturers and end users; however, for more exhaustive treatments the 
reader is recommended to go to the many references and other reviews cited.  
 
The idea to make this a web-based book available on Wolverine Tube Inc.’s website is to make this 
information more readily available to the reader. New chapters will be added as they become ready and 
also the existing chapters will be updated with new methods as they appear in the literature every few 
years to keep this whole reference book up to date. Also, Chapter 1 presents a video gallery of heat 
transfer and flow phenomena that I think will be quite useful to heat transfer engineers who have never 
had the chance to see what is in fact happening inside their heat exchangers! 
 
I, myself, have pulled Wolverine Engineering Data Book II down from the shelf many times over the 
years to look for design information to use my own engineering work. Data Book II is also available on 
the same website as Data Book III and contains much valuable information that has not been repeated in 
Data Book III.  
 
Finally, I would like to thank Wolverine Tube Inc. for inviting me to write this new edition of Data Book 
III, in particular Massoud Neshan and Petur Thors of the Research and Development group. 
 
John R. Thome, Author 
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Table of Contents 
 
Chapter 1: Video Gallery of Flow Phenomena 
Chapter 1 provides a video gallery of flow and heat transfer phenomena and their descriptions, along with 
links to other chapters that pertained to it. 
 
Chapter 2: Design Considerations for Enhanced Heat Exchangers 
Chapter 2 covers the thermal design considerations, mechanical design considerations, cost 
considerations, parametric studies on thermal designs, case studies of actual interventions and other 
practical information. 
 
Chapter 3: Single-Phase Shell-Side Flows and Heat Transfer 
Chapter 3 presents the most recent open literature version of the stream analysis method for shell-side 
flows in addition to the older graphical presentation of the Delaware method in Wolverine Engineering 
Data Book II. 
 
Chapter 4: Enhanced Single-Phase Laminar Tube-Side Flows and Heat Transfer 
Chapter 4 provides a treatment of correlations for predicting heat transfer and pressure drop for intube 
flows in corrugated tubes, ribbed tubes, finned tubes and with twisted tape inserts. It covers laminar flow 
and laminar flow augmentation. 
 
Chapter 5: Enhanced Single-Phase Turbulent Tube-Side Flows and Heat Transfer 
Chapter 5 provides a treatment of correlations for predicting heat transfer and pressure drop for intube 
flows in corrugated tubes, ribbed tubes, finned tubes and with twisted tape inserts. It covers turbulent flow 
and turbulent flow augmentation. 
 
Chapter 6: Heat Transfer to Air-Cooled Heat Exchangers 
Chapter 6 provides design methods for heat transfer and pressure drop to plain, wavy, corrugated, etc. 
plate-fin geometries typical of air-conditioning coils. 
 
Chapter 7: Condensation on External Surfaces 
Chapter 7 provides detail on condensation outside low finned tubes and enhanced condensing tubes, 
condensation of mixtures, tube row effects and intertube flow patterns, etc. It also includes more 
fundamentals that designers are interested in on effects of vapor shear, interfacial waves, condensate 
retention, etc. 
 
Chapter 8: Condensation Inside Tubes 
Chapter 8 provides design methods for condensation inside plain and microfin tubes. 
 
Chapter 9: Boiling Heat Transfer on External Surfaces 
Chapter 9 provides design methods for boiling outside plain, low-finned and enhanced tubes, evaporation 
of mixtures, etc. as single tubes and tube bundles. It includes the most widely used plain tube correlations 
and presents methods available for enhanced tubes and describes the fundamentals of pool boiling 
(nucleation, bubble dynamics, peak heat flux, etc.). 
 
Chapter 10: Boiling Heat Transfer Inside Plain Tubes 
Chapter 10 provides details on vertical and horizontal plain tube design methods. 
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Chapter 11: Boiling Heat Transfer Inside Enhanced Tubes 
Chapter 11 provides details on microfin tubes, twisted tape inserts, corrugated tubes and porous coatings. 
It also presents the concepts of vertical and horizontal boiling and design methods. 
 
