Porous and Complex
Flow Structures in
Modern Technologies

Adrian Bejan e Ibrahim Dincer ¢ Sylvie Lorente
Antonio E. Miguel ¢ A. Heitor Reis



Adrian Bejan Ibrahim Dincer
Duke University University of Ontario Institute
Dept. of Mechanical Engineering of Technology
and Materials Science School of Manufacturing Engineering
Durham, NC 27708-0300 Oshawa, Ontario L1H TK4
USA CANADA
dalford@duke.edu Ibrahim.Dincer@uoit.ca
Sylvie Lorente Antonio Miguel
Laboratoire Matériaux et Universidade de Evora
Durabilité des Constructions Departamento de Fisica
Institut National des Sciences Appliquées Colegio Luis Verney
Département de Génie Civil 7000-671 Evora
31077 Toulouse PORTUGAL
FRANCE afm@uevora.pt

lorente@insa-tlse.fr

Heitor Reis
Universidade de Evora
Departamento de Fisica
Colegio Luis Verney
7000-671 Evora
PORTUGAL

ahr@uevora.pt

Library of Congress Cataloging-in-Publication Data
Porous and complex flow structures in modern technologies / Adrian Bejan ... [et al.].
p. cm.
Includes bibliographical references and index.
ISBN 0-387-20225-0 (alk. paper)
1. Fluid dynamics. 2. Porous materials--Fluid dynamics. I. Bejan, Adrian, 1948-

TA357.P695 2004
620.1'06--dc22 2003060456

ISBN 0-387-20225-0 Printed on acid-free paper.

(© 2004 Springer-Verlag New York, LLC

All rights reserved. This work may not be translated or copied in whole or in part without
the written permission of the publisher (Springer-Verlag New York, LLC, 175 Fifth Avenue,
New York, NY 10010, USA), except for brief excerpts in connection with reviews or scholarly
analysis. Use in connection with any form of information storage and retrieval, electronic
adaptation, computer software, or by similar or dissimilar methodology now known or
hereafter developed is forbidden. The use in this publication of trade names, trademarks,
service marks, and similar terms, even if they are not identified as such, is not to be taken
as an expression of opinion as to whether or not they are subject to proprietary rights.

Printed in the United States of America.
987654321 SPIN 10949856

Springer-Verlag is a part of Springer Science+ Business Media

springeronline.com




Contents
I ) L e
1. Porois Media Tundamentals: ... covs s e seseimgras
11, SERHBAITE s snn snmsmvams B srrmees sy 1o Cere el v o
1.1 Microporous Media:« so v voeiis o 85 550 e vone ia
1.1.2 Mesoporous Media ............ ... ... ... . ...
1.1.3  Macroporous Media ..............................
1.2 Mass Conservation. . ............coouiuiiininnennn. ..
1.3 Darcy Flow and More Advanced Models. ..................
1.4 Energy Conservation.....................iiueioni. ..
1.5: Heatatid Mags Eranster: o v s s v s
151, Eliid FIow o snnammmn messammssmnyng i somn
1520 Heat Flow v van slvmmsvame sug sy i s 500 055 5000
2 Flows in Porous Media ...................................
2.1. Use Sithple MEthOdS Fitst «uoe cun snmens s g wve s s
2.2 Scale Analysis of Forced Convection Boundary Layers . . . . . ..
2.3 Sphere and Cylinder with Forced Convection...............
2.4 Channels with Porous Media and Forced Convection . . ... ...
2.5 Scale Analysis of Natural Convection Boundary Layers . . . . ..
2.6 Thermal Stratification and Vertical Partitions . .............
2.7 Horizontal Walls with Natural Convection .................
2.8 Sphere and Horizontal Cylinder with Natural Convection . . . .
2.9 Enclosures Heated from the Side .........................
2.10 Enclosures Heated from Below ...........................
2.11 The Method of Intersecting the Asymptotes ...............
2.11.1 The Many Counterflows Regime . ...................
2.11.2 The Few Plumes Regime ..........................

