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Abstract

The present paper is intended to encompass the English language heat transfer papers published in 2003, including some translations
of foreign language papers. This survey, although extensive cannot include every paper; some selection is necessary. Many papers
reviewed herein relate to the science of heat transfer, including numerical, analytical and experimental works. Others relate to applica-
tions where heat transfer plays a major role not only in man-made devices, but in natural systems as well. The papers are grouped into
categories and then into sub-fields within these categories. We restrict ourselves to papers published in reviewed archival journals.

Besides reviewing the journal articles in the body of this paper, we also mention important conferences and meetings on heat transfer
and related fields, major awards presented in 2003, and books on heat transfer published during the year.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

This is the first year in which the Heat Transfer Review
has not had the active participation of Ernst R.J. Eckert.
We wish to recognize Professor Eckert’s contributions
not only to the heat transfer literature but to founding,
maintaining and contributing to the Review for 50 years.
His first Heat Transfer Review appeared in the Journal
of Industrial and Engineering Chemistry in 1954; this cov-
ered the heat transfer literature published in 1953. That
first year was a solo effort. Over the years he added faculty
active in the Heat Transfer Laboratory at the University of
Minnesota as co-authors. Shortly after the start of the
International Journal of Heat Mass Transfer in 1960 the
Heat Transfer Review moved to this Journal where it has
remained ever since. The Review grew from 112 papers in
1954 to the present 1700 papers. Until a dozen years or
so ago, Dr. Eckert was the manager and chief organizer
of the Review. After he gave up the reins of organization,
he continued active participation as an author, even going
over some pages of the Review shortly before his death
in 2004, a few scant months short of his 100th birthday.
Dr. Eckert has been an inspiration to his Review co-
authors. We mourn his passing, but are thankful for the
many years we could work with him. Because the level of
activity and the importance of heat transfer to engineering
and science continues to grow, we plan to continue offering
the Review, perhaps with a modified format in future
editions.

In the current year, considerable effort has been devoted
to research in traditional applications such as chemical
processing, general manufacturing, energy devices, includ-
ing general power systems, heat exchangers, and high per-
formance gas turbines. In addition, a significant number of
papers address topics that are at the frontiers of both fun-
damental research and important emerging applications,
such as nanoscale structures, microchannel flows, bio-heat
transfer, and a number of natural phenomena ranging from
upwelling currents in the oceans to heat transport in stellar
atmospheres.

The present review is intended to encompass the Eng-
lish language heat transfer papers published in 2003,
including some translations of foreign language papers.
The survey, although extensive cannot include every
paper; some selection is necessary. Many papers reviewed
herein relate to the science of heat transfer, including
numerical, analytical and experimental works. Others
relate to applications where heat transfer plays a major
role not only man-made devices, but natural systems
as well. The papers are grouped into categories and then
into sub-fields within these categories. We restrict our-
selves to papers published in reviewed archival jour-
nals.

Besides reviewing the journal articles in the body of this
paper, we also mention important conferences and meet-
ings on heat transfer and related fields, major awards pre-
sented in 2003, and books on heat transfer published
during the year.

The 6th ASME–JSME Thermal Engineering Joint Con-
ference (AJTEC2003) was held on March 16–20, 2003 in
Honolulu, USA. The 11th International Conference on
Nuclear Engineering (ICONE) held in Tokyo, Japan on
20–23 April had sessions on thermo-hydraulics which dis-
cussed single and two-phase heat transfer, and core melting
accidents. The 5th International Conference on Boiling
Heat Transfer was held on 4–8 May at Montego Bay,
Jamaica. Topics discussed included experimental methods
in boiling, bubble formation and dynamics, and boiling
enhancement. The Third Mediterranean Combustion Sym-
posium organized by the International Center for Heat and
Mass Transfer (ICHMT) in Marrakech, Morocco on 8–13
June included sessions on flame structure and dynamics,
optical diagnostics and radiative heat transfer, and turbu-
lence modeling in reacting flows. The ASME Turbo Expo
sponsored by the ASME International Gas Turbine Insti-
tute was held in Atlanta, USA on 16–19 June. Sessions cov-
ered film cooling, boundary layer transition, and vane
internal and external heat transfer. The 36th AIAA Ther-
mophysics conference was held in Orlando, USA on 21–
23 June. The 15th Symposium on Thermophysical Proper-
ties was organized jointly by NIST and the Heat Transfer
Division of the ASME at Golden, USA on 22–27 June.
The meeting discussed properties of fuels, phase equilibria,
inverse problems in thermophysics, properties of thin films,
and photothermal and photoacoustic techniques. The 2nd
International Conference on Heat Transfer, Fluid Mechan-
ics and Thermodynamics was held on 23–26 June at Victo-
ria Falls, Zambia. The Annual Meeting of the American
Society of Heating, Refrigeration and Airconditioning
Equipment (ASHRAE) on 28 June to 2nd July, Kansas
City, USA, included sessions on radiant cooling and heat-
ing, and on developments in turbine inlet air cooling. The
National Heat Transfer conference was held on 21–23 July
in Las Vegas, USA. Topics covered included aerospace heat
transfer, fire and combustion, bio-heat transfer, and multi-
phase flows. An International Symposium on Transient
Convective Heat and Mass Transfer in Single and Two-
Phase Flows was held in Cesme, Turkey on 17–22 August.
Sessions covered conjugate heat transfer, instability, and
porous media. A symposium on Turbulence, Heat and
Mass Transfer was organized by the ICHMT on 17–23
October at Antalya, Turkey. Topics covered included
Direct Numerical Simulation and Large Eddy Simulation,
closure problems for Reynolds-averaged modeling, and
new experimental techniques for turbulent flows. The Inter-
national Gas Turbine Congress held in Tokyo, Japan, on 2–
7 November discussed, among other topics, fuel cells, heat
transfer in microturbines, internal cooling and heat transfer
in boundary layer transition. The International Mechanical
Engineering Congress and Exposition (IMECE) 2003 was
held in Washington, DC, USA on 21–23 November. The
Heat Transfer Division of the ASME organized sessions
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on heat transfer in gas turbines, electronic equipment, bio-
technology, and environmental heat transfer.

Awards presented in the year 2003 include the following:
the Heat Transfer Memorial Awards were presented to
Dimos Poulikakos (Science), Michael Yovanovich (Art)
and James Welty (General). The 2002 Max Jakob award,
given jointly by ASME and AIChE, was conferred on
Dr. Yogesh Jaluria for his research in several diverse areas
including natural convection heat transfer, thermal pro-
cessing of materials and computational heat transfer.

Books published on heat transfer in the year 2003
include:

Radiative Heat Transfer, 2nd ed.
Michael Modest
McGraw-Hill, New York
Heat Transfer Handbook

A. Bejan, A.D. Kraus
Wiley–Interscience
Intermediate Heat Transfer

K.-F. Vincent Wong
Marcel Dekker
Advances in Heat Transfer, vol. 37

J.P. Hartnett, Y.I. Cho, G.A. Greene (Eds.)
Academic Press
A Heat Transfer Textbook, 3rd ed.

John Lienhard IV
Phlogiston Press
Computational Fluid Flow and Heat Transfer, 2nd ed.

K. Muralidhar, T. Sundararajan
Alpha Science International
Heat and Fluid Flow in Microscale and Nanoscale
Structures
M. Faghri (Ed.)
WIT Press
Cryogenic Heat Transfer

R.F. Barron
Taylor & Francis
Fluidized Bed Combustion
S. Oka, E.J. Anthony
Marcel Dekker
Turbomachinery
R.S. Gorla, A. Khan
Marcel Dekker
Low Temperature and Cryogenic Refrigeration
S. Kakac, H.F. Smirnov, M.R. Avelino (Eds.)
Kluwer Academic Publishers
Numerical Simulation of Reactive Flows in Hot
Aquifers
C. Clauser
Springer-Verlag
Computational Methods in Multiphase Flows
A.A. Mammoli, M. Rahman, C.A. Brebbia, M.G.
Satish (Eds.)
WIT Press
Thermal Conversion of Solid Fuels
B. Peters, E. Blum, C.A. Brebbia, C.I. Adderley, M.
Lamvik (Eds.)
WIT Press
2. Conduction heat transfer

In the category of heat conduction, a wide variety of
subtopics appear this year to include: contact conduc-
tion/contact heat transfer; microscale/nanoscale heat
transport and wave propagation; heat conduction in com-
plex geometries; analytical and numerical methods for the
solution of various heat transport mechanisms related to
conduction heat transfer; experimental and/or comparative
studies; thermal stresses; and miscellaneous studies that
deal with a variety of applications in conduction.

Contact conduction and contact resistance. Several stud-
ies appear in this subtopic dealing with various aspects of
contact conduction and contact resistance. An analytic
model accounting for thermal resistance due to multiple
moving contact that are circular appears in [1]. Thermal
resistance effects due to applications involving workpiece–
die interface for forging [2], multi-constrictions contact
and simplified models [3], application to particle ladden
polymeric interface materials [4], consideration of con-
forming rough surfaces with grease-filled interstitial gaps
[5] are some of the studies which appeared in this year.
Other aspects include the significance of surface contact
effects for multiphase heat transfer [6], heat exchange coef-
ficient function in thermoelastic contact [7], influence of
flatness and waviness of rough surfaces [8], measurements
of contact parameters [9] for spot welding. review of ther-
mal conductance models for joints [10], and studies with
numerical analysis of heat flow [11], and effects of over-
loading and unloading [12].

Microscale/nanoscale heat transport and wave propaga-

tion. This subject matter continues to receive widespread
attention and involves analytic models, numerical simula-
tions and experimental aspects. Studies involving the
notion of hyperbolic heat conduction and relevant effects
such as overshooting phenomena, thermal losses, reverse
time modeling, spectral methods for numerical studies
appear in [13–16]. Those dealing with wave propagation
aspects and short pulse laser heating effects appear in
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[17–25]. Additional papers dealing with studies of compar-
ative models [26], heat transfer in multilayer structure [27],
bilayer composite sphere due to sudden temperature
change [28], and phonon heat conduction in micro- and
nano-core-shell structure [29] appear in this subcategory.

Heat conduction in complex geometries. Heat transfer
aspects due to conduction in complex geometries such as
transient thermal load in multilayer structure [30], steady-
state conduction in multilayer bodies [31], annular fins
[32], effect of gap size and spacing [33], composite
slabs [34], and optimization of transverse thermal conduc-
tivities [35] in unidirectional composites appear in this
subcategory.

Analytical and numerical methods. Analytic models and
close form solutions for unsteady heat conduction in two-
dimensional slabs [36], inverse solution of one-dimensional
and two-dimensional heat conduction [37,38] appear in this
subcategory. Those dealing with simulations and numerical
techniques using any one of a number of approaches, such
as transfer functions, finite elements, meshless methods,
genetic algorithms, etc., appear in [39–47].

Experimental and/or comparative studies. The studies in
this subcategory include an experimental thermal contact
conductance of a bead-blasted SS 304 at light loads [48],
bi-metallic heat switch for space applications [49], determi-
nation of neurocontrol of a heat conduction systems [50],
measurements of thermal contact conductance [51],
and thermal contact resistance of aluminum honeycombs
[52].

Thermal stresses. Thermal stresses induced due to effect
of microscopic heat conduction model [53], and thermo-
elastic waves in a helix with parabolic and hyperbolic heat
conduction [54] appear in this review year.

Miscellaneous applications. A wide variety of studies
dealing with heat conduction for various problems and
applications appear in [55–62].

3. Boundary layers and external flows

Papers on boundary layers and external flows for 2003
have been categorized as follows: flows influenced exter-
nally, flows with special geometric effects, compressible
and high-speed flows, analysis and modeling techniques,
unsteady flow effects, flows with film and interfacial effects,
flows with special fluid types or property effects and flows
with combustion and other reactions.

External effects. Experimental results which document
the effects of streamline curvature and streamwise acceler-
ation are presented [63]. The effects on laminar, transitional
and turbulent boundary layer flows with curvature and
acceleration are documented. Variations of as large as
35% are recorded. Documentation of the effects of turbu-
lence in the freestream on boundary layer heat transfer
continues to be an active topic. An experimental investiga-
tion of grid-generated turbulence was presented [64]. Heat
transfer is enhanced by velocity fluctuations attributed to
changes in the boundary layer velocity profile. Experiments
are conducted to study the effects of turbulence length scale
on boundary layer heat transfer [65]. Various ratios of free-
stream length scale to boundary layer momentum thickness
were created. Increases of Stanton number of as large as
46% were recorded. A study by the same authors analyzes
and correlates these results, deriving a new two-region
model for Stanton number [66]. The effects of freestream
turbulence level on heat transfer to an endwall of a gas tur-
bine cascade are evaluated [67]. Turbulence levels from
0.7% to 14% are studied. A paper from the same lab doc-
uments the characteristics of turbulence as generated by
gas turbine combustors of different types [68]. The combus-
tors ranges from a catalytic type to a low-NOx type. The
effects of a single vortex on boundary layer heat transfer
are analyzed using the von Karman integral equation
[69]. Momentum, heat transfer and the analogy factor are
described by phenomenological decomposition. Chaotic
advection, or Lagrangian turbulence, and its enhancement
of laminar boundary layer heat transfer are studied [70].
The fluid particle trajectories that are chaotic due to
boundary displacement or change in geometry are consid-
ered in explaining the enhancement. The effects of surface
heating and cooling on airfoil aerodynamic efficiency are
documented [71]. Lift is increased by upper surface cooling
and lower surface heating. The effects of surface suction
and blowing on a boundary layer are analyzed [72].
Parameters to the problem are the Prandtl number and
the accelerated flow wedge angle. The effects of surface
vibration of a channel wall on wall heat transfer rates
are analyzed with perturbation methods [73]. Acoustic
streaming is established and a system of steady vortices
which is responsible for heat transfer enhancement devel-
ops in the gap. The effects of an imposed magnetic field
on a micropolar fluid are computed [74]. Effects of various
parameters on velocity and temperature fields and heat
transfer coefficients and skin friction coefficients are
evaluated.