Chapter 12: Two-Phase Flow Patterns 
Chapter 12 provides flow pattern maps for vertical and horizontal intube flows (including Thome’s flow 
pattern map which is becoming increasingly popular for adiabatic and evaporating flows). It also presents 
a shell-side flow pattern map and some background theory on transition from one regime to another. 
 
Chapter 13: Two-Phase Pressure Drop 
Chapter 13 provides a complete treatment of prediction of two-phase pressure drops for intube flows and 
shell-side flows. It also addresses oil effects on two-phase pressure drops. 
 
Chapter 14: Falling Film Evaporation 
Chapter 14 presents a summary of the status of falling film evaporation on the outside of horizontal tubes 
and tube bundles for plain and enhanced tubes. 
 
Chapter 15: Thermodynamics of Refrigerant Mixtures and Refrigerant-Oil Mixtures 
Chapter 15 presents an introduction to phase equilibria of mixtures that is useful to mechanical engineers. 
It shows the use and preparation of enthalpy curves for designing evaporators and condensers with 
mixtures. It also covers Thome’s Thermodynamic Approach for modeling refrigerant-oil mixtures to 
show oil effects on the bubble point and enthalpy change of evaporating refrigerants that are important to 
include in the calculation of LMTD and energy balances. 
 
Chapter 16: Effects of Oil on Thermal Performance of Heat Exchangers 
Chapter 16 covers the effects on heat transfer and pressure drops of oil on intube evaporation in plain and 
microfin tubes. It also covers the effects of oil on pool boiling and bundle boiling on plain and enhanced 
tubes. 
 
Chapter 17: Void Fractions in Two-Phase Flows 
Chapter 17 presents the basic theory and predictions methods for the two-phase flows in vertical and 
horizontal channels and over tube bundles. 
 
Chapter 18: Post Dryout Heat Transfer 
Chapter 18 covers the heat transfer process and prediction method for describing heat transfer in the post 
dryout regime. 
 
Appendix A: 
Appendix A provides a list of all nomenclatures and their definitions. 
 
Appendix B: 
Appendix B provides tables with properties of commonly used refrigerants (e.g. R-123, R-134a, etc.). 
 
Appendix C: 
Appendix C provides web links to related websites, programs, and enhanced tube descriptions of 
Wolverine Tube, Inc. 
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References: 
References provide a list of resources that were used to write Wolverine Engineering Data Book III. 
 

 


	Table of Contents
	Chapter 1: Video Gallery of Flow Phenomena
	1.1 Introduction to the Video Gallery
	1.2 Two-Phase Flow Patterns in Horizontal Tubes 
	1.3 Void Fraction Measurements in Horizontal Tubes
	1.4 Two-Phase Flow Patterns in Vertical Tubes
	1.5 Adiabatic Falling Films on Horizontal Tube Arrays
	1.6 Falling Film Condensation on Horizontal Tubes
	1.7 Falling Film Evaporation on Horizontal Tubes
	1.8 Pool Boiling on Horizontal Tubes
	1.9 Microchannel Two-Phase Flow Phenomena
	1.10 Single-Phase Flow Phenomena

	Chapter 2: Design Considerations for Enhanced Heat Exchangers
	2.1 Introduction
	2.2 Thermal and Economic Advantages of Heat Transfer Augmentations
	2.3 Thermal Design and Optimization Considerations
	2.4 Mechanical Design and Construction Considerations
	2.5 Refrigeration and Air-Conditioning System Applications
	2.6 Refinery and Petrochemical Plant Applications
	2.7 Air-Separation and Liquified Natural Gas Plant Applications
	2.8 Applications to Lubricating Oil Coolers
	2.9 Power Plant Operations
	2.10 Geothermal and Ocean-Thermal Power Plant Applications
	2.11 Applications in the Food Processing Industries

	Chapter 3: Single-Phase Shell-Side Flows and Heat Transfer
	3.1 Introduction
	3.2 Stream Analysis of Flow Distribution in a Baffled Heat Exchanger
	3.3 Definition of Bundle and Shell Geometries
	3.4 Stream Analysis of Heat Transfer in a Baffled Heat Exchanger
	3.4.1 Baffle Cut Correction Factor (JC)
	3.4.2 Baffle Leakage Correction Factor (JL)
	3.4.3 Bundle Bypass Correction Factor (JB)
	3.4.4 Unequal Baffle Spacing Correction Factor (JS)
	3.4.5 Laminar Flow Correction Factor (JR)
	3.4.6 Wall Viscosity Correction Factor (J()
	3.4.7 Ideal Tube Bank Heat Transfer Coefficient ((I)

	3.5 Stream Analysis of Shell-Side Pressure Drop in a Baffled Heat Exchanger
	3.6 Stream Analysis Applied to Low Finned Tube Bundles
	3.6.1 Low Finned Tubes and Applications
	3.6.2 Heat Transfer and Pressure Drops with Low Finned Tubes

	Example Calculation

	Chapter 4: Enhanced Single-Phase Laminar Tube-Side Flows and Heat Transfer
	Chapter 5: Enhanced Single-Phase Turbulent Tube-Side Flows and Heat Transfer
	5.1 Introduction
	5.2 Turbulent and Transition Flows and Heat Transfer in Plain Tubes
	5.3 Mechanisms of Turbulent Heat Transfer Augmentation
	5.4 Turbulent Heat Transfer with Twisted Tape Inserts
	5.5 Turbulent Heat Transfer in Corrugated Tubes
	5.6 Turbulent Heat Transfer in Internally Finned or Ribbed Tubes

	Chapter 6: Heat Transfer to Air-Cooled Heat Exchangers
	Chapter 7: Condensation on External Surfaces
	7.1 Modes of Condensation
	7.2 Laminar Film Condensation on a Vertical Plate
	7.2.1 Integral Analysis of Nusselt
	7.2.2 Boundary Layer Analysis

	7.3 Influence of Interfacial Phenomena on Laminar Film Condensation
	7.3.1. Ripples and Waves
	7.3.2 Cocurrent Interfacial Vapor Shear
	7.3.3 Combined Effects of Gravity and Interfacial Vapor Shear

	7.4 Turbulent Film Condensation on a Vertical Plate without Vapor Shear
	7.5 Laminar Film Condensation on a Horizontal Tube
	7.6 Condensation on Horizontal Tube Bundles
	7.6.1 Tube Row Effect
	7.6.2 Falling Film Flow Regime Transitions on Tube Arrays
	7.6.3 Vapor Shear Effects on Tube Bundles
	7.6.4 Onset of Turbulence and Turbulent Film Heat Transfer

	7.7 Condensation on Low Finned Tubes and Tube Bundles
	7.7.1 Role of Surface Tension on Film Condensation on Low Finned Tubes
	7.7.2 Beatty and Katz (1948) Model of Condensation on a Single Horizontal Low Finned Tube
	7.7.3 Condensate Retention Models for a Horizontal Low Finned Tube
	7.7.4 Webb, Rudy and Kedzierski (1985) Model of Condensation on a Single Horizontal Low Finned Tube
	7.7.5  Other Recent Low Finned Tube Condensation Models
	7.7.6 Effects of Tube Row and Vapor Shear on Low Finned Tube Arrays
	7.7.7 Three-dimensional Enhanced Condensing Tubes

	7.8 Condensation with Non-Condensable Gases
	Example Calculation

	Chapter 8: Condensation Inside Tubes
	8.1 Condensation inside Horizontal Tubes
	8.1.1 Flow Regimes for Condensation in Horizontal Tubes
	8.1.2 Condensation of Pure Vapor in a Horizontal Tube

	8.2 Condensation in Horizontal Microfin Tubes
	8.3 Condensation of Condensable Mixtures in Horizontal Tubes
	8.4 Condensation of Superheated Vapor
	8.5 Subcooling of Condensate

	Chapter 9: Boiling Heat Transfer on External Surfaces
	9.1 Introduction
	9.2 Enhanced Boiling Surfaces
	9.3 Boiling on Plain Tubes
	9.3.1 Pool Boiling Heat Transfer
	9.3.2 Nucleate Pool Boiling Correlations
	9.3.3 Departure from Nucleate Boiling

	9.4 Nucleate Boiling of Mixtures
	9.5 Boiling on Enhanced Tubes
	9.5.1 Heat Transfer Mechanisms
	9.5.2. Enhanced Boiling Results

	9.6 Bundle Boiling
	9.7 Dryout Mechanisms on Bundle Boiling

	Chapter 10: Boiling Heat Transfer Inside Plain Tubes
	10.1 Introduction
	10.2 Two-Phase Flow Boiling Heat Transfer Coefficient
	10.3 Flow Boiling inside Vertical Plain Tubes
	10.3.1 Chen Correlation
	10.3.2 Shah Correlation
	10.3.3 Gungor-Winterton Correlations
	10.3.4 Steiner-Taborek Asymptotic Model

	10.4 Flow Boiling inside Horizontal Plain Tubes
	10.4.1 Vertical Tube Methods Applied to Horizontal Tubes
	10.4.2 Local Flow Pattern Evaporation Model of Kattan-Thome-Favrat
	10.4.3 Evaporation of Mixtures
	10.4.4 Instructions for Implementation of Kattan-Thome-Favrat Model

	10.5 Heat Transfer Measurements in Horizontal Tubes
	10.6 Subcooled Boiling Heat Transfer

	Chapter 11: Boiling Heat Transfer Inside Enhanced Tubes
	11.1 Introduction
	11.2 Types of Enhancements and Performance Ratios
	11.3 Flow Boiling in Vertical Microfin Tubes
	11.4 Flow Boiling in Vertical Tubes with Twisted Tape Inserts
	11.5 Flow Boiling in Vertical Tubes with an Internal Porous Coating
	11.6 Flow Boiling of Pure Fluids in Enhanced Horizontal Tubes
	11.7 Flow Boiling of Zeotropic Mixtures in Enhanced Horizontal Tubes
	11.8 Flow Boiling Models for Horizontal Microfin Tubes
	11.9 Correlation for Horizontal Tubes with Twisted Tape Insert

	Chapter 12: Two-Phase Flow Patterns
	12.1 Flow Patterns in Vertical Tubes
	12.2 Flow Patterns in Horizontal Tubes
	12.3 Older Adiabatic Flow Pattern Maps for Vertical and Horizontal Flows in Tubes
	12.4 Flow Pattern Map for Evaporation in Horizontal Tubes
	12.4.1 Example flow pattern maps for selected fluids for evaporation in horizontal tubes

	12.5 Flow Pattern Map for Condensation in Horizontal Tubes
	12.6 Flow Patterns and Map for Two-Phase Flows over Horizontal Tube Bundles
	Example Calculation

	Chapter 13: Two-Phase Pressure Drops
	13.1 Homogeneous Flow Model Applied to Intube Flow
	13.2 Separated Flow Models for Flows inside Plain Tubes
	13.2.1 Friedel correlation
	13.2.2 Lockhart and Martinelli correlation
	13.2.3 Grönnerud correlation
	13.2.4 Chisholm correlation
	13.2.5 Bankoff correlation
	13.2.6 Chawla correlation
	13.2.7 Müller-Steinhagen and Heck correlation
	13.2.8 Comparison of above methods to more recent databases 
	13.2.9 New flow pattern based two-phase pressure drop model 
	13.2.10 Two-phase pressure drops in flattened plain tubes 

	13.3 Two-Phase Pressure Drops in Microfin Tubes
	13.4 Two-Phase Pressure Drops in Corrugated Tubes
	13.5 Two-Phase Pressure Drops for Twisted Tape Inserts in Plain Tubes
	13.6 Two-Phase Pressure Drops in Shell-side Flows
	13.6.1 Plain tube bundles
	13.6.2 Low finned tube and enhanced tube bundles


	Chapter 14: Falling Film Evaporation
	14.1 Introduction to Falling Film Evaporation
	14.2 An Assessment of Advantages/Disadvantages
	14.3 Thermal Design Considerations
	14.4 Intertube Falling Film Modes
	14.5 Highlights of Heat Transfer Studies Prior to 1994
	14.6 Heat Transfer Studies Since 1994
	14.7 Summary

	Chapter 15: Thermodynamics of Refrigerant Mixtures and Refrigerant-Oil Mixtures
	15.1 Introduction
	15.2 Simple Principles of Phase Equilibrium
	15.2.1 Phase Equilibrium Diagram
	15.2.2 Definition of Mixture Compositions and Components
	15.2.3 Piston-and-Cylinder Analogy for a Binary Mixture
	15.2.4 Oil "Contamination" Approach
	15.2.5 Thermodynamic Approach to Modeling Refrigerant-Oil Mixtures

	15.3 Thermodynamics of Refrigerant-Oil Mixtures
	15.3.1. Definition of Boiling Heat Transfer Coefficient
	15.3.2. Bubble Point Temperatures
	15.3.3 Local Oil Mass Fractions
	15.3.4 Enthalpy Curves

	15.4 Liquid Specific Heats of Oils and Refrigerant-Oil Mixtures
	15.4.1 Liquid Specific Heat of Lubricating Oils
	15.4.2 Liquid Specific Heat of Refrigerant-Oil Mixtures

	15.5 Example of Application of Thermodynamic Approach
	15.6 Illustration of Physical Properties of Refrigerant-Oil Mixtures
	15.7 Online Measurement of Refrigerant-Oil Mass Fractions
	15.7.1 Previous Test Methods
	15.7.2 Online Density Flowmeter
	15.7.3 Oil Concentration Calibration Correlation
	15.7.4 Industrial Application of a Density Flowmeter

	Example Calculation

	Chapter 16: Effects of Oil on Thermal Performance of Heat Exchangers
	16.1 Introduction
	16.2 Summary of Oil Effects on Evaporation inside Tubes
	16.3 Experimental Studies on Intube Flow Boiling
	16.4 Modeling Oil Effects on Flow Boiling Heat Transfer in Plain Tubes
	16.5 Modeling Oil Effects on Flow Boiling Heat Transfer in Microfin Tubes
	16.6 Modeling Oil Effects on Two-Phase Pressure Drops for Plain Tubes
	16.7 Modeling Oil Effects on Two-Phase Pressure Drops for Microfin Tubes
	16.8 Nucleate Pool Boiling of Refrigerant-Oil Mixtures
	16.9 Bundle Boiling of Refrigerant-Oil Mixtures
	16.10 Comments of Practical Importance
	Example Calculation

	Chapter 17: Void Fractions in Two-Phase Flows
	17.1 Introduction
	17.2 Homogeneous Model and Velocity Ratio
	17.2.1 Homogeneous Void Fraction
	17.2.2 Definition of the Velocity Ratio

	17.3 Analytical Void Fraction Models
	17.3.1 Momentum Flux Model
	17.3.2 Zivi Kinetic Energy Models for Annular Flow
	17.3.3 Levy Momentum Model

	17.4 Empirical Void Fraction Equations
	17.4.1 Smith Separated Flow Model
	17.4.2 Chisholm Method
	17.4.3 Drift Flux Model

	17.5 Comparison of Void Fraction Methods for Tubular Flows
	17.6 Void Fraction in Shell-Side Flows on Tube Bundles
	17.6.1 Vertical Two-Phase Flows on Tube Bundles
	17.6.2 Horizontal Two-Phase Flows on Tube Bundles


	Chapter 18: Post Dryout Heat Transfer
	18.1 Introduction
	18.2 Departure from Thermodynamic Equilibrium
	18.3 Heat Transfer Regimes and Mechanisms
	18.4 Heat Transfer in Inverted Annular Flow
	18.5 Heat Transfer in Mist Flow in Vertical Channels
	18.5.1. Dougall and Rohsenow Method
	18.5.2 Groeneveld Method
	18.5.3 Groeneveld and Delorme Method
	18.5.4 Ganic and Rohsenow Method

	18.6 Critical Heat Flux in Vertical Channels
	18.7 Heat Transfer with Progressive Dryout in Horizontal Tubes
	18.8 Droplet Heat Transfer

	Appendix A
	Appendix B
	Appendix C
	References