2.11.3 The Intersection of Asymptotes ....................



vi Contents
3 . ENErey BUEIHEEEIND oo s e s wtass st samsismg 67
3.1 Thermodynamics Fundamentals: Entropy Generation or
Extergy Destruchion s ammmmins boddsisrasn Suisases s 67
3.2 Exergy AnalysiS:: oo o 8 oun s s ik ol e i 71
3.3 Thermal Energy Storage .............coiuiiiiiiiinnen... 76
gel:  SenEble HERE B EGIBEE o wom s, S i 80
3.5 Aquifer Thermal Energy Storage ......................... 87
3.6 Latent:Heat:Storage coovovamss: mvesaausans s o3 89
3.7 Cold Thermal Energy Storage............coooiiiiienn... 96
3.8 Porous Medium Model of a Storage System with
Phase-Change Material . . ........ .. .. .. ... ... .. ......... 100
3.9 Fuel Cell Principles and Operation........................ 105
3.10 Fuel Cell Structure and Performance .. .................... 109
3.11 The Concept of Exergy-Cost-Energy-Mass (EXCEM)
ANalysiS . .o 119
3.12 Exergy, Environment, and Sustainable Development ........ 120
4 Environmental and Civil Engineering ..................... 125
4.1 The Energy-Environment Interface ....................... 125
4.2 Wakes: Concentrated Heat Sources in
Forced Convection .. ...... ... .. ... ... i 126
4.3 Plumes: Concentrated Heat Sources in
INAETTE] CORVEEEION Sosmmr o wim s,  Hoss sssen Se 127
4.4 Penetrative Convection........... A I R R 130
4.5 Aerosol Transport and Collection in Filters ................ 134
4.6 Filter Efficiency and Filtration Theories ................... 139
4.7 Pressure Drop, Permeability, and Filter Performance ........ 146
A8 Tonic TRRHSPOTE o vemossmon e s s s i S s S 152
A4.9: ‘Reactive Porous Mediny s s vy e ny S 156
4.10 Electrodiffusion ......... .. ... ... . .. 162
4.11 Tree-Shaped Flow Networks ............... ... .......... 166
412 Optinial Sigerot. Plow BISMeht . cums smwu wenssmeamsseamssms 173
4.13 Hot Water Distribution Networks......................... 177
4.14 Minimal Resistance Versus Minimal Flow Length ........... 183
5 Compact Heat Transfer Flow Structures.................. 193
5.1 Heat Exchangers as Porous Media ........................ 194
5.2 Optimal Spacings in Natural Convection .................. 201
5.3 Optimal Spacings in Forced Convection ................... 207
il ‘Pulsabing Flow s i o o i ais £k s i 8 Sevaiia i 212
5.5 Optimal Packing of Fibrous Insulation .................... 216
5.6 Optimal Maldistribution: Tree-Shaped Flows............... 218
5.7 Dendritic Heat Exchatigers: «.uow oo s ssniminrvees ; 224
a7 1 Blémental Volume s:wmuesms s sy 224

/



Contents vii
5.7.2 First Construct ............ . ... . i, 229
0.7.3 Becotid COHSETICE. wsmusmn i s s 230
5.8 Constructal Multiscale Structure for Maximal Heat
Transler Density oums 0 s 0iiiinih s ik ol e mmo v somis st s 238
5.8.1 Heat Transfer ......... ... ... ... .. ... ........... 241
B.8v  Khild BRehioh ;cusesmmamsmm e s ses Ay 242
5.8.3 Heat Transfer Rate Density: The Smallest Scale . . . ... 243
5.9 Concluding Remarks . ............ .. ... ... .. i, 245
6 LiviHg StEUCtres cuu s v snvn piasvemerams S v 247
61 Respiratory SyStem s viimis 5ii imi i e e e s merisins wons 247
6.1.1 Airflow Within the Bronchial Tree.................. 249
6:1.2: Alveslar:Gas DIRISION: .ommnmoan son o 250
6:1:3° ParticleDeposition sus rums s s I it 251
6.2 Blood and the Circulatory System ........................ 253
6.3 Biomembranes: Structure and Transport Mechanisms ....... 254
6.3.1 Cell- Membrafe v sewvmerns s v visne 2o 254
6.3.2 Capillary Wall ....... ... ... . .. 263
6.4 Transport of Neutral Solutes Across Membranes............ 266
6.5 Transport of Charged Solutes Across Membranes ........... 275
6.5.1 Membrane Potential .............................. 276
6.5.2 Electrical Equivalent Circuit .......... ... ... ...... 278
6.6 The Kidney and the Regulation of Blood Composition . .. ... 279
6.6.1 Kidney Failure and Dialysis........................ 280
6.6.2 Pumping Blood Through Semipermeable
Membranes . ... 281
7 Drying of Porous Materials i vt cvn oo v sossus 283
Gl INETOdUCKON 55 55 e 5l S s pamesnmsissingate simis sy 283
7.2 Drying Equipment . .......... ... ... ... 284
T.3 DIyt PeriGds come evmmprnmes ovn sormeasimon S e mie 284
7.4 Basic Heat and Moisture Transfer Analysis ................ 285
7.5 Wet Material ....... ... .. 288
T.6 “Iypegiof Motstirs DISION o sovos s somnsmmmar e . 294
TT Shritkage. cwvun sossmmemmesy Surs oo s 008 SR ymaas, 5y i 295
7.8  Modeling of Packed-Bed Drying . ......................... 298
7.9 Diffusion in Porous Media with Low Moisture
COMBBTIT wnocvom o oo aomemiR s o 302
7.10 Modeling of Heterogeneous Diffusion
inTWet-Solids sosmmmammyn Iiieers v B PP S wre v 303
7.10.1 Mass Transfer. .......... .o 304
1:10:2 Hest "Trafater .. vuesmmommmmmse oo s s 305
7:10.3 :Boundary Cotiditions e pos vuumumams 5o o0 s 306



4

viii Contents
7104 Numerieal Analysis zvr ssrmmaysemmninsanyy 306
7.10.5 Heat and Mass Transfer Coefficients ................ 308
7.11 Correlation for the Drying of Solids . ...................... 310
8 Multidisciplinary Applications ............................ 315
8.1 Walls with Cavities: Insulation and Strength Combined .. ... 315
8.2 Fibers Coated with Phase-Change Material ................ 326
8.3 Methane Hydrate Sediments: Gas Formation and
Convection . ... ...t e 337
Nomenclature .o ssnss e Sesrniami vd v avi i 349
RBTETENCOE v im0 R s e B R s ST 359

IndeX . .. e 389




Porous and Complex Flow Structures in Modern
Technologies represents a new approach to the
field, considering the fundamentals of porous
media in terms of the key roles played by these
materials in modern technology. Intended as
a text for advanced undergraduates and as a
reference for practicing engineers, the book uses
the physics of flows in porous materials to tie
together a wide variety of important issues from
such fields as biomedical engineering, energy
conversion, civil engineering, electronics, chemical engineering, and
environmental engineering.

For example, flows through porous ground play a central role in energy
exploration and recovery (oil, geothermal fluids), energy conversion
(effluents from refineries and power plants), and environmental
engineering (leachates from waste repositories). Similarly, the demands of
miniaturization in electronics and in biomedical applications are
driving research into the flow of heat and fluids through small-scale porous
media (heat exchangers, filters, gas exchangers). Filters, catalytic converters,
the drying of stored grains, and myriad other applications involve flows
through porous media.

Another new feature is the ‘constructal’ approach to the generation
of flow structures for maximal global performance (e.g. maximal heat
transfer density) at decreasing length scales. In this direction, the optimized
structures become ‘designed porous media’.

By providing a unified theoretical framework that includes not only the
traditional homogeneous and isotropic media but also coarse structures
in which the assumptions of representative elemental volumes or global
thermal equilibrium fail, the book provides practicing engineers the tools
they need to analyze complex situations that arise in practice. This volume
includes examples, a large number of current references, and an extensive
glossary of symbols.
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