Geometric effects. Direct Numerical Simulation (DNS)
of a stagnation region flow is presented [75]. Noted is the
significant effect of large-scale eddies on enhancement of
wall heat transfer. A three-dimensional DNS of turbulent
separated flow over a blunt flat plate [76] shows that the
reattached flow region exhibits a hairpin-like structure.
Cases with different plate thicknesses and Reynolds num-
bers show that the reattachment length is about five plate
thickness and that the Nusselt number is strongly depen-
dent upon Reynolds number. An extension of the Spal-
art–Allmaras turbulence model for surface roughness is
presented [77]. Difficulties in modeling with the equivalent
sand grain roughness are noted. The effect of a droplet of
one liquid on the turbulent flow of another liquid is visual-
ized [78]. Low temperature fluid is pushed into the buffer
region of the boundary layer by the wallward flow along
the cap of the droplet. The outward flow in the droplet
wake causes lift up of hot fluid adjacent to the wall. The
two flows enhance heat transfer. A similarity solution is
applied to flow with a streamwise pressure gradient over
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a stretching surface [79]. The analysis shows the conditions
under which unique solutions exist. A numerical study
shows the effects of a corner fillet and of flow inlet swirl
on heat transfer and aerodynamic losses in a gas turbine
cascade [80]. The study shows the effects of the interactions
of secondary flows with the main flow. Heat transfer from
turbine blade tips is experimentally investigated [81].
Shown is a comparison between flat tips and squealer tips.
From the same lab are studies of the effects of turbulence
level and chord Reynolds number [82] and relative motion
of the shroud [83] on tip heat transfer. Liquid crystal
thermometry is applied to a tip heat transfer study [84].
Heat transfer coefficients on the tip are higher than those
on the shroud or blade surface. Measurements from the
same lab show heat transfer rates for plane tips compared
to rates for squealer tips [85]. The squealer tips provide
lower heat transfer coefficients on the tip and near tip
regions.

Compressibility and high-speed flow effects. Large Eddy
Simulation (LES) is applied to transonic turbulent flow
over a bump [86]. A perceived poor modeling performance
for this type of flow may have been due to the rapid rise
and decay of turbulence levels in the separated shear layer
immediately under the shock wave. Skin friction measure-
ments are reported for a hypersonic boundary layer [87]. A
new skin friction gauge is employed. Prediction with the
Spalding and Chi method for skin friction and a Reynolds
analogy factor near unity are shown to give suitable heat
transfer rates to the wall. The compressible flow equations
are solved for a boundary layer [88]. It is shown that skin
friction coefficients are bracketed by the von Karman com-
pressible fluid formula and the von Karman incompressible
fluid formula. Shock shapes in hypersonic air flow over a
sharp cone are computed [89]. The two-temperature model
matches measured results for flow without chemical reac-
tion or vibrational excitations. However, when vibrational
excitation appears, the shock layer thickness is underesti-
mated by the two-temperature model. A solution of the
Boltzmann equation is proposed for cases in which the dis-
tribution function depends on both slow and fast time
scales and coordinate scales [90]. Additional terms account-
ing for relaxation effects are included. An improved model
for shock tube analysis is proposed [91]. The improvement
comes from a modern friction model. Numerical simula-
tions of laminar shock/shock interactions are studied
[92]. Issues related to boundary conditions, grid conver-
gence and time unsteadiness of the computations are
addressed. The effects of vibrational non-equilibrium in
hypersonic double-cone experiments are computed [93].
The simulations show that vibrational modes of the nitro-
gen gas freeze near the nozzle throat resulting in elevated
vibrational temperatures in the test. The interactions of a
moving shock wave with a two-phase (gas and particles)
flow are predicted [94]. Applications of the results are
explosions at coal mines or grain elevators. Simulations
of afterbody heating of a ballistic reentry to earth are pre-
sented [95]. Mechanisms which explain for the conservative
results of the simulations for afterbody heating are
discussed.

Analysis and modeling. An improvement to the analysis
of katabatic flows is proposed [96]. The new model is pro-
posed for estimations of surface flux to inclined stable
meteorological boundary layers. A nonlinear near-wall tur-
bulence model is proposed [97]. It includes an improved
explicit heat flux model which captures the effects of flow
deformations. Numerical experiments using DNS and
Lagrangian scalar tracking (LST) are employed to analyze
the dispersion of a passive contaminant from a wall by tur-
bulence [98]. Turbulent diffusivity and turbulent Prandtl
number a the plume that results from a line source are cal-
culated. A stochastic model for dispersion and deposition
of particles in a turbulent field is explored [99]. Physical
understanding of the concentration distribution and rate
of deposition is of particular interest. A prediction of tur-
bulent heat transfer with surface blowing with a nonlinear
algebraic heat flux model is explored [100]. The reduction
of wall shear stress and the change in wall heat flux agree
with data. Modeling of transition from laminar to turbu-
lent boundary layer flow is tested with two intermittency
models [101]. Results are compared with measurements in
a linear turbine cascade. Spreading angles of turbulent
wedges induced by surface roughness in a heated boundary
layer are visualized [102]. The results suggest that the span-
wise growth of the turbulent region is smaller in a thermal
boundary layer than in its momentum counterpart. This
may explain the inconsistency of transition zone lengths
reported in the literature. The use of point source solutions
to compute cooling of electronic components on a conduct-
ing plate is discussed [103]. New correlations are presented.
A two-flux model is applied for the analysis combined radi-
ative transfer and forced convection in a laminar boundary
layer on a flat plate [104]. The ‘‘method of columns’’ is
applied to transform the resulting equation into an ordin-
ary differential equation system for solution.

Unsteady effects. An experimental and numerical study
is conducted on the influence of incoming wakes, including
their calming effects, on transitional boundary layers on
surfaces of turbine airfoils [105]. Results are used to
describe the pressure loss coefficient and heat transfer
around the airfoil surface. Numerical evaluation of heat
transfer over an unsteady stretching surface with internal
heat generation is presented [106]. Results are presented
for various values of the unsteadiness parameter, the Pra-
ndtl number and the heat source parameter. Numerical
results are presented for mixed radiative and convection
flow of a micropolar fluid past a moving, semi-infinite, por-
ous plate [107]. Comparisons are made with a similar flow
of a Newtonian fluid. An approximation is used to describe
radiative heat transfer in the limit of optically thick fluids.

Films and interfacial effects. Experiments are made to
study vapor absorption by LiBr aqueous solutions in verti-
cal smooth tubes [108]. Breakdown of the liquid film into
rivulets is shown to lead to deterioration of heat and mass
transfer at low film Reynolds numbers. The effects of a
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microscale surface treatment on heat and mass transfer in a
falling film H2O/LiBr absorber is experimentally evaluated
[109]. A new method of wettability measurement is applied.
Hydrodynamics and heat transfer in a bubbly flow within a
turbulent boundary are modeled [110]. A good comparison
to experimental data is noted. Interfacial transport outside
of spheroidal bubbles or solids is numerically evaluated
[111]. Drag coefficients and local and mean Sherwood
and Nusselt numbers are computed. The effects of surfac-
tants on passive scalar transport in a fully developed turbu-
lent flow are computed [112]. As surface elasticity is
increased, turbulent fluctuations are damped and mean
surface temperature is changed. The effects of thermocapil-
lary forces in a liquid film on an unsteady stretching surface
are computed [113]. The thermocapillary forces drag the
liquid film in the same direction as the stretching sheet.
Nusselt numbers at the sheet increase with thermocapillary
strength for fluids of Prandtl number less than 10. Heat
transfer rates between air and a falling laminar film on
an isothermal inclined surface are computed [114]. An
apparent viscosity for the ostwaldian liquid is defined.
DNS is applied to compute turbulent heat transfer across
a mobile, sheared, gas–liquid interface [115]. A new scaling
law for a normalized heat transfer coefficient is derived.
Results of numerical simulations of an oscillatory falling
liquid film are applied to investigate the interfacial wave
behavior and heat transfer [116]. Heat transfer is enhanced
by small vortices between the solitary and capillary waves
in addition to enhancement from flow recirculation in the
solitary wave.

Effects of fluid type or fluid properties. An analysis is
made for steady flow of a non-Newtonian fluid past an infi-
nite, porous, flat plate with suction or blowing [117]. It is
shown that a steady solution for velocity distribution exists
only for a pseudoplastic fluid for which the power law
index is within a certain range. Both skin friction and heat
flux at the plate are shown to be independent of the power
law index. Heat transfer in a power law fluid film over an
unsteady stretching sheet is numerically evaluated [118].
For small Prandtl numbers, the surface heat flux increases
with a decrease in the power law index. Particle deposition
from two-dimensional, turbulent, gas flows are predicted
[119]. Thermophoresis effects in non-isothermal flows are
represented. Non-isothermal turbulent flows laden with
particles which exchange heat with the surrounding fluid
are simulated [120]. Statistical properties of the particle
phase over a Lagrangian trajectory are computed from
the velocities and temperatures of a large number of parti-
cles along the trajectory. Temperature statistics in particle-
laden, turbulent homogeneous shear flows are computed
[121]. Transport mechanisms are discussed by examining
the budgets of the temperature variances and turbulent
heat fluxes for both phases. The physical situation of
two-phase, non-isothermal, turbulent fluid flows laden with
non-evaporating spherical particles is analyzed using a
closed kinetic equation [122]. Results are compared with
DNS results. The effects of shear work at solid boundaries
in small-scale gaseous flows where slip is present are dis-
cussed [123]. The effects of the shear work on convective
heat transfer are illustrated with a particular solution.
The theory for steady-state thermodynamics of shearing
linear viscoelastic fluids is presented [124]. The viscoelastic
work is divided into elastic (reversible) and viscous (irre-
versible) parts.

Flows with reactions. A numerical study of the effects of
methane combustion on heat and mass transfer in a bound-
ary layer is presented [125]. Combustion leads to more
intense displacement of the flow away from the wall which
decreases heat and diffusion fluxes. This may lead to lami-
narization or delay of transition. Solutions of the Navier–
Stokes equations are obtained to determine burning rate
Nusselt numbers for a flat plate of reacting material
(PMMA) [126]. Rates computed with steady-state pyrolysis
compare well with measured values, except near the leading
edge where the heat feedback is high and the steady-state
pyrolysis assumption cannot be made. The effects of stretch
on flame wall interaction are experimentally evaluated
[127]. Evolution of stretch rate versus time shows that a
quenching stretch rate can be reached and locally the flame
is extinguished for a near-stoichiometric reaction. The
effects of vortex restructuring on heat transfer in an
inverted flame are evaluated [128]. The vortex structure
increases the critical Reynolds number at which the flow
becomes turbulent. Computational results are presented
for gas and particle flows in flame spraying [129]. The
particle velocities and temperatures predicted by the simu-
lations compared well with experimental results. Experi-
mental results are presented for gas absorption into a
‘‘string-of-beads’’ liquid flow with chemical reaction in car-
bon dioxide separation [130]. The string of beads flow is a
distinct on-wire, liquid flow pattern consisting of annular
thin liquid films sheathing a wire and teardrop-shaped
liquid beads alternately aligned on the wire at regular inter-
vals. Diffusion and kinetic effects in spherical expanding
flows of argon–helium mixtures in the supersonic regime,
but at low Knudsen numbers, are studied using a direct
simulation Monte Carlo technique [131]. In the supersonic
region, ‘‘freezing’’ of the parallel species temperature has
been found in all cases. This freezing comes first for the
heavier molecule of argon.

4. Channel flows

Straight-walled ducts. Channels having at least one pri-
marily straight wall begin this section of the review. Exper-
imental data were presented for the heat transfer associated
with the cooling of gaseous carbon dioxide in a horizontal
tube [132]. Convection in a horizontal rectangular duct was
examined analytically and numerically considering variable
fluid properties [133]. A full Reynolds stress model was
used to predict turbulent heat fluxes; various models were
compared [134]. A two-equation turbulence model was
employed to model turbulent heat transfer in ducts [135].
The validity of local thermal equilibrium was studied
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numerically in conjugated forced-convection channel flow
[136]. Fully developed mixed convection is investigated
analytically in a vertical channel [137]. Low Reynolds num-
ber mixed convection was also studied in vertical tubes
with uniform wall heat flux [138]. Conjugated heat transfer
in thick walled pipes was treated by a finite difference
approach applying convective boundary conditions [139].
The turbulent flow of gases with varying physical proper-
ties was computed incorporating the tangential stress
profile [140]. Property variations were also studied using
large-eddy simulation with constant heat flux [141]. Turbu-
lent planar Couette flow was investigated at low Reynolds
numbers using DNS [142]. The choked (continuum and
slip) gas flow through narrow channels was studied exper-
imentally [143]. The lattice Boltzmann method was used to
study forced convective heat transfer in plane channels
[144]. The role of an electric field on heat transfer enhance-
ment was investigated numerically [145]. A first and second
law analysis was conducted to examine mixed convection
in a channel flow with a transverse hydromagnetic effect
[146]. Constant heat flux conditions were studied in lami-
nar flow of a latent functionally thermal fluid [147]. Fluid
flow and convective heat transfer were studied for a fluid
having suspended nanoparticles [148]. Turbulent mixed
convection was investigated experimentally using air flow
over an inclined flat channel [149]. Wall heat sources were
studied using a Lagrangian stochastic simulation [150]. The
second law characteristics of laminar circular and planar
channel flows were studied [151]. The laminar forced con-
vective heat transfer was examined numerically near critical
conditions [152]. The extended Graetz problem was consid-
ered by laminar Hartmann’s flow with uniform wall heat
flux [153]; the Graetz problem was also examined with
piecewise constant wall heat flux inside concentric annuli
[154]. The thermal entrance region of plane Poiseuille flow
heated uniformly from below was studied; the onset of con-
vective instability was also examined [155]. A new entropy
generation mechanism was used for thermal optimization
of channel flows with discrete heating sections [156]. The
effect of Froude number on surface waves and heat transfer
was studied in inclined open channel flow [157]. A direct
numerical simulation was performed to study turbulent
convection in a concentric annuli [158].

Microchannel heat transfer. Microfabrication techniques
now allow for a myriad of geometrical possibilities. In this
section, studies conducted to understand the heat transfer
characteristics in these small channels will be summarized.
A review of the technology and development of the thermal
aspects of microchannels in applied microelectronics and
other high heat flux applications was provided [159]. The
two-phase flow and heat transfer behavior was studied in
parallel microchannels [160]. The lattice Boltzmann model
was used to investigate electrokinetic microchannel flow
[161]. Constant wall heat flux was imposed on an electro-
osmotically generated channel flow [162]; pressure driven
effects were also considered [163]. An experimental study
was conducted to understand the heat transfer characteris-
tics associated with falling film absorption on microscale
hatched tubes [164]; the thin-film region of a microchannel
was also studied [165]. The impact of various surface
conditions was examined experimentally in silicon micro-
channels [166]. Computational methods were used to
understand the role of compressibility on gas flows in
microchannels [167]; a numerical approach was also used
to study the laminar flow and heat transfer of gas in rect-
angular microchannels with constant wall heat flux [168].
Scale effects were reviewed and their physical significance
discussed in single-phase microchannel flow [169,170].
Monte Carlo, Navier–Stokes and Burnett equations were
used to predict the flow and heat transfer in micro-Couette
flow [171]; the Monte Carlo method was also used to
understand the non-ideal gas flow in micro- and nanochan-
nels [172] and the effect of surface roughness on nitrogen
flow [173]. Gas flows were also modeled through micro-
channels and nanopores [174]. Electrokinetic effects were
considered in a microchannel with a T-junction [175]. In
perhaps the most complex geometry seen, a micromixer
in a twisted microchannel was simulated [176]. Finally, a
theoretical analysis was undertaken to understand the heat
transfer in a microchannel of electrokinetic flow under
asymmetric boundary conditions [177].

Irregular geometries. In this subsection we summarize
papers in the literature covering a variety of irregular
geometries, though generally confined to channels. One
paper proposed a strategy for designing convective flows
with maximal heat transfer rates using a body fitting
approach [178]. A numerical study was conducted to
understand the heat transfer characteristics for flow
through parallel boards with heat generating blocks [179].
Heat transfer enhancement was studied by employing a
convex-patterned surface [180]. Oval tubes and vortex gen-
erators were used in a channel to improve their thermal
performance [181]. Transient temperature measurements
were made to evaluate mixed convection longitudinal vor-
tex flow driven by a heated circular plate in a duct [182].
Strip-type inserts were placed in small tubes for heat trans-
fer enhancement [183], as well as a built-in heated square
cylinder in a channel [184]. An oblique discrete rib
mounted in a square duct was analyzed numerically [185].
The heat transfer between blockages with holes was inves-
tigated [186]. A spherical dimple was used to create vortex
flow in a narrow turbulent channel flow [187] and study the
effect of dimple depth [188]. A numerical approach was
taken to understand the conjugate heat transfer associated
with a concentric annuli with a moving inner rod [189]. The
effect of mixing vane shape on heat transfer was examined
in a subchannel of a fuel assembly [190]. The heat transfer
in an air duct with an inclined heating surface was investi-
gated experimentally [191]. Thermal-fluid characteristics
were studied in fully developed circular tubes of turbulent
flow with six different surface concavities [192]. A number
of studies were conducted to understand the fluid flow
and heat transfer inside periodically varying or wavy tubes
[193–197].
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Finned and profiled ducts. Fins, profiling, protuberances,
tape-elements and general surface roughening are used to
enhance heat transfer in ducts. The application of angled
ribbed turbulators was studied using infrared thermography
[198]. Experimental results were presented for a dimpled sur-
face positioned in a channel [199]. Experiments were con-
ducted to study the heat transfer from a tube with elliptic
pin fins [200]; pin fins were also used in a channel to examine
variable property Nusselt numbers [201]. Liquid crystal heat
transfer measurements were employed to understand the
heat transfer behavior in a rectangular channel with solid
and slit ribs [202]. Angled crossed-rib turbulators were used
for heat transfer augmentation in a channel; data and flow
visualization results were presented [203]. Winglets were
introduced into a rectangular duct to increase heat transfer
rates; the winglets were found to perform better than tradi-
tional transverse disturbances [204]. Surface-mounted
cross-ribs were positioned in a turbulent channel flow for
air cooling [205]. A numerical approach was taken to under-
stand the behavior of periodically located vortex generators
in a laminar and transitional plane channel flow [206]. A
novel method is presented to predict the heat transfer inside
tubes with twisted tape inserts [207]; numerical predictions
of laminar and turbulent heat transfer in a square duct with
twisted tape inserts was also found in the literature [208].
Various turbulence models were used to predict the heat
transfer from an array of heated modules [209]. The impact
of 45-degree rib turbulators on the Nusselt number for var-
iable properties was studied; temperature ratio effects were
also investigated [210]. The role of roughness in small diam-
eter tubes was examined at low Reynolds numbers [211]. A
combined experimental and computational study was
undertaken to understand the heat transfer in straight cool-
ing passages with inclined ribs on opposite walls [212]. Strip-
type inserts were used in a horizontal circular tube for heat
transfer augmentation [213]. The combination of ribbed
tubes and a wire coil insert was considered in an experimen-
tal investigation; Reynolds numbers from 3000 to 30,000
were examined [214,215]. An experimental study looked at
the impact of varying numbers of ribbed walls in rectangular
channels [216]. A corrugated inner tube forming an annulus
was studied experimentally in water at Reynolds numbers
between 1700 and 13,000 [217]. Local Nusselt numbers were
provided in a study of heat transfer in rectangular channels
with 45-degree crossed-rib turbulators [218]. The effect of the
secondary flow created by ribs on heat transfer was exam-
ined experimentally [219]. A numerical study was conducted
to evaluate the role of V-shaped ribs in square ducts
[220,221].

Ducts with periodic and unsteady motion. Transient
motion, unsteady, and periodic duct flows/thermal effects
will be considered next; flows with strong secondary and/
or swirling motion are also contained in this subsection.
Oscillatory flow in open-ended tubes was studied; the effec-
tive thermal conductivity was presented [221]. Periodically
varying thermal loading was studied in thin films using flex-
ible complex seals [222]. The periodic resonance condition
in a Rijke tube was investigated; the nonlinearity of the
heat transfer process on the limit-cycle behavior was stud-
ied [223]. A numerical study considered the reciprocat-
ing forced convection in two-dimensional channels [224].
The pulsatile turbulent flow in a sudden expansion was
addressed in a numerical investigation; the impact of pulsa-
tion on the Nusselt number was significant [225]. Nusselt–
Graetz number correlations were produced for heat trans-
fer in channels having sinusoidally varying cross-sections
[226]. Oscillating vortex generators were used for heat
transfer augmentation in channel flow; a Lagrangian–Eule-
rian kinematic method was adopted [227]. Oscillations
were produced in a heated channel using a cylinder;
numerical results showed substantial increases in the heat
transfer rate [228]. Secondary motion can be readily estab-
lished in channels through bends, elbows, or coiling;
several studies looked at the heat transfer behavior accom-
panying this motion. Thermal radiation and turbulent con-
vection were considered in a curved pipe with uniform wall
temperature [229]. The unsteady effects created by a sharp
180-degree bend were studied numerically [230]. A non-iso-
tropic algebraic stress turbulence model was used to exam-
ine the thermal-fluid behavior of a curved open channel
[231]. The heat transfer associated with turbulent flow in
a U-bend was investigated using the generalized gradient
diffusion hypothesis [232]. Numerical simulation was used
to understand the convective heat transfer in externally
heated curved rectangular ducts [233]. Swirl was directly
imposed in a few studies of convective heat transfer
[234–236].

Multiphase and non-Newtonian flows in channels. A
viscoplastic material was used in the thermal entrance
region of a concentric annulus; the equations were solved
via a finite volume method [237]. A power-law fluid was
introduced into a parallel plate channel with one moving
plate; laminar heat transfer was documented [238]. A
power-law fluid was also studied in the thermal entrance
region of a circular pipe using the integral boundary layer
technique [239]. The unsteady motion of a Green–Rivlin
fluid was investigated in straight tubes of arbitrary cross-
section [240]. Asymptotic Nusselt numbers were evaluated
for various axial distributions of wall heat flux for Bing-
ham plastics in circular ducts [241]. A finite element
method was used to study the behavior of a power-law
fluid in a right triangular duct [242]. The Graetz problem
was reexamined for a viscoelastic fluid obeying the Phan–
Thien and Tanner constitutive equations [243]. Experi-
ments were conducted to evaluate the temperature rise in
a non-Newtonian fluid in oscillatory pipe flow [244]. A
combined numerical and experimental study considered
the Joule heating and heat transfer in poly(dimethylsilox-
ane) microfluidic systems [245].

5. Separated flows

This section deals with papers addressing heat transfer
characteristics in flows experiencing separation, either by
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rapid changes in geometry or strong adverse pressure gra-
dient. This section also includes the thermal behavior of
flow past bluff objects, jets, and reattachment. The mixed
convection associated with flow past a heated blunt obsta-
cle was examined numerically [246]. A numerical simula-
tion was also employed to understand the laminar flow
and heat transfer in tube bundles [247]. Local heat transfer
measurements were made around a wall-mounted cube
held at 45� to the approaching turbulent flow [248]. The
separation dynamics for flow over a circular cylinder were
studied; focus was placed on how heating the cylinder
impacted the separation process [249]. The heat transfer
rate was found to depend strongly on viscous dissipation
for the non-uniform slot injection into water boundary lay-
ers over cylinders and spheres [250]. The role of free stream
turbulence on the heat transfer in separated flows was stud-
ied experimentally [251]. A numerical study examined the
laminar flow and heat transfer past square bars arranged
side by side [252]. Computational methods were used to
investigate the conjugate heat transfer from small cylin-
ders, similar to hot wires, when located near walls [253];
very small heated cylinders were also studied to understand
vortex dynamics and thermal transport [254]. Mixed con-
vection was studied as it develops behind a vertical isother-
mal cylinder located in water at low temperatures [255].
Heat transfer was measured downstream of a backward-
facing step in very high-speed flow (superorbital flow)
[256]. The laminar flow and heat transfer was studied for
accelerated flow conditions past an elliptic cylinder [257].
The impact of forced injection from a laminar boundary
layer on a blunt body was examined [258]. The heat trans-
fer of flow past a cylinder with permeable versus solid fins
was investigated; various numbers of fins and fin heights
were considered [259]. A slot jet was used to cool a heated
circular cylinder; mean and local Nusselt numbers were
measured versus Reynolds number [260]. Heat and mass
transfer measurements were measured and compared for
flow past a rectangular cylinder [261]. A finite difference
method was employed to understand the unsteady flow
and heat transfer from a vertical cylinder having tempera-
ture oscillations [262]. Heat transfer characteristics were
computed for an incompressible power-law fluid; both
shear thickening and shear thinning fluids were considered
[263]; a power-law fluid was also used in a numerical study
of flow past a square cylinder in a plane channel [264]. The
role of an imposed magnetic field was analyzed on a mov-
ing vertical cylinder with constant heat flux [265]. Nusselt
numbers were obtained for gas flow over a wire surface
when a powerful acoustic field was imposed on the flow
[266]. Total temperature measurements were used to quan-
tify the energy transport caused by vortex motion in a free
jet in a process called energy separation [267]. Heat transfer
coefficients were obtained for conditions associated with
airfoil icing [268]. The heat transfer characteristics during
separation and reattachment were studied in turbine blade
cascade configurations [269]. Unsteady separation and
reattachment and the corresponding heat transfer were also
investigated for flow over a rectangular plate experiencing
an oscillating inlet velocity [270].

6. Heat transfer in porous media

Several reviews and re-evaluations of modeling para-
digms for saturated and unsaturated porous media have
appeared during the past year. A unified streamline and
heat and mass line method for the visualization of two-
dimensional heat and mass transfer in anisotropic media
shows promise for convective diffusion problems of the
type encountered in porous media [271]. The method of
asymptotes was applied to the Rayleigh–Bénard problem
to demonstrate the location of a state at which global resis-
tance of heat transport is minimized [272]. A comprehen-
sive review nonlinear convection showed that not all
predictions are experimentally validated [273].

Representation of a random porous medium with a uni-
versal dimension is shown to lead to significant errors in
calculating total drag and heat transfer [274], and basic
terminology describing Darcy’s law has been critically
reviewed [275]. The permeability of unsaturated media
has been determined via a fractal model of the pore struc-
ture [276].

Two-equation modeling of the heat conduction problem
is the focus of numerical work that compares results to a
numerical solution at the microscopic level [277]. A simpli-
fication of the mass balance equation is shown to reduce
computational cost for numerical prediction of multi-
dimensional convective heat and mass transfer [278]. Mod-
eling of heat transfer in unsaturated flow in dual scale
fibrous media where fiber bundles and flow channels coex-
ist shows a marked deviation from that predicted by single
scale modeling [279]. The mass transfer jump at the inter-
face between a porous medium and fluid has been reformu-
lated based on a non-local boundary region form of the
volume averaged mass transfer equation [280].

6.1. Property determination

Determining the effective thermal conductivity and total
diffusivity of saturated and unsaturated porous media are
the focus to goodly number of studies, which underlies
the centrality of the property in both theoretical work
and interpretation of experimental data. Temperature dis-
tributions in heated packed beds of spheres are used with
solution of the inverse problem for transient heat transfer,
and with a step change in the boundary heat flux, the effec-
tive conductivity may reach a value several times higher
than at steady state [281]. Linear packing theory, a unit cell
model, and particle size distribution functions are used to
determine the effective conductivity for beds of polydis-
pered particles, with good agreement with measurements
[282]. A related study assumes non-equilibrium between
the phases, applied local volume averaging, and a charac-
teristic temperature distribution to yield a definition of an
effective and coupled thermal conductivity tensor [283].



462 R.J. Goldstein et al. / International Journal of Heat and Mass Transfer 49 (2006) 451–534
Bounds on effective conductivity of paced beds of rough
spheres have been evaluated numerically using a unit cell
structure and then compared with experiments [284]. Local
effective diffusivity of a hydrophilic fibrous medium has
been determined via a network model for species diffusion
as a function of local porosity and local saturation [285].
Thermal dispersion associated with non-isothermal filling
of a fibrous medium is modeled with a series solution for
dispersion, which was verified by comparing model results
with the steady-state analytical solution [286].

6.2. Effective conductivity in combined radiation and

conduction in high porosity, high temperature

Fibrous insulation was measured from 300 to 1300 K
for a range of pressures and densities, and good agreement
is obtained with a numerical model employing a two flux
approximation and anisotropic scattering [287]. Combined
mode conductivity is used with Fricke’s equation to deter-
mine the radiative thermal conductivity at 450 K in non-
woven fabric materials [288]. The effective radiative
conductivity for packed beds is developed in the form of
a correlation between the wall Nusselt number and effective
radial thermal conductivity [289].

The effective conductivity of porous ceramics in which
gas emission takes place has been quantified via experi-
ments and a pore-scale mechanism is proposed [290]. Mea-
surements of the effective bulk conductivity of a recently
developed porous carbon foam have been reported [291].

6.3. External flow and heat transfer

The linear instability of vortex flow in mixed convection
next to a flat surface in uniform and variable permeability
media has been characterized via a compact non-dimen-
sional group involving the local Rayleigh and Peclet num-
bers [292]. Vortex instability of natural convection over a
horizontal flat place in a high porosity medium is analyzed
with form drag and viscous diffusion effects considered
[293]. Gravity jitter on free convection on a vertical plate is
shown to have its greatest effect near the leading edge [294].

The stress jump interface condition for flow over a por-
ous layer has been examined numerically including the
influence of medium properties and the Forchheimer cor-
rection term [295]. Numerical and experimental work for
flow over a porous cylindrical annulus leads to scaling rules
in terms of key dynamical and geometrical parameters
[296]. Experiments have been carried out for convection
from aluminum-foam heat sinks in forced convection
cross-flow to determine overall thermal performance [297].

Similarity solutions have been developed for a buoyant
plume above a line source show how anisotropy in the
medium can affect flow and heat transfer [298]. Free con-
vection on a horizontal surface via similarity is predicted
for Newtonian and non-Newtonian fluids [299], and an
explicit solution is also developed [300]. Viscous dissipation
effects for power-law fluids are also treated via similarity
for both the horizontal and vertical plate [301]. Similarity
and approximate solutions are reported for free, mixed
and forced convection on a horizontal surface with a range
of temperature and wall blowing parameters [302,303]. The
two-equation approach has been applied to the Cheng–
Minkowycz problem, and it is shown how the absence of
thermal equilibrium can modify leading edge flow and heat
transfer [304]. The vertical plate problem is also analyzed
for an embedding medium with heat sources and nonlinear
density temperature variation [305].

Numerical and asymptotic techniques have identified
the thermally long, intermediate, and short length limits
for conjugate heat transfer from a vertical strip in an
unbounded medium [306]. Conjugate free convection from
a vertical fin has been analyzed for the effects of two-
dimensionality and the shortcomings of the classical insu-
lated tip boundary condition [307]. Similarity solutions
for flow of a micropolar fluid past a flat surface with vari-
able temperature were developed in terms of microrotation
parameter, inertia coefficient, permeability and coupling
parameter [308].

Mixed convection with surface mass flux and variable
heat flux on a vertical plate and cylinder in non-Darcy
media has been analyzed to predict a variety of parameter
interactions that determine trends in Nusselt numbers and
temperature distributions [106,309].

Forced convection over a plate with prescribed temper-
ature is solved with and altered asymptotic boundary con-
dition far away form the place and formally shown to
transform into a transient conduction problem [302].
Forced convection from a heated cylinder at high Peclet
number has been analyzed numerically via a two-equation
formulation, and it is found that the surface heat transfer
rate for the fluid is always greater than that for the matrix
[310].

Condensation in forced convection to produce porous
coatings in a thin porous layer on a vertical surface has
been analyzed in terms of the Darcy–Brinkman–Forchhei-
mer formulation in the porous medium and the standard
boundary layer approximations in the condensate [311].
Film condensation on a finite flat surface embedded in a
porous medium has been predicted via a boundary layer
formulation when the vapor phase is dry and saturated
[312].

6.4. Packed beds

Entropy generation in MHD mixed convection with
radiative interaction in porous channel flow is solved ana-
lytically for the optically thin gas approximation [313].
Magnetic fluid jets in saturated media are investigated
using Taylor’s theory, and a multi-scale solution reveals
parameters for stable and unstable flow [314]. Radiative
heat transfer in coarse fibrous media, modeled as an array
of mono-dispersed random cylinders, produces upper and
lower bounds for existing transport data in terms of cylin-
der geometry and radiative properties [315].
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Viscosity variations and permeability are shown analyti-
cally to exert a strongly coupled effect on forced convection
in heterogeneous fixed beds [316]. A three-dimensional
numerical solution for transport in a fixed bed at the large
particle limit reveals a diffusion dominated wall sub-layer
that is one-fourth of the particle diameter and a second
sub-layer on all particles in contact with the wall [317]. A
parallel study using a commercial CFD code predicts heat
and mass transfer coefficients in good agreement with exist-
ing data [318]. Measured wall-to-fluid mass transfer coeffi-
cients for low flow and a large tube-to-particle diameter
ratio are shown to approach a non-zero limit as Reynolds
number approaches zero [319]. Mass transfer in the free
convection limit for cylinders embedded in a fixed bed based
on measurement provided additional design guidance for
low flow applications with tube banks [320]. Turbulent flow
and heat transfer in a channel with a staggered array of por-
ous baffles serves as a transition case for the packed bed and
channel flow with solid baffles [321].

A single heat and mass transfer correlation for trickle
beds in terms of a Peclet number has been developed from
existing data and validated [322]. High heat flux applica-
tions, such as occur in porous metal walls of fusion reac-
tors, have also begun to receive theoretical attention with
the aim being an optimization of the heat transfer rate
[323]. A related study deals with the transient thermal
response of a moving porous bed with gas through flow
[324].

Measurements of velocity and shear stress over and
within a fixed bed reveal a region of strong momentum
exchange at the interface, a penetration of turbulence into
the porous region, and an overall discharge capacity that
depends on flow regime [325]. Simulation of turbulent flow
in fully packed beds shows that medium topology is a key
determinant of turbulence quantities and flow when the
transport equations are volume averaged [326,327]. Peri-
staltic transport in gravity driven channel flow has been
analyzed via a perturbation expansion in terms of wave
number to relate pressure rise to flow rate [328].

Wall heat and mass transfer rates in circulating fluidized
beds were numerically modeled in two and three dimen-
sions with good comparison to existing data for suspension
to wall heat transfer [329–331]. Particle imaging in a three-
phase, two-dimensional fluidized bed show the positive
effect of increased particle collision frequency and the neg-
ative effect of solid hold up on heat transfer rate [332].
Direct simulation of wall region particle flow time was car-
ried out for a sample size on the order of half-a-million par-
ticles to produce estimates of residence time, contact
frequency, and contact distance [333]. Experiments on heat
transfer to the standpipe of a circulating fluid bed boiler
reveal a dilute and dense particle zone, each with a distinct
heat transfer character [334], as well as the relation between
local heat transfer coefficients and fluidization velocities
[335,336].

The stability of flow to small disturbances in a porous
channel has been modeled by analogy to the Hartmann
problem in MHD. Circular duct flow is found to be stable
for all Reynolds numbers but parallel channel flow exhibits
a critical Reynolds number [337]. Rotating porous layers,
such as encountered in alloy solidification exhibit both sta-
tionery and oscillatory modes of instability [338]. Oscilla-
tory instability is also observed for shallow saturated
layers when temperature and solute gradients are present
[339].

Linear stability analysis for the annulus with a heat gen-
erating fluid likewise produces critical Rayleigh numbers
parameterized by the radius ratio [340]. Similar problems
are deduced for the anisotropic flat layer with a density
maximum [341], non-uniform thermal gradients [342], a
temperature dependent viscosity [343], and a viscosity
dependent on magnetization [344]. The linear stability of
the bottom-heated layer with convective boundary condi-
tions is expressed in terms Rayleigh–Biot number relations
[345]. An extension of this problem to case where local
thermal equilibrium is absent is parameterized in terms of
the interfacial heat transfer coefficient [346]. For porous
layer filled with a visco-elastic fluid, linear and nonlinear
stability criteria have been calculated, as well as supercrit-
ical bifurcations in the heat transfer coefficient [347].

A Karman–Pohlhausan analysis of forced convection
from a plate with a thin porous surface layer shows how
an increase of heat transfer coefficient is obtained that is
independent of Darcy number [348]. Computation time
for flow and heat transfer through narrow, fiber-filled por-
ous channels can be significantly reduced via a one-dimen-
sional approximate temperature profile [349]. Thermally
developing forced convection in planar and circular duct
flows has been analyzed using the classical Graetz method-
ology [350,351]. A temperature dependent viscosity in fully
developed forced convection in a parallel plate channel can
produce either an increase or decrease in heat transfer coef-
ficient depending on cooling and heating at the wall
[352,353]. Buoyancy effects on forced flow with internal
heat generation and rotation in a vertical annulus show
that the primary parameter that characterizes the convec-
tive heat transfer regime is the Richardson number [354].

Gross anisotropy in the solid matrix, such as fissures
and drilled holes, in channel flow can lead to a reduction
in Nusselt number but with a corresponding reduction in
friction factor [355]. Pin fin heat sinks in an open channel
flow have been successfully modeled as an anisotropic
porous medium with thermal non-equilibrium, and a heat
transfer correlation is proposed [356]. Turbulence effects
on forced convection in a composite porous and open
channel are modeled via an algebraic model to account
for the interface momentum transport [357,358]. Heat
transfer with transpiration through porous-walls under
high heat flux is found dependent on the volumetric heat
transfer coefficient, the effective wall conductivity, and
the wall region flow [359]. Injection of an immiscible fluid
into a saturated anisotropic domain exhibits a range finger-
ing characteristics when modeled in terms of the compo-
nent fluid pressures and temperatures, capillary effects,
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and matrix anisotropy [360]. A related study simulates the
movement of each component, and mass fluxes are calcu-
lated by an entropy balance [361].

Normal shock propagation and reflection through
incompressible porous material have been modeled via a
weighted average fluxmethod, and a comparison with shock
tube experiments leads to a phenomenological model [362].

Free convection in a bottom heated square cavity with
cooled side and top walls is analyzed as an extension of
the Darcy–Bénard problem for a range of Darcy number,
including pure fluid limit [363]. Non-Darcy and non-New-
tonian effects and side wall heating are numerically
analyzed via the boundary element method for shear thin-
ning and thickening fluids [364]. Thermal non-equilibrium
and non-Darcy effects for the square domain with a heat
generating solid phase produce heat transfer results at var-
iance with the assumption of local thermal equilibrium and
the simple Darcy formulation [365,366].

Periodic boundary temperatures for the flat layer are
shown to produce a minimum and maximum Nusselt num-
ber for free convection at specific phase differences [367].
For the vertical flat duct, walls with periodic temperatures
produce an extremum in thermal convection at a unique
wave number [368], but when the walls are physically wavy,
decreases in Nusselt number due to secondary flows are
observed [369,370]. The effects of boundary shape on free
convection in layer-type systems have been investigated in
a numerical study for a generalized doomed upper surface
[371].

Free convection across a vertically partitioned porous-
fluid enclosure when vertically averaged is shown to
depend on the conductance of the partition with a specific
case in good agreement with experiments [372]. Transient
buoyant flow in an open-ended vertical channel partially
filled with a porous medium has been analyzed to reveal
the role of inertia on overall flow [373].

Doubly diffusive convection in a vertical enclosure with
porous layers on the vertical walls has been numerically
predicted for a range of flow conditions and wall anisot-
ropy, and an optimum Nusselt number is found [374].
Soret effects in a shallow layer are to be equally well pre-
dicted by a parallel flow model when compared to a numer-
ical solution, and multiple steady-state flows are found
possible under a vertical stabilizing temperature gradient
[375]. Thermosolutal convection in a vertical concentric
cavity partially filled with a porous medium is shown to
depend strongly on the coupling between Prandtl and
Lewis numbers, and the partially filled cavity is shown to
offer advantages in overall transport in comparison the
completely filled cavity [376].

6.5. Coupled heat and mass transfer

The lattice Boltzmann method has been applied to
three-dimensional domains for a binary immiscible mixture
with particular focus on the boundary conditions for the
particle distribution function [377]. Heat and mass transfer
boundary conditions at a porous–fluid interface are a par-
ticular focus of an analytical study of proton exchange
membrane fuel cells [378]. An effective continuum model
has been developed to describe nucleation and growth of
the gas phase from a supersaturated liquid in a porous
medium driven by heat transfer up to the initiation of bulk
gas flow [379].

The drying of weakly disordered capillary porous media
with heat transfer has been developed using the pore net-
work concept, and surface tension gradients are shown to
be a significant factor in determining flow regimes [380].
The rehydration of capillary materials also has received
attention via modeling and experiments on the effects of
anisotropy [381].

Simultaneous heat and moisture transfer in textile mate-
rials with or without condensation and sorption has been
investigated via analytical modeling involving capillary
forces and coupled conduction and thermal radiation
[382–384]. A related study determines the effects of pore
size distribution and fiber diameter on the overall transfer
rates [385]. Prediction of drying times for planar domains
and irregular objects has been approached via numerical
and analytical means, including inverse methods [386–
389]. Experimental validation is reported as well.

The use of thermal forcing for drying of soils and clays
has been modeled taking into account multiple effects,
including porosity, capillary pressure, mechanical deforma-
tion, and a nonlinear constitutive relation [390] Experi-
ments involving an embedded tenisometer have been
reported as well [391]. Related work on the propagation
of thermal waves is also reported [392].

Mass transfer in laminar viscoelastic flow with nth-order
reaction over a stretching sheet as the source of reactants is
modeled with a similarity solution that employs an exact
solution for the velocity field [393].

Buoyancy driven heat transfer and mass transfer have
been modeled with wedge flow solutions and also analyzed
for thermal dispersion effects to predict Sherwood and
Nusselt numbers [394,395]. Inverse methods have been
applied to determine the concentration dependent heat
source in a porous medium with buoyant convective mass
diffusion over a fairly large range of Rayleigh number
[396]. An a posteriori prediction of flame front location
in an inert porous radiant burner has been made via a
numerical model that includes a detailed kinetics model,
the gray medium assumption, and an empirical interface
heat transfer coefficient [397].

Combined heat and mass transfer in natural convection
from a vertical plate in a non-Darcy medium is modeled via
the fully coupled nonlinear similarity equations, and an
explicit analytic solution is obtained [300]. A numerical
study is reported on thermally induced turbulent free con-
vection for Darcy flow with a comparison to geophysical
field test data for the Yucca Mountain nuclear waste repos-
itory [398].

Free convection in the stagnation region of an exother-
mic catalytic surface is found to exhibit different solutions
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for small and large time for first-order reaction kinetics
[399]. For reactive porous media, rigorously coupling the
Boltzmann equation in the gas phase, heat conduction in
the solid phase and interface condition leads to a system
of equation where the effective diffusion tensors and solid
phase geometry emerge as subsidiary problems [400]. Metal
reinforced porous catalysts for domestic heating systems
have characterized with respect to their fluid, thermal,
and mass transport characteristics, and a prototype design
has been developed for a domestic applications [401].

Experiments on freeze drying with radiation effects
showed that the low conductivity of the dried layer controls
the overall process without any significant mass transfer
resistance [402]. Freezing of soils is modeled with the aim
of detecting boundary temperatures that determine the for-
mation of ice lenses [403]. The reverse process, melting of
permafrost, is shown to involve free convection, which
results in a gravity dominated shape in the melt zone [404].
The manufacture of metal matrix composites has been suc-
cessfully modeled numerically as a phase change process
with fluid injection into a porous mold [405]. The solidifica-
tion of magma flows from volcanic eruption is approached
with a temperature dependent permeability and the release
of latent heat as a result of the degassing process [406].

7. Experimental methods

Researchers continue to develop measurement tech-
niques important to heat transfer studies. These include
those related to measurement of heat transfer, temperature,
and of relevant flow characteristics as well as miscellaneous
activities such as improvement of calorimetry. Some recent
works present relatively novel techniques; others are refine-
ment of past techniques with application to specific studies
in which the methods are of particular relevance.

7.1. Heat transfer measurements

Several studies consider various types of infrared imag-
ing and liquid crystals for measuring heat transfer. Still
other studies are concerned with measurements in calorim-
eters. Infrared techniques to measure heat transfer with
application to sea/surface interface transport have been
described [407]. Use of a thermal transient with infrared
imagery enables measurement of the heat transfer within
a cooled metallic turbine blade [408]. An improved tech-
nique has been developed for transient heat transfer mea-
surements using thermochromic liquid crystals [409,410].
Another transient liquid crystal technique can establish
turbine hear transfer characteristics in the presence of film
cooling [411]. A paper [412] describes innovations in holo-
graphic interferometric measurement of heat transfer.
Laser spot heating of luminescent paint on an insulated
model provides measurement of the local heat transfer
[413,414]. An analytical solution, [415] indicates an optimal
method for determining the heat transfer from an experi-
mental cooling curve obtained during high-pressure pro-
cessing. A novel transient liquid crystal technique [416]
using a three-test strategy gives good results when measur-
ing heat transfer coefficients.

The accuracy of flow microcalorimeters can be analyzed
using transfer functions [417]. Calibration of a heat conduc-
tion calorimeter permitsmeasurement of energy produced in
mixing of two liquids [418].A prototype reaction calorimeter
uses an integrated infrared attenuated reflection probe for
studying fast reactions [419]. An experimental analysis of a
conduction calorimeter [420] indicates excellent reproduc-
ibility. Numerical simulation shows the two-dimensional
heat flow in a membrane-based microcalorimeter [421].

7.2. Temperature measurement

An analysis indicates the effect of thermal conduction
along the wires of a surface-mounted thermo-couple
[422]. The transient response of thermisters can be approx-
imated as a first-order system [423]. Hot wire anemometers
used as fast response resistance thermometers provide
simultaneous measurement of temperature and velocity
[424]. The dissipation rate of the temperature variance in
a jet has been measured with cold wire anemometry
[425]. The use of a scanning thermal wave microscope
[426] provides sub-micrometer resolution along a surface
for a temperature-sensing chip. The real-time laser-based
thermal reflectance from a heated liquid droplet impinging
on a substrate can be used to determine the surface temper-
ature [427]. A surface micromachining process can be used
to fabricate a heated microchannel integrated with an array
of pressure and temperature thermometers for precision
measurement of temperature along the surface [428]. Anal-
ysis of a thin thermocouple used to measure air tempera-
ture in a radiosonde [429] shows the importance of
diffusion at high altitude as well as the influence of radia-
tion. Transient thin film heat flux probes have been used
to determine temperature in a short duration Mach 6 flow
[430]. An infrared technique can be used to determine the
surface temperature of a heated capillary tube [431]. The
use of an optical fiber with a sensing tip covered by metallic
coating provides an effective black body for measuring
temperature in a high temperature environment [432]. A
novel fiber-optic Bragg grating sensor has been suggested
for measuring local static and fluctuating temperatures
on the surface of a heated circular cylinder in cross-flow
[433]. When considering the use of phosphors for measur-
ing temperatures in the hot section of a gas turbine, care
must be taken because of the measurement’s sensitivity to
oxygen partial pressure [434].

7.3. Velocity measurement

A numerical study indicates the transient thermal
response of a hot wire anemometer for different types of
input function [435]. Different hot wire geometries are con-
sidered in studying the means for optimizing measurements
of instantaneous turbulent energy dissipation [436]. A
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numerical investigation [437] indicates the effect of a solid
boundary on velocity measurements in a boundary layer.
A multisensor array [438] can be used to map the flow struc-
ture in a disturbed boundary layer. A wedge-shaped hot film
probe permits measurement of flow properties, including
kinetic energy of turbulence in a pipe flow carrying different
types and shapes of particles [439]. Change in the structure
supporting a hot wire anemometer strongly affects the influ-
ence of vibrations onmeasurements [440]. The geometry in a
hot wire system used for measuring wall shear stress sensor
can significantly affect the sensor’s performance [441].

7.4. Miscellaneous

Schlieren and shadowgraph systems in conjunction with
a short pulse infrared laser and high-speed camera appara-
tus indicate the characteristics of supercritical carbon
dioxide flow [442]. A contact probe permits characteriza-
tion of thermal conductivity with nanoscale spatial resolu-
tion [443]. Steady and unsteady gas flows are measured
using an isothermal chamber through which the gas flows
[444]. An ellipsoidal radiometer can separate radiation heat
transfer from convection heat transfer in fire tests [445]. A
transient system is used to measure the spectral directional
emissivity of solid materials at high temperature [446]. An
ultrasound technique has been suggested for measuring the
interfacial heat transfer for aluminum alloy casting in a
mold [447].

8. Natural convection-internal flows

8.1. Highlights

The majority of the published investigations employ
numerical methods to obtain solutions to natural convec-
tion flows and heat transfer in classical configurations with
various modifications to geometry, fluid properties and
boundary conditions. Work is also being reported on the
influence of multiple driving forces, fluid conditions and
small particles that contain phase-change materials.

8.2. Fundamental studies

The influence of a combined magnetic driving force and
buoyant natural convection has been studied in a cubic
enclosure [448,449], a cylindrical container [450] and a shal-
low cylinder with Rayleigh–Bénard flow [451]. A critical
evaluation of the Boussinesq assumption applied to gases
was made [452]. Simulations of flows containing particles
focussed on sedimentation [453] and the heat transfer
enhancement caused by the addition of nanoparticles
[454] and the use of a phase-change-material slurry [455].

8.3. Thermocapillary flows

Studies of thermocapillary flows include an experimen-
tal investigation of flows in liquid bridges for high Prandtl
number fluids [456] and an analysis of the instability pro-
duced by thermocapillary motion for viscous two-layer
flows [457]. Marangoni convection has been simulated for
a cavity [458], a silicon melt [459] and a horizontal layer
where the threshold for Hopf bifurcation was determined
[460].

8.4. Enclosure heat transfer

Heat transfer in a vertical square or rectangular cavities
continues to receive considerable interest with most of the
work being numerical rather than experimental. The effect
of thermoacoustic wave motion was studied [461] as was
the effect of changing the gas pressure [462]. Kim et al.
[463] obtained numerical solutions for transient natural
convection in a square enclosure containing a simple
power-law non-Newtonian fluid. Transient solutions were
obtained after a sudden imposition of a gravitational vec-
tor [464] and with a periodic wall temperature boundary
condition [465]. Several studies were performed to deter-
mine flow patterns [466], flow instability [467,468] and
low level turbulence [469].

Variations on the vertical rectangular configuration
were investigated including inclined cavities where none
of the turbulent models employed were able to adequately
predict the transition from laminar to turbulent flow in the
boundary layers [470]. Aspect ratio, inclination and the
effects of internal heat generation were studied in the lam-
inar flow regime within rectangular enclosures [471].
Numerical solutions were obtained for the convection
within an enclosure with various dome configurations com-
prising the top [472]. Circular and elliptical dome shapes
resulted in higher heat transfer. The flow in a hemispherical
enclosure was determined with uniform internal heating
and isothermal walls [473]. Several papers were published
that considered discrete heat sources on the floor of an
enclosure [474,475] and distributed within the enclosure
[476–478]. Other geometrical configurations considered
include an enclosure with wavy walls [193,479], partially
divided [480] and unobstructed [481] trapezoidal cavities,
partially divided square cavities [482] and square cavities
with triangular inserts in the corners [483].

Rayleigh–Bénard convection in horizontal layers has
been studied experimentally where a laser-induced fluores-
cence method was used to provide quantitative spatially
correlated temperature data in turbulent flow [484]. A the-
oretical study was performed to determine the effect of cou-
pled natural convection and radiation when a radiatively
participating medium is utilized [485]. The results showed
that the presence of the radiative source generally increased
the flow critical values. Evaporation from a thin liquid
layer was found to provide a separate mechanism than
Rayleigh–Bénard convection and Marangoni–Bénard con-
vection [486]. Other studies include an investigation into
the temporal fluctuations in heat flux [487], the effects of
using a microemulsion slurry [488], the use of supercritical
helium mixtures [489] and a modeling approach for Ray-
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leigh–Bénard convection in a weakly turbulent state with
free upper and lower surfaces [490]. Heat transfer correla-
tions were obtained for horizontal layers of immiscible flu-
ids that might occur in post-accident reactors [491]. An
experimental study was performed to simulate the two-
fluid convection that occurs between the earth’s core and
the mantle [492]. Several studies were conducted to quan-
tify experimental errors introduced into laboratory scale
investigations of Rayleigh–Bénard phenomena. The effect
of the thermal coupling between a conducting base and
the fluid was quantified [493]. The effects of the side walls
on finite-sized enclosures was also investigated [494–496].

8.5. Cylindrical containers

Experimental and numerical studies were made of the
transient flow and heat transfer within cylindrical hot water
storage tanks [497,498]. Transient cooling of the upper sur-
face was simulated for air and insulin containing cylinders
[499]. Solutions using direct numerical simulations were
obtained to study the effects of viscous boundary layers
and mean flow structure within a thin cylindrical shell
[500]. The flow and heat transfer within inclined cylinders
were measured [501]. Convection coupled with thermal
radiation was investigated experimentally for a vertical
annulus with constant heat flux on the inner cylinder [502].

8.6. Horizontal cylinders and annuli

Turbulent natural convection was studied numerically
for Rayleigh numbers up to 1010 in horizontal annuli to
simulate the conditions found in gas insulated high voltage
power cables [503]. Dual solutions were obtained for flow
within a horizontal annulus with a constant heat flux pre-
scribed on the inner cylinder [504]. Numerical results were
presented for natural convection from a horizontal cylinder
in a square enclosure [505] and in a horizontal annulus con-
taining two immiscible liquids [506].

8.7. Thermal plumes

The impingement of a two-dimensional buoyant plume
on a heated upper wall was studied numerically [507]. Flow
regimes were observed in a laboratory setting using corn
syrup and moving belts to simulate convection in the
earth’s mantle with moving plates above [508]. The plume
from a line heat source was studied as it rose into a strati-
fied region to determine the effect of smoke rise in a strat-
ified atrium [509].

8.8. Mixed convection

The interaction between jet inflow at the bottom and
flow out the top of a cavity with internal heat generation
was studied numerically [510]. The effects of various turbu-
lence models [511] and input uncertainties [512] were deter-
mined for ventilated enclosures.
8.9. Miscellaneous

Double diffusive processes were studied in a rectangular
cavity containing a binary liquid mixture [513] and in an
open cylinder filled with moist granular product [514].
The influence of buoyancy on wildfire behavior was inves-
tigated using the fire data set from the USDA Forest Ser-
vice’s Fire Science Laboratory [515]. A numerical study
was conducted to determine the development of duct flows
in fuel cells on buoyancy-driven secondary flow and mass
transfer [516].

9. Natural convection-external flows

9.1. Vertical plate

The vertical semi-infinite flat plate continues to receive
attention with variations in surface thermal and roughness
conditions, fluid properties and combined heat and mass
transfer. Transient flows and heat transfer were studied
for a step change in surface heat flux [517] and a surface
with uniform heat flux and surface roughness elements
[518]. Laminar free convection was modeled from a plate
with uniform heat flux immersed in a fluid with tempera-
ture dependent properties [519,520] and an isothermal plate
immersed in thermally stratified water [521]. The develop-
ment of longitudinal vortices was investigated near the
transition to turbulent flow [522]. Other studies include a
direct numerical simulation of viscous dissipation effects
[523] and numerical solutions presented for heat transfer
from a porous plate [524] and for combined heat and mass
transfer [525].

9.2. Horizontal and inclined plates

Experimental measurements [526] and numerical solu-
tions [527] have been obtained for heat transfer from hor-
izontal plates of finite width. Experiments and numerical
solutions were also presented for natural convection above
a wavy heated plate [528,529]. Investigation of flow transi-
tion above a uniformly heated inclined plate [530] indicated
that transverse and longitudinal roll perturbations were
both important. Flow and heat transfer near an impulsively
started inclined plate were studied [531]. The interactions
between a bubble and the free convection flow from an
inclined heated plate were determined using optical meth-
ods [532].

9.3. Channels

Simulations of heat transfer in vertical channels have
been performed for a protruding heated module [533] and
for flush-mounted heaters [534,535]. Heat transfer from an
array of vertical parallel plates was studied to determine
the optimum configuration for heat transfer rate per unit
volume [536]. A vertical adiabatic extension above an asym-
metrically heated channel was found to improve the heat
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transfer rate for some configurations but not for all [537].
The effects of a particulate suspensionwithin a vertical chan-
nel were investigated including internal heat generation or
absorption [538,539]. Thermally stratified boundary layers
were successfully achieved in a wind tunnel [540]. The
authors observed gravity waves in themiddle and upper por-
tions of all stable boundary layers. The flow in deep trenches
was studied as the buoyant flow may limit the ion transport
from an electrolyte bath above to the plating surface at the
bottom [541]. Internal natural convection was found to
dominate the initial fluid flow in HE II channels after the
sudden application of heating on one end [542]. Inclined
channels that were studied include a channel heated from
the bottom with superimposed radiation [543] and a shallow
open cavity with insulated side walls [544].

9.4. Fins

Fin efficiency calculated using an assumed uniform con-
vective heat transfer coefficient was shown to differ signifi-
cantly from the values determined using a locally varying
natural convective heat transfer coefficient that depends
on the local surface temperature [545]. Natural convection
heat transfer from a short rectangular fin array above a
heated base was studied including the effects of fin length,
height and spacing [546]. Heat transfer from a horizontal
cylinder with high conductivity [547,548] and low conduc-
tivity [549] fins showed the effect of both fin geometry and
fin conductivity on the overall results.

9.5. Cylinders and cones

Natural convection about a suddenly heated horizontal
wire was observed using speckle pattern interferometry
[550]. The thermal inertia of a wire was found to play an
important role in the initial transient heating when
immersed in liquid nitrogen [551]. Investigations of natural
convection heat transfer from a horizontal cylinder
included the effects of the nearby surfaces [552], micropolar
fluids [553], and conjugate conduction within the cylinder
and the external natural convection flow [554]. Numerical
solutions for transient heat transfer from a suddenly heated
elliptical cylinder were presented [555] that covered the
range of minor–major axis length ratio from 0.05 to
0.998. Local heat transfer coefficients have been deter-
mined along a vertical cylinder with a power-law wall tem-
perature distribution [556]. Experimental measurements
and asymptotic series solutions were reported for heat
transfer from horizontal and inclined cones [557].

9.6. Plumes

The self-preserving properties of round buoyant turbu-
lent plumes were observed in still fluids [558] and in a uni-
form cross-flow [559] using a water channel, a CCD camera
and tracer dye. Large-eddy simulation of CO2-containing
plumes in the ocean were modeled [560] to study the feasi-
bility of carbon sequestration in seawater. Several versions
of the k–e turbulence model were examined to determine
the best method to model recently published experimental
data on buoyant plumes [561].

9.7. Mixed convection

The Froude number for which the heat transfer from
cylinders, plates and spheres deviates by 5% or more from
the free convection value was determined [562]. Theoretical
studies were reported for mixed convection from vertical
[563,564] and inclined [565] plates and from a moving ver-
tical cylinder surrounded by a porous medium [566]. Mixed
convection was studied as applied to the effect of ground
heating on a cloud [567] and the use of radiant cooling pan-
els in a building [568]. A summary of research applied to
horizontal channels heated from below was presented with
recommendations given for future work [569]. Mixed con-
vection was addressed as applied to the cooling of circuit
boards [570] and heat transfer from MEMS devices [571].
Vortex rolls were observed above a heated, horizontal
rotating disk with an air jet impinging from above [572].
Mixed convection from open cavities was studied numeri-
cally [573,574]. A direct numerical technique was used to
study aiding and opposing flow adjacent to a vertical
heated cylinder in turbulent flow [575]. Several studies were
reported for mixed convection in vertical tubes [576] and
vertical [577–581] and inclined [582] channels. Other con-
figurations included the flow within horizontal tubes [583]
and channels [584–586].

9.8. Miscellaneous

An experimental and theoretical study of natural con-
vection heat transfer from cuboids was reported [587].
The natural convection induced by the absorption of laser
[588] and UV [589] radiation was addressed. Other studies
considered the influence of an aerosol contained in the fluid
[590], the suppression of convection by a strong magnetic
field [591], a use of dielectrophoretic force [592] and the
entropy generated from a natural convection flow [593].

10. Rotating flows

10.1. Rotating disks

Interest in transport to rotating disks and from rotating
fluids to a stationary surface has recently grown owing to
the continual development of high density disk drives for
data storage, high performance clutches, and the use of film
flows for chemical processing wherein a rotating electrode is
present. Theoretical work involved the use of similarity
models for laminar convection [594], study of large ampli-
tude wave formation [595] and numerical study of non-
Newtonian fluid flow [596]. For permeable disks, theoretical
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and numerical studies of boundary layers, oscillating flow
and rotating flow revealed the key parameters for the Nus-
selt number and skin friction coefficient and also for the
occurrence of resonance [597–599].

Heat transfer between coaxial disk systems was investi-
gated experimentally and theoretically to determine the local
and overall heat transfer coefficients and the effects of rota-
tional Reynolds number and spacing [600–602]. A numerical
model for chemical vapor deposition in a rotating disk
reactor resulted in the development of an experimentally
validated global condensation parameter that controls the
characteristics of particle population in the gap [603]. Exper-
imental on the characterization of thin liquid films [604]
showed the overall morphology of wave formation and the
radial movement of the hydraulic jump, both dependent
on a Reynolds number based on flow inlet gap height.

10.2. Rotating channels

Flow and heat transfer in rotating pipes and rectangular
channels was the subject of mostly numerical study. The
combined effects of rotation, curvature, torsion, and chan-
nel shape on Nusselt number and flow structure were the
overall focus of the research. Analytical work that extends
the Dean equations to rotating helical pipe flow focused on
flow structure for a limited range of the Coriolis parameter
[605], and heat transfer with the complicating factor of
differential heating that creates significant buoyancy in a
curved pipe was examined numerically [606,607]. Measure-
ments with LDV successfully determined rotational effects
on flow structure in smooth ducts connected by a 180-
degree bend [608].

Heat transfer in a rotating channel system with through
flow and impingement was numerically determined [609–
611]. Various closure models were employed for three-
dimensional turbulent flows [232], and the direct numerical
simulation method was used for turbulent spanwise rotat-
ing channel flows [612]. For ribbed and dimpled channels,
an extensive set of measurements were reported for a dou-
ble pass channel to reveal flow structure and local heat
transfer coefficients [613–619]. Experimental methods
included LDV, naphthalene sublimation, liquid crystal
thermography, imbedded heat flux and temperature sen-
sors [620] and, and optical methods [621]. These studies
were complemented by numerical work involving the aver-
aged turbulent field equations [622] and large-eddy simula-
tion methods [623].

10.3. Enclosures

Measurements of the flow structure and convective heat
transfer using infrared thermography and LDV were
reported for the air-gap of a rotor-stator system resulting
in a correlation between the Nusselt and Reynolds num-
bers [624]. The flow field in an annular rotating flame
holder was also measured using LDV such that a novel
characterization for a stable flame is proposed [625]. Exper-
iments on highly supercritical thermal convection in a
hemispherical shell revealed the power law dependence of
the Nusselt on the Rayleigh number, overall flow structure,
and the scaling of motion to represent geostrophic flow
[626]. Rotating annular flows were the subject of numerical
and analytical studies that revealed the details of the flow
field and that thermodynamics of the flows and heat trans-
fer processes [627,628].

Modes of convection, stability of flow, and combined
convection with thermal radiation began to receive atten-
tion in connection with geo- and astrophysical systems.
Superfluidity in star interiors, transient cooling and shrink-
age of the earth’s core, and the development of Rossby
waves in rapidly rotating neutron stars were particular
focal areas [629–631].

10.4. Cylinders, spheres, and bodies of revolution

Geophysical flow and heat transfer were investigated as
a transient three-dimensional problem for a rotating sphere
with surface flowing and at small Reynolds number to
reveal three wake regimes and a relation of the heat trans-
fer to that for evaporating droplets [632].

Simulation studies continued on crystal growth tech-
niques as found in Czochralski furnaces of various config-
urations and operational modes to reveal the details of the
flow field [633,634]. Both experimental and numerical work
was reported on convection in crystal growth in phosphoric
acid solutions with a rotating crystal of axial symmetry
[635]. Details of the flow fields for the Brigdman and Stock-
barger methods were calculated to development parameters
on dopant or impurity levels [636–638].

11. Combined heat and mass transfer

11.1. Laser ablation

Researchers modeled the ablation of gold films in vac-
uum via an ultra-short (sub-picosecond) laser pulse [639].
The computed electron and lattice temperatures agreed
well with experimentally obtained data. Researchers also
developed a model (including chemical kinetics) for the
expansion of a plasma, resulting from laser ablation of tita-
nium metallic targets [640]. A one-dimensional, two-step
model was developed to account for the difference between
electron temperature and lattice temperature in the laser
processing of metal targets [641]. A model for supercritical
ablation was proposed in which the vapor density is limited
by transparency [642]. The accuracy of the model is depen-
dent on material and temperature and results suggest that
at higher temperatures, the proposed supercritical ablation
mechanism performs better when breakdown in the gas-
phase is taken into account. Researchers also developed a
k–e-based approach to model the heating of titanium and
nitrogen diffusion in solids [643].
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11.2. Film cooling

Researchers studied the effects of free-stream turbulence
on the film cooling of a flat plate [644]. Three blowing rates
were utilized in flow configuration in which a uniform den-
sity jets issued from three holes located three diameters
apart. The film cooling characteristics of a single round
hole issuing into cross-flows was studied under different
blowing ratios and Reynolds numbers [645–647]. Research-
ers also investigated the number of holes, orientation angle,
and the shape of holes [648–650]. The effects of tabs and
ribs on downstream heat-transfer/cooling were also consid-
ered [651–653]. Computational methods were used to study
hypersonic laminar film cooling [654]. Additionally, large-
eddy simulation was used to investigate the film-cooling
of a turbine blade [655]. The approach is superior to tradi-
tional Reynolds-averaged Navier–Stokes simulations in the
sense that both the anisotropy and large-scale dynamics are
captured. The effects of chemical reactions near the walls
were investigated [656]. The blowing ratio and Damkohler
number were varied to capture the effect of heating on the
wall. Infrared thermography was used to study aero-ther-
mal conditions in different combustion zones and how they
were affected by multi-hole plate geometry [657]. Research-
ers also studied the heat transfer and film cooling effective-
ness on the squealer tip of a gas turbine engine [658].

11.3. Submerged jets

The heat transfer characteristics of an annular turbulent
impinging jet with a confined wall was studied [659]. Other
studies include a laminar jet impinging with a confined
wall, including buoyancy [660], swirling jets [661,662], tur-
bulent jets impinging on a circular disk [663,664], jets
impinging on inclined surfaces [665–667], jets impinging
on rectangular tabs [668], the impingement of under-
expanded jets [669], pulsating jets [670], and synthetic jets
for the cooling of electronics [671]. Researchers considered
the use of submerged jets for the synthesis of materials via
chemical vapor deposition [672], and the cooling of an air-
foil leading edge [673]. The gas dynamics of supersonic jet
impingement was also studied [674], as well as the heat and
mass transfer characteristics in an impingement cooling
system under cross-flow [675]. A number of computational
studies were also performed. These included the use of k–e
models, linear and nonlinear, to predict flow and heat
transfer characteristics [676,677], simulation of microscale
jets [678], heated, pulsed jets [679], chemical vapor deposi-
tion processes [680], the impingement of planar jets via
large-eddy simulation [681], and the use of a Reynolds
stress turbulence model for simulating jet impingement
onto a single hole [682]. Chemical reactions were also
investigated. Researchers considered a row of butane/air
flames impinging on a flat plate [683,684]. Additionally, a
new probe technique for the measurement of species con-
centration in binary gas mixtures was developed [685] as
well as the heat transfer due to the impingement of a recip-
rocating jet-array on a piston for the cooling of heavy-duty
diesel engines [686].

12. Bioheat transfer

The present review is only a small portion of the overall
literature in this area. This represents work predominantly
in engineering journals with occasional basic science and
biomedical journals included. This is a very dynamic and
cross disciplinary area of research, and thus, this review
should be taken as more of an overview, particularly from
an engineering point of view, rather than an exhaustive list
of all work in this area for this year. Subsections include
work in thermoregulation (thermal comfort and physiol-
ogy), thermal therapies and cryobiology.

12.1. Thermoregulation

Work in thermoregulation was comprised of several
subareas including: Biomedical or clinical applications of
warming or cooling, and physiological assessments of ther-
moregulation. In the biomedical/clinical area reports
focused on comparison of forced-air warming systems with
lower body blankets in manikins [687] as well as a random-
ized trial for heat transfer using upper body blankets in
volunteers [688]. Other translational model systems were
used to study the effects of peripheral and central warming
on body temperature during canine laparotomy [689] and
endovascular cooling and rewarming for induction and
reversal of hypothermia in pigs [690].

Physiological assessments of thermoregulation reported
heat transfer to and from human beings with and without
clothing, i.e. thermal comfort, as well as heat transfer
within human tissues including blood flow changes. In
the thermal comfort area several reports studied the varia-
tion of clothing thermal insulation during sweating [691]
and during thermoregulation and exercise [692]. Thermal
comfort modeling work included an integrated human-
clothing system for estimating the effect of walking on
clothing insulation [693]; and a model of the flow and heat
transfer around a seated human body by computational
fluid dynamics [694]. Other thermoregulatory work at the
level of heat transfer and blood flow within tissues reported
baroreflex control of pulse interval changes during heat
stress in humans [695] and muscle temperature transients
before, during, and after exercise [696]. Further work
included investigation of the role of porous media in mod-
eling flow and heat transfer in biological tissues [697]; the
effect of blood flow on thermal equilibration and venous
rewarming [698]; a model of species heat and mass transfer
in a human upper airway model [699] and a computational
thermodynamics analysis of vaporizing droplets in the
human upper airways [700].

Thermoregulatory physiological studies were also car-
ried out in reptiles to assess seasonal thermoregulation in
the American alligator (Alligator mississippiensis) [701],
and the effect of heat transfer mode on heart rate responses
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and hysteresis during heating and cooling in the estuarine
crocodile Crocodylus porosus [702]. One last study
assessed thermal windows on the trunk of hauled-out seals:
to assess these as possible hot spots for evaporation as a
thermoregulatory control mechanism [703].

12.2. Thermal therapy

The area of thermal therapies has the highest represen-
tation in this section. Thermal therapies can be hyperther-
mic (energy source) or cryothermic (energy sink)
technologies. The hyperthermic studies included both stud-
ies where hyperthermia was the treatment as well as where
hyperthermia a side effect. Studies which reported hyper-
thermia as a side effect of another treatment included mod-
eling of heat generation and temperature distribution in
drilled bone [704] and temperature modeling in a total knee
joint replacement using patient-specific kinematics [705].
Hyperthermic treatment studies included an analysis of
the thermal action of a short light pulse on biological tis-
sues [706]; a vascular model for heat transfer in an isolated
pig kidney during water bath heating [707]; the effect of
perfusion on the temperature distribution during thermo-
therapy [708]. Heat shock protein 70 gene therapy com-
bined with hyperthermia using magnetic nanoparticles
[709]; effect of the directional blood flow on thermal dose
distribution during thermal therapy [710]; model-order
reduction of nonlinear models of electromagnetic phased-
array hyperthermia [711]; a temperature-based feedback
control system for electromagnetic phased-array hyperther-
mia [712]. Additional work included 3-D modeling of elec-
tromagnetic fields in local hyperthermia [713]; the clinical
use of the hyperthermia treatment planning system hyper-
plan to predict effectiveness and toxicity [714]; inverse opti-
mizing method of bio-temperature-field reconstruction in
rf-capacitive hyperthermia [715]; edge-element based finite
element analysis of microwave hyperthermia treatments
for superficial tumors on the chest wall [716]; inter-species
extrapolation of skin heating resulting from millimeter
wave irradiation: modeling and experimental results [717].
Further work included optimization of a beam shaping
bolus for superficial microwave hyperthermia waveguide
applicators using a finite element method [718]; heat-direc-
ted suicide gene therapy for breast cancer [719]; heat-direc-
ted tumor cell fusion [720] and Joule heating during solid
tissue electroporation [721].

Cooling and cryothermic work included theoretical
modeling, experimental studies and clinical simulations of
urethral cooling catheters for use during prostate ther-
mal therapy [722]; methodology for characterizing heat
removal mechanism in human skin during cryogen spray
cooling [723]; effect of spurt duration on the heat transfer
dynamics during cryogen spray cooling [724]; and cooling
efficiency of cryogen spray during laser therapy of skin
[725]. In the cryotherapy area work included a general
model for the propagation of uncertainty in measurements
into heat transfer simulations and its application to cryo-
surgery [726]; and a cryoheater as a means of cryosurgery
control [727]. One final study assessed local cryogen insults
for inducing segmental osteonecrosis [728].

Several additional studies were reported that are related
to thermal therapy. One report studied cell volume changes
during rapid temperature shifts [729]. Several other studies
reported that low power millimeter wave irradiation exerts
no harmful effect on human keratinocytes in vitro [730],
while another assessed local heating of human skin by mil-
limeter waves [731]. One final report assessed the sensitivity
of the skin tissue on the activity of external heat sources
[732].

12.3. Cryobiology

This is a small subsection of this bioheat review since
most of these papers are carried in the journals Cryobiol-
ogy, Cryo-Letters and Cell Preservation Technology which
are non-engineering journals. Within the journals reviewed
here, studies included a simulation of microscale interac-
tion between ice and biological cells [733]; freezing curve-
based monitoring to quickly evaluate the viability of
biological materials subject to freezing or thermal injury
[734]; and a non-Fourier heat conduction effect on predic-
tion of temperature transients and thermal stress in skin
cryopreservation [735]. The cooling therapies noted in
Thermal Therapies above are also cryobiological in nature.
It should also be noted that the bulk of the cryobiological
literature is concerned with preservation of cells and tissues
in the frozen state which is not clearly reflected in the arti-
cles reviewed here.

12.4. Bioheat general

General studies in the area of bioheat transfer are listed
here. These studies included development of a heat transfer
model for plant tissue culture vessels [736]; how bees can
heat empty broodnest cells [737]; and the influence of trans-
port phenomena during high-pressure processing of packed
food on the uniformity of enzyme inactivation [738].

13. Change of phase-boiling

Papers on boiling change of phase for 2003 have been
categorized as follows: droplet and film evaporation, bub-
ble characteristics and boiling incipience, pool boiling, film
boiling, flow or forced convection boiling and two-phase
thermohydrodynamic phenomena. These topics are dis-
cussed in their respective subsections below.

13.1. Droplet and film evaporation

Electrospray evaporation and deposition on a heated
substrate is analyzed [739]. Accounting for Rayleigh limit
of charged droplets leads to acceleration of their evapora-
tion when high substrate temperature or small droplet
diameters are employed. The interaction of transfer
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processes in evaporation of semi-transparent liquid droplets
is modeled [740]. Evaluation of thermoconvective stability
is presented. Effects of gravity and ambient pressure on
liquid fuel droplet evaporation are computed [741].
Enhancement due to natural convection becomes more
dominate with increasing ambient pressure due to the
increase in the Grashof number. Heat transfer from a liquid
to an evaporating drop is computed [742]. Most of the heat
transfer takes place in a small region at the contact circle of
the three phases. Effects of dissolved salts on water sprays
are measured [743]. Dissolved salts prevent bubble coales-
cence. Modeling of droplet evaporation with the distillation
curve model is discussed [744]. The major advantage of the
new model is that algebraic expressions are derived for mul-
ticomponent vaporization. Modeling of spray evaporation
with a droplet number moment approach is applied to a
wide variety of different sprays [745].

An evaluation is made of simple evaporation models for
spray simulation [746]. Film thicknesses are calculated
which represent realistic heat and mass transfer processes
around a droplet. A parabolic temperature profile model
for heating of droplets is suggested [747]. Application to
fuel droplets in realistic diesel engines is verified. Molecular
Dynamics (MD) is applied to droplet evaporation [748].
The vaporization process consists of an initial liquid heat-
ing stage during which vaporization rate is relative low, fol-
lowed by nearly constant liquid temperature evaporation at
a ‘‘pseudo wet-bulb’’ temperature. Numerical analysis is
presented for droplets in multicomponent gaseous mixtures
[749]. It is shown that in the case of large concentration at
the droplet surface, boundary conditions for concentration
jump obtained from kinetic theory and those obtained
from Fick’s law yield the same results.

Measurements are made for impacting water mist on
high temperature metal surfaces [750]. The total heat trans-
fer coefficient can be established as a summation of two
effects, one for air heating and one due to the liquid mass
flux. A similar experiment uses an air–liquid nitrogen mist
jet impinging on a superheated flat surface [751]. An
enhanced heat transfer region centered on the stagnation
point is discussed. Experiments are conducted on evapora-
tion of a water–ethanol mixture sessile drop [752]. In the
first stage of evaporation, ethanol diffuses to the interface
where it dictates the surface tension properties and hence
the wetting angle. Measurements are presented of the flame
structure at the base of a pool fire where water mist is intro-
duced [753]. Extinction is obtained by rapid and total clear-
ance of the liquid, rather than from reduction of the
burning rate. Evaporation of embedded liquid droplets
from porous surfaces is visualized using magnetic reso-
nance imaging [754]. Transport of liquid by capillary diffu-
sion has a strong influence upon the evaporation process.
The effects of evaporation on resonant photoacoustics of
aerosols are measured [755]. A theory of photoacoustics
for volatile aerosols is developed. Characteristics of spray
cooling in a closed loop are described [756]. Air purposely
introduced in the spray has a significant influence on heat
transfer characteristics. Experimental results in spray cool-
ing are presented [757]. The advantage of surfactant addi-
tion to the spray is investigated.

A model is presented for the turbulence effects on drop-
let evaporation [758]. Ambient turbulence levels are varied
from 1% to 60% and integral length scales of turbulence is
varied from 0.5 to 20 times the diameter.

Temperature and volumetric fraction measurements are
made in a hot gas laden with droplets [759]. Two tempera-
tures are found, the difference between the two is shown to
be proportional to the water volumetric fraction in the
flow. The absorption of thermal radiation in a semi-trans-
parent droplet is calculated [760]. Variations of reflective
index of diesel fuel with wavelengths can smooth the pre-
dicted radial dependence of the thermal radiation power
absorbed in the droplets. The effects on quenching a hot
surface of dissolving salts in the water spray are measured
[761]. Addition of MgSO4 reduces the time required to cool
a hot surface.

Simultaneous heat and momentum transfer in two-
phase film systems is studied [762]. Application is to the
removal of highly volatile fractions from high-boiling point
liquids. An analysis is presented for non-stationary evapo-
ration kinetics [763]. It is shown that evaporation does not
change the temperature of the liquid interface. A continu-
ation study investigates the stability of the equation [764].
Analytical expressions are proposed for evaporation of
water into a stream of dry air, humidified air or super-
heated steam [765]. Special emphasis is devoted to the
inversion temperature and how its value is affected by
humidity, mass flow rate and geometry. In a similar paper,
numerical analysis is applied [766]. Mixed convection heat
and mass transfer rates with liquid film cooling of an insu-
lated vertical channel are computed [579]. Latent heat
transfer is the main mechanism for heat removal. Evapora-
tion and combustion of liquid fuels through a porous med-
ium are discussed and a down-flow compact burner system
is developed [767]. The effects of various parameters are
clarified to confirm the improvements in mixing of the fuel
vapor/air mixture. Experimental results are presented for
heat transfer in a cryogenic tank [768]. The dominant heat
transfer modes are radiation in the isolating cavity, con-
duction in the neck near the liquid phase and convection
between the inner wall of the neck and the cold vapor
coming from the liquid bath. Experimental results are
presented which describe the effects of hydrophilic surface
treatment on evaporation heat transfer at the outside wall
of a horizontal tube [769]. During evaporation, the high
wettability of the surface obtained through the treatment
induces film flow in the tubes while sessile drops are formed
in untreated tubes. Measurements are made of the vapori-
zation rate of cesium from molten slag in a plasma melting
furnace [770]. Results suggest that the vaporization rate is
controlled by vaporization from the free molten slag
furnace to the gas phase which depends on the thermo-
dynamic properties of the molten slag. The surface temper-
ature of an evaporating liquid is computed [771]. It is
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hypothesized that the deviation from similarity between
heat and mass transfer is described by the first power of
the Lewis number. The linearized Boltzmann equation
for rigid-sphere interactions is used to compute heat trans-
fer and evaporation rates [772]. The Maxwell gas-surface
interaction law is solved for cases of different accommoda-
tion coefficients. A model is presented for flow and heat
transfer of an evaporating extended meniscus in a micro-
capillary channel [773]. The length of the extended menis-
cus region is affected by the heat flux, the channel height
and the dispersion constant.

The interfacial evaporation of an aqueous solution of
SDS surfactant self-assembly monolayer is studied [774].
The mechanism of interfacial evaporation in boiling heat
transfer with application to SDS surfactants is addressed.
A non-equilibrium van der Waal model is applied to the
interface between a vapor and a liquid [775]. How evapora-
tion and condensation fluxes result as a consequence of
changing pressure away from the co-existence pressure is
discussed. Enhancement of evaporation from a lake by
entrainment of warm dry air is measured [776]. Implica-
tions of climate variability on mechanisms that control
short and long-term evaporation rates are discussed.

A two-phase zone with condensation in a porous med-
ium is analyzed [777]. Condensation and evaporation
occurring within the boundary layers near the edges of a
two-phase zone are examined. The first falling rate period
during drying of a porous material is characterized [778].
The model allows determining the internal profile of mois-
ture and the penetration of the drying front during the fall-
ing rate period.

The effects of evaporation coefficient and temperature
jumps on thermophoresis of a particle in a binary gas mix-
ture are analyzed [779]. Thermodiffusion terms, Stefan
effects and heat flux associated with convective transfer
of evaporating mass are taken into account. An evapora-
tion theory for deformable soils is presented [780]. A
column drying test is conducted to document the one
dimension water flow, heat flow and evaporation in the sur-
face. Drying characteristics of a porous material in a fluid-
ized bed of fluidizing particles with superheated steam is
examined [781]. The effect of the bed temperature on the
drying characteristics is significant, while that of the mass
velocity of the drying gas is slight.

13.2. Bubble characteristics and boiling incipience

Experimental results which document microscale trans-
port processes during the evaporation of a constrained
vapor bubble are presented [782]. Film thickness profiles
are measured using image analyzing interferometry. An
analysis is presented for the violent collapse of a non-spher-
ical bubble [783]. Applications include cavitation in fluid
machinery and ultrasonic cleaning. Results of an analysis
of bubbly nozzle flow with heat, mass and momentum
interactions are presented [784]. The bubbles are made of
non-condensable gasses and condensable vapor. The model
allows for momentum and thermal lags as well as mass
transfer between the gaseous and liquid phases due to evap-
oration and condensation. The growth and collapse
processes of microbubbles under pulse heating are investi-
gated [785]. To evaluate the perturbation area of the micro-
bubble, submicron particles are placed in the fluid and their
dynamic responses during the transient bubble formation
are recorded. A numerical analysis is presented of the
dynamics of toroidal bubbles considering the heat transfer
to the internal gas [786]. It is shown that a violent collapse
induces an extremely high-pressure region near the point of
liquid microjet impaction on a nearby rigid wall. The effects
of surfactant concentration on the initial short time scale
Marangoni convection around a boiling nucleus are com-
puted [787]. The maximum circulation strength, which is
dependent on the bubble size, corresponds to a characteris-
tic surfactant adsorption time. A theoretical model is used
to investigate nucleate boiling of binary mixtures [788].
Documented is how the bubble site density and the depar-
ture diameter vary with composition of the liquid. Experi-
mental results show the bubble sweeping and jet flows
during nucleate boiling of subcooled liquids [789]. The pro-
cesses of the bubble sweeping phenomenon are described in
detail and the effects on heat transfer are argued. From the
same lab are measurements from a small wire to further
illuminate the sweeping processes [790]. An analysis is
made of vapor spreading near the boiling crisis [791]. At
large heat flux, a recoil force tends to spread the vapor bub-
ble that otherwise would not wet the solid.

The effects of temperature on the rise of a single bubble
in stagnant water are documented by visualization [792].
Documented also are rise path oscillations and how the rise
is affected by water purity. Heat transfer enhancement due
to sliding bubbles is measured [793]. Three regimes of bub-
ble motion are observed: spherical, ellipsoidal and bubble-
cap. A theoretical model is presented for nucleate boiling
heat and mass transfer of binary mixtures [794]. The model
indicates that a considerable amount of the total heat flow
passes through a tiny thin film area, called the microregion,
where the liquid vapor phase interface is attached to the
wall. A model is presented for computing the incipient
point of net vapor generation in low flow subcooled boiling
[795]. The model is an energy balance where the heat trans-
fer needed for vapor generation equals the heat transfer
needed for condensation. Experimental results are
presented to describe boiling incipience of highly wetting
liquids in horizontal confined spaces, such as the space
between a heating cylinder and a disk. [796]. Smooth and
porous disks are used as the non-heating walls. Boiling is
found to first appear on the non-heated porous wall under
some conditions. A model is presented for determining the
active nucleation site density in a boiling system [797]. The
model can be used for both pool and flow boiling systems.
Experimental results show quasi-homogeneous boiling
nucleation behavior on a small spherical heater in micro-
gravity [798]. An analysis is presented and the results are
shown to agree well with the measurements. Experiments
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are conducted to document the onset of transient nucleate
boiling from a thick flat sample [799]. Results show that the
temperature at boiling incipience is strongly influenced by
the transient procedure, such as the waiting period between
a preliminary procedure and heat input or an initial subco-
oling of the surface.

13.3. Pool boiling

A new model is presented for the heat transfer mecha-
nisms in the vapor mushroom region of saturated nucleate
pool boiling [800]. The relative influences of microlayer
evaporation and Marangoni convection are considered.
The effects of coalescence of bubbles from various sites
are documented by producing dual or multiple individual
bubbles from a microheater [801]. Multiple coalescences
could take place with a group of bubbles. The heat flux
level is proportional to the number of bubbles involved
and the separation distances between bubbles. An experi-
ment is conducted to simultaneously observe the dynamic
behaviors of bubbles and dry spots on boiling surfaces
[802]. The Critical Heat Flux (CHF) is initiated from
locally limited nucleate boiling activity rather than any
hydrodynamic instability. A numerical model is employed
to simulate pool boiling [803]. The model captures the fun-
damental characteristics of boiling phenomena. Bénard-
Marangoni instability is studied to describe interfacial
non-equilibrium effects in a liquid vapor system [804].
The influences of evaporation parameters and of the pres-
ence of inert gases on the marginal stability curves are dis-
cussed. An inverse heat conduction analysis is employed to
determine the local heat transfer coefficient for nucleate
boiling on a horizontal cylinder [805]. Influences on mea-
surement error due to thermocouple error or thermocouple
placement error are quantified.

Interactions of nucleation sides in pool boiling on artifi-
cial surfaces are measured [806]. Three significant effects
are found: hydrodynamic interaction, thermal interaction,
and horizontal and declining bubble coalescence. Experi-
ments are conducted to document nucleate boiling heat
transfer enhancement in confined spaces, two horizontal
surfaces, the lower is a heated solid and the upper is an
unheated screen [807]. Generally, heat transfer is enhanced,
for the mesh kept primary vapor bubbles forming coales-
cence bubble at low heat fluxes and allowed the vapor to
escape at high heat fluxes. At high heat fluxes, vapor mush-
room behavior over the mesh screen is not significantly
different from that in unconfined pool boiling.

A stabilized heater surface is used to investigate sub-
cooled pool boiling [808]. The heater allowed studying
the mechanisms for the regimes of constant heat flux and
constant temperature. A constant wall temperature condi-
tion is used to document partial nucleate boiling on the
microscale heater [809]. The measured heat flux shows a
discernable peak in the initial growth region, reaching an
almost constant value. A constant wall temperature heater
is used to study the growth of a single bubble in a saturated
pool [810]. Proposed is that the data can be used to study
boiling phenomena. An indium tin oxide coated transpar-
ent surface is used to study nucleate boiling [811]. Data
on bubble size and nucleation site density are obtained.
Experimental data are gathered for pool boiling in verti-
cal/horizontal, V-shaped geometries [812]. The results
reveal the importance of the angle to the enhancement of
nucleate boiling heat transfer on structured surfaces. Pool
boiling from microporous, square, pin-finned surfaces is
experimentally documented [813]. The enhancement of
CHF due to increased subcooling is greater for the micro-
porous surface than for the plain surface. Boiling from
microfabricated structures is documented to support opti-
mization of the dimensions for maximizing heat transfer
[814]. The larger pore and smaller pitch of the microstruc-
tured surface results in higher heat dissipation at all heat
fluxes. Nucleate boiling characteristics from coated tube
bundles are experimentally documented [815]. At low heat
flux, the vertical-in-line tube bundles show the highest per-
formance. A review of boiling from surface microstructures
for application to electronic components is presented [816].
A primary issue is mitigation of temperature overshoot at
boiling incipience. The values of CHF in a hemispherical
narrow gap are documented [817]. Critical heat removal
rates under various conditions are documented. Periodicity
and bifurcations in capillary tube boiling with a concentric
heater wire are documented [818]. Bifurcation from a peri-
odic to a two-period state is observed to be due to lateral
instability of the liquid film adhering to the capillary wall.
Boiling of liquid fingers into superheated fractured rock is
analyzed [819]. A parameter is offered that provides a quick
estimate of the relative significance of boiling at a give loca-
tion. A semi-empirical model is presented for boiling from
enhanced structures [820]. Improvements are made to sub-
models for bubble departure diameter, evaporation within
the channels and convective heat transfer from the external
surfaces of the structure. A correlation of surface property
effects in pool boiling of dielectric liquids is presented [821].
It predicts a broad range of effects such as pressure, subco-
oling and length scale. A model for boiling of HeII in por-
ous structures in microgravity is presented [822]. The
model is used to study the influences of parameters of the
experiment on the characteristics of the vapor film. An
analysis for boiling off pin fins under multiboiling condi-
tions is presented [823]. The effects of the base temperature
difference of the conduction–convection parameter and of
the Biot number are analyzed and presented. Experimental
results are presented for boiling off silicon chips with
micro-pin-fins immersed in the fluid [824]. The maximum
value of allowable heat flux was four times as large as that
for a smooth chip. The effects of surface wettability on fast
transient microboiling behavior are measured [825]. The
surface is modified with hydrophobic and hydrophilic alka-
nethial Self-Assembled Monolayers (SAM). The surface
modified with SAM exhibits lower boiling nucleation tem-
peratures, more pronounced inflection points and higher
average temperatures during microboiling. Pool boiling
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with superhydrophilic surfaces is experimentally docu-
mented [826]. The surface is created with TiO2 exposed to
(near zero contact angle) or shielded from (increased con-
tact angle) UV light. Experiments are made to document
natural convection boiling in an internally heated annulus
[827]. They are with different heat fluxes impressed over
the steel tube and are repeated for two submergence levels
of the liquid in the down-flow pipe. The effects of pressure,
subcooling and dissolved gas content on pool boiling from
microporous surfaces are experimentally documented
[813]. The effects of dissolved gas are generally small; how-
ever, as the dissolved gas content increases, more of the
nucleate boiling curve is affected. Nucleate boiling of halo-
carbon refrigerants on cylindrical surfaces are experimen-
tally studied [828]. An empirical correlation formulated in
terms of reduced pressures is proposed. Boiling heat trans-
fer coefficients for halogenated refrigerants are measured
[829]. The new correlation shows good agreement with
data. From the same lab are measurement results for
HFC32, HFC125 and HFC134a [830]. A review of experi-
mental studies is presented for boiling of binary mixtures of
hydrocarbons [831]. Data for boiling of the non-azeotropic
binary mixture (water/ammonia) on a horizontal surface
are presented [832]. The framework for a semi-theoretical
model for predicting pool boiling heat transfer of refriger-
ant/lubricant mixtures on a roughened, horizontal, flat sur-
face is presented [833]. Comparisons are made against data
from 13 different mixtures. The effect of nanoparticles on
CHF of water in pool boiling is experimentally evaluated
[834]. A 200% increase of CHF is recorded but no signifi-
cant change is observed in the nucleate boiling perfor-
mance. Another similar study records a reduction of
boiling heat transfer performance with nanoparticles,
though they note an improvement in single phase heat
transfer with nanoparticles [835]. Experiments with pool
boiling of nanofluids on horizontal narrow tubes note a
degradation of boiling performance [836]. They note a
smaller deterioration with narrow tubes than with indus-
trial size tubes. Transport of salts or micron-sized particles
entrained from a boiling water pool is documented experi-
mentally [837]. The influences of nucleation and natural
convection are demonstrated during slow depressurization
of the facility.

An experimental study of miniature-scale pool boiling is
presented [838]. The boiling curve obtained from the
microheater is composed of two regimes which are sepa-
rated by a peak heat flux. As the heater size decreases,
the boiling curve shifts toward higher heat fluxes with cor-
responding higher superheats. Experiments are performed
on saturation boiling of HFE-7100 from a copper surface
that simulates a microelectronic chip [839]. The effects of
inclination are documented. The effects of tube inclination
on pool boiling heat transfer rates are measured [840]. The
heat transfer coefficient changes from a minimum in a hor-
izontal tube to a maximum in a vertical tube. Boiling in an
inclined porous layer is numerically documented [841]. It is
found that boiling depends strongly on the inclination
angle. