
Contents 

1 Introduction 1 
1.1 Scope 2 
1.2 Application Backgrounds 3 
1.3 Previous Developments of the Research 4 

1.3.1 Laminar Free Convection Boundary Layers 
of Newtonian Fluids 4 

1.3.2 Laminar Free Convection Film Boiling 
of Liquid 5 

1.3.3 Laminar Free Convection Film Condensation 
of Pure Vapour 6 

1.3.4 Laminar Free Convection Film Condensation 
of Vapour-Gas Mixture 7 

1.3.5 Gravity-Driven Film Flow of Non-Newtonian 
Power-Law Fluids 7 

1.4 Challenges Associated with Investigations of Laminar 
Free Convection and its Multi-phase Film Flows 9 
1.4.1 Appropriate Theoretical Analysis Method 9 
1.4.2 Consideration of Variable Physical Properties 9 
1.4.3 Laminar Free Convection Boundary Layer 10 
1.4.4 Laminar Free Convection Film Condensation 

and Boiling 10 
1.4.5 Laminar Free Convection Film Condensation 

of Vapor-Gas Mixturer 11 
1.5 Developments in Recent Research 11 

1.5.1 A New Similarity Analysis Method 12 
1.5.2 A New System of Method on Treatment 

of Variable Physical Properties 13 

http://d-nb.info/1020112530

http://d-nb.info/1020112530


xjj Contents 

1.5.3 Laminar Free Convection Boundary Layer 
of Gases with Consideration of Variable 
Physical Properties 14 

1.5.4 Laminar Free Convection Boundary Layer 
of Liquids with Consideration of Variable 
Physical Properties 14 

1.5.5 Laminar Free Convection Film Boiling and Film 
Condensation with Consideration of Variable 
Physical Properties 15 

1.5.6 Laminar Free Convection Film Condensation 
of Vapor-Gas Mixture with Consideration 
of Variable Physical Properties 15 

1.5.7 Hydrodynamics and Heat Transfer of Boundary 
Layer and Film Flows of Non-Newtonian 
Power-Law Fluids 17 

1.5.8 Experimental Measurements of Velocity Field 
in Boundary Layer 18 

1.6 Questions 19 
References 19 

Part I Theoretical Foundation 

2 Basic Conservation Equations for Laminar Free Convection . . . .  2 7  
2.1 Continuity Equation 27 
2.2 Momentum Equation (Navier-Stokes Equations) 29 
2.3 Energy Equation 33 
2.4 Basic Equations of Laminar Free Convection 

Boundary Layer 37 
2.4.1 Continuity Equation 37 
2.4.2 Momentum Equations 

(Navier-Stokes Equations) 38 
2.4.3 Energy Equations 41 

2.5 Summary 44 
2.6 Exercises 44 

3 Review of Falkner-Skan Transformation 
for Fluid Laminar Free Convection 45 
3.1 Introduction 45 
3.2 Falkner-Skan Transformation Related to Governing 

Equations Under Boussinesq Approximation 46 
3.3 Falkner-Skan Transformation Related to Governing 

Equations with Consideration of Variable 
Physical Properties 47 



Contents xiii 

3.4 Limitations of the Falkner-Skan Type Transformation 49 
3.5 Questions 50 
References 50 

4 New Similarity Analysis Method for Laminar 
Free Convection Boundary Layer and Film Flows 53 
4.1 Introduction 53 
4.2 Governing Equations of Fluid Laminar Free Convection .... 54 
4.3 Derivation on Dimensionless Physical Parameters 55 

4.3.1 Select Whole Physical Variables Related 
to the Physical Phenomena 55 

4.3.2 Select Basic Dimension System 56 
4.3.3 Determine the Dimensionless 

Similarity Parameters 56 
4.4 Investigation of Similarity Variables on Hydrodynamics .... 59 
4.5 An Application Example of the New Similarity 

Analysis Method 63 
4.5.1 Similarity Transformation of Eq. (4.1) 63 
4.5.2 Similarity Transformation of Eq. (4.2) 64 
4.5.3 Similarity Transformation of Eq. (4.3) 66 

4.6 Summary 69 
4.7 Remarks 69 
4.8 Exercises 70 
References 71 

5 New Method for Treatment of Variable Physical Properties 73 
5.1 Introduction 74 
5.2 Treatment of Temperature-Dependent Physical 

Properties of Gas 75 
5.2.1 Temperature Parameter Method 75 
5.2.2 For Monatomic and Diatomic Gases, 

Air and Water Vapour 76 
5.2.3 For Polyatomic Gas 76 

5.3 Treatment of Concentration- and Temperature-Dependent 
Physical Properties of Vapour-Gas Mixture 78 
5.3.1 For Density 78 
5.3.2 For Other Physical Properties 79 

5.4 Treatment of Temperature-Dependent Physical Properties 
of Liquids 79 

5.5 Physical Property Factor 79 
5.5.1 For Gases 80 
5.5.2 For Liquids 82 
5.5.3 For Vapour-Gas Mixture 83 



xjv Contents 

5.6 Summary 86 
5.7 Remarks 86 
5.8 Questions 90 
References 91 

Part II Laminar Free Convection with Consideration of Coupled 
Effects of Variable Physical Properties 

6 Heat Transfer of Laminar Free Convection of Monatomic 
and Diatomic Gases, Air, and Water Vapor 95 
6.1 Introduction 95 
6.2 Governing Partial Differential Equations 97 
6.3 Similarity Transformation of the Governing Equations 98 

6.3.1 Dimensionless Similarity Variables Based 
on the New Similarity Analysis Method 98 

6.3.2 Similarity Transformation 
of the Governing Equations 98 

6.4 Heat Transfer Analysis 104 
6.5 Numerical Results 105 

6.5.1 Treatment of Variable Physical Properties 105 
6.5.2 Numerical Results 107 

6.6 Wall Dimensionless Temperature Gradient 110 
6.7 Practical Prediction Equations on Heat Transfer Ill 
6.8 Effect of Variable Physical Properties on Heat Transfer .... 112 
6.9 Heat Transfer Under Boussinesq Approximation 113 
6.10 Summary 114 
6.11 Remarks 114 
6.12 Calculation Examples 114 
6.13 Exercises 118 
References 118 

7 Heat Transfer of Laminar Free Convection of Polyatomic Gas ... 121 
7.1 Introduction 121 
7.2 Variable Physical Properties of Polyatomic Gases 122 
7.3 Governing Differential Equations and Their Similarity 

Transformation 123 
7.4 Treatment of Physical Property Factors 128 
7.5 Heat Transfer Analysis 128 
7.6 Numerical Solutions 129 
7.7 Dimensionless Wall Temperature Gradient 133 
7.8 Practical Prediction Equations on Heat Transfer 136 
7.9 Effect of Variable Physical Properties on Heat Transfer .... 137 
7.10 Heat Transfer Under Boussinesq Approximation 137 



Contents xv 

7.11 Summary 138 
7.12 Remarks 141 
7.13 Calculation Examples 141 
7.14 Exercises 143 
References 144 

8 Heat Transfer on Liquid Laminar Free Convection 145 
8.1 Introduction 145 
8.2 Governing Partial Differential Equations 147 
8.3 Similarity Variables 147 
8.4 Similarity Transformation 148 
8.5 Treatment of Variable Physical Properties 150 

8.5.1 Variable Physical Properties of Liquids 150 
8.5.2 Physical Property Factors 150 

8.6 Heat Transfer Analysis 151 
8.7 Numerical Solutions 152 
8.8 Approximation Equation on Wall Dimensionless 

Temperature Gradient 155 
8.9 Approximation Equations on Heat Transfer 156 
8.10 Summary 157 
8.11 Remarks 159 
8.12 Calculation Examples 159 
8.13 Exercises 162 
References 162 

9 Experimental Measurements of Free Convection 
with Large Temperature Difference 165 
9.1 Introduction 165 
9.2 Experimental Measurements of Velocity Field 

for Air Laminar Free Convection 167 
9.2.1 Experimental Devices and Instruments 167 
9.2.2 Measurement Results 168 
9.2.3 Governing Equations 169 
9.2.4 The Numerical Solutions 171 

9.3 Experimental Measurements of Velocity Field 
for Water Laminar Free Convection 172 
9.3.1 Main Experimental Apparatus 172 
9.3.2 The Results of Experiment 173 
9.3.3 Governing Equations 174 
9.3.4 Numerical Solutions 178 

9.4 Remarks 181 
9.5 Questions 185 
References 185 



xvj Contents 

10 Identical Laminar Free Convection for Inclined 
and Vertical Cases 187 
10.1 Introduction 187 
10.2 Fluid Laminar Free Convection on Inclined Plate 188 

10.2.1 Physical Model and Basic Equations 188 
10.2.2 Similarity Transformation of the Basic Equations. . . 189 
10.2.3 Relationships of Momentum, Heat, and Mass 

Transfer Between Inclined and Vertical Cases .... 191 
10.3 Gas Laminar Free Convection on Inclined Plate 194 
10.4 Summary 200 
10.5 Remarks 201 
10.6 Calculation Example 201 
10.7 Question 204 
10.8 Exercise 204 
References 210 

Part III Laminar Free Convection Film Boiling and Condensation 
with Consideration of Coupled Effect of Variable 
Physical Properties 

11 Complete Mathematical Models of Laminar Free Convection 
Film Boiling of Liquid 215 
11.1 Introduction 215 
11.2 Governing Partial Differential Equations 216 

11.2.1 For Vapor Film 217 
11.2.2 For Liquid Film 217 
11.2.3 For Boundary Conditions 217 

11.3 Similarity Variables 218 
11.3.1 For Vapor Film 218 
11.3.2 For Liquid Film 219 

11.4 Governing Ordinary Differential Equations 219 
11.4.1 For Vapor Film 219 
11.4.2 For Liquid Film 220 
11.4.3 For Boundary Conditions 221 

11.5 Identical Mathematical Models of Laminar Free Convection 
Film Boiling of Saturated or Subcooled Liquid 221 

11.6 Remarks 222 
11.7 Exercises 223 
References 236 



Contents xvii 

12 Velocity and Temperature Fields of Laminar Free Convection 
Film Boiling of Liquid 239 
12.1 Introduction 239 
12.2 Treatment of Variable Physical Properties 240 

12.2.1 For Variable Physical Properties of Vapor Film . . . 240 
12.2.2 For Physical Property Factors of Vapor Film 240 
12.2.3 For Variable Physical Properties of Liquid Film . . . 241 
12.2.4 For Physical Property Factors of Liquid Film 241 

12.3 Numerical Calculation 242 
12.3.1 Calculation Procedure 242 
12.3.2 Numerical Results 242 

12.4 Variation of Velocity and Temperature Fields 243 
12.4.1 For Velocity Fields of Vapour Film 243 
12.4.2 For Temperature Fields of Vapor Film 243 
12.4.3 For Velocity Fields of Liquid Film 243 

12.5 Remarks 248 
12.6 Exercises 249 
References 249 

13 Heat and Mass Transfer of Laminar Free Convection 
Film Boiling of Liquid 251 
13.1 Introduction 251 
13.2 Heat Transfer Analysis 252 
13.3 Wall Dimensionless Temperature Gradient 254 
13.4 Practical Prediction Equations on Boiling Heat Transfer .... 257 
13.5 Mass Transfer Analysis 259 
13.6 Mass Flow Rate Parameter 261 

13.6.1 Vapor Film Thickness 261 
13.6.2 Interfacial Velocity Components 262 
13.6.3 Mass Flow Rate Parameter 263 

13.7 Practical Prediction Equation on Boiling Mass Transfer .... 264 
13.8 Summary 264 
13.9 Remarks 271 
13.10 Calculation Examples 272 
13.11 Exercises 278 
References 278 

14 Complete Mathematical Model of Laminar Free Convection 
Film Condensation of Pure Vapour 279 
14.1 Introduction 279 
14.2 Governing Partial Differential Equations 281 
14.3 Similarity Variables 283 
14.4 Governing Ordinary Differential Equations 284 



xviij Contents 

14.5 Identical Governing Equations on Laminar Free Film 
Condensation of Saturated or Superheated Vapor 286 

14.6 Remarks 286 
14.7 Exercises 287 
References 300 

15 Velocity and Temperature Fields of Laminar Free Convection 
Film Condensation of Pure Vapour 301 
15.1 Introduction 301 
15.2 Treatment of Variable Physical Properties 302 

15.2.1 For Liquid Film 302 
15.2.2 For Vapor Film 303 

15.3 Numerical Solutions 304 
15.3.1 Calculation Procedure 304 
15.3.2 Numerical Solution 304 

15.4 Variations of Velocity and Temperature Fields 305 
15.4.1 For Velocity Fields of Liquid Film 305 
15.4.2 For Temperature Fields of Liquid Film 310 
15.4.3 For Velocity Fields of Vapor Film 310 

15.5 Remarks 310 
15.6 Exercises 311 
References 312 

16 Heat and Mass Transfer of Laminar Free Convection Film 
C o n d e n s a t i o n  o f  P u r e  V a p o r  3 1 3  
16.1 Introduction 314 
16.2 Heat Transfer Analysis 314 
16.3 Wall Dimensionless Temperature Gradient 315 
16.4 Practical Prediction Equations on Condensation 

Heat Transfer 318 
16.5 Mass Transfer Analysis 319 
16.6 Mass Flow Rate Parameter 321 

16.6.1 Condensate Film Thickness and Velocity 
Components at the Interface 321 

16.6.2 Interfacial Velocity Components 324 
16.6.3 Condensate Mass Flow Rate Parameter 326 

16.7 Practical Prediction Equations on Condensation 
Mass Transfer 328 

16.8 Condensate Mass-Energy Transformation Equation 329 
16.8.1 Theoretical Analysis on Condensate 

Mass-Energy Transformation 329 
16.8.2 Condensate Mass-Energy 

Transformation Coefficient 330 
16.9 Summary 332 



Contents xix 

16.10 Remarks 340 
16.11 Calculation Example 341 
16.12 Exercises 349 
References 350 

17 Effects of Various Physical Conditions on Heat Transfer 
of the Free Convection Film Condensation 351 
17.1 Introduction 351 
17.2 Review of Governing Equations for Film Condensation 

of Saturated Vapor 352 
17.2.1 Partial Differential Equations 353 
17.2.2 Similarity Variables 354 
17.2.3 Transformed Dimensionless 

Differential Equations 355 
17.3 Different Physical Assumptions 356 

17.3.1 Assumption a (with Boussinesq Approximation 
of Condensate Film) 356 

17.3.2 Assumption b (Ignoring Shear Force 
at Liquid-Vapor Interface) 358 

17.3.3 Assumption c (Ignoring Inertia Force 
of the Condensate Film) 358 

17.3.4 Assumption d (Ignoring Thermal Convection 
of the Condensate Film) 359 

17.4 Effects of Various Physical Conditions on Velocity 
and Temperature Fields 359 

17.5 Effects of Various Physical Conditions on Heat Transfer. . . . 360 
17.6 Remarks 362 
17.7 Exercises 365 
References 365 

18 Complete Similarity Mathematical Models on Laminar 
Free Convection Film Condensation from Vapor-Gas Mixture . . 367 
18.1 Introduction 367 
18.2 Governing Partial Differential Equations 368 
18.3 Similarity Variables 371 

18.3.1 For Liquid Film 371 
18.3.2 , For Vapor-Gas Mixture Film 372 

18.4 Governing Ordinary Differential Equations 372 
18.4.1 For Liquid Film Flow 372 
18.4.2 For Vapor-Gas Mixture Film Flow 373 
18.4.3 For Boundary Conditions 374 

18.5 Remarks 375 
18.6 Exercises 375 
References 396 



xx Contents 

19 Velocity, Temperature, and Concentration Fields 
on Laminar Free Convection Film Condensation 
of Vapor-Gas Mixture 399 
19.1 Introduction 399 
19.2 Treatments of Variable Physical Properties 400 

19.2.1 Treatment Methods 400 
19.2.2 Treatment of Temperature-Dependent Physical 

Properties of Liquid Film 401 
19.2.3 Treatment of Concentration-Dependent Densities 

of Vapor-Gas Mixture 402 
19.2.4 Treatment of Other Concentration-Dependent 

Physical Properties of Vapor-Gas Mixture 403 
19.2.5 Treatment of Temperature-Dependent Physical 

Properties of Vapor-Gas Mixture 405 
19.3 Necessity for Satisfying Whole Interfacial Balance 

Conditions on Reliable Solution 405 
19.4 Numerical Calculation Approach 406 
19.5 Physical Property Data Applied for Numerical 

Calculation 407 
19.6 Interfacial Vapor Saturation Temperature 407 
19.7 Critical Bulk Vapor Mass Fraction 

with the Film Condensation 408 
19.8 Velocity, Concentration, and Temperature Fields 

of the Two-Phase Film Flows 411 
19.9 Variations of Velocity and Temperature Fields 412 

19.9.1 Variation of Film Thicknesses 413 
19.9.2 Variation of Velocity Fields of Condensate 

Liquid Film 415 
19.9.3 Variation of Velocity Fields of Vapor-Gas 

Mixture Film 416 
19.10 Remarks 416 
19.11 Exercises 417 
References 418 

20 Heat and Mass Transfer of Laminar Free Convection 
Film Condensation of Vapor-Gas Mixture 419 
20.1 Introduction 420 
20.2 Heat Transfer Analysis 420 
20.3 Wall Temperature Gradient 422 
20.4 Variation of Condensate Heat Transfer 425 
20.5 Condensate Mass Transfer Analysis 428 
20.6 Condensate Mass Flow Rate Parameter 430 
20.7 Variation of Condensate Mass Flow Rate 435 
20.8 Quite Different Film Condensations 441 



Contents xxi 

20.9 Summary 443 
20.10 Remarks 443 
20.11 Calculation Examples 452 
20.12 Exercises 456 
Reference 457 

Part IV Gravity-Driven Film Flow of Non-Newtonian Fluids 

21 Hydrodynamics of Falling Film Flow of Non-Newtonian 
Power-Law Fluids 461 
21.1 Introduction 461 
21.2 Principal Types of Power-Law Fluids 463 

21.2.1 Newtonian Fluids 463 
21.2.2 Power-Law Fluids 464 

21.3 Physical Model and Governing Partial Differential 
Equations 465 

21.4 A New Similarity Transformation 468 
21.5 Numerical Solutions 471 
21.6 Local Skin-Friction Coefficient 472 
21.7 Mass Flow Rate 474 
21.8 Length of Boundary Layer Region 477 
21.9 Critical Film Thickness 478 
21.10 Effect of Wall Inclination 479 
21.11 Summary 480 
21.12 Remarks 480 
21.13 Calculation Examples 482 
References 486 

22 Pseudo-Similarity and Boundary Layer Thickness 
for Non-Newtonian Falling Film Flow 487 
22.1 Introduction 487 
22.2 Physical Model and Governing Partial Differential 

Equations 489 
22.3 Similarity Transformation 490 
22.4 Local Prandtl Number 494 
22.5 Pseudo-Similarity for Energy Equation 495 
22.6 Critical Local Prandtl Number 497 
22.7 Analysis of Boundary Layer Thickness 499 

22.7.1 Precautions for Prx > Pr* 499 
22.7.2 Precautions for Prx < Pr* 500 

22.8 Remarks 502 
References 503 



xxii Contents 

23 Heat Transfer of the Falling Film Flow of Non-Newtonian 
Power-Law Fluids 505 
23.1 Introduction 505 
23.2 Governing Equations 506 
23.3 Heat Transfer Analysis 508 
23.4 Numerical Solution for Heat Transfer 510 
23.5 Local Similarity Versus Local Pseudo-Similarity 515 
23.6 Summary 516 
23.7 Remarks 517 
23.8 Calculation Examples 519 
References 522 

Appendix A: Tables with Physical Properties 525 

Index 533 


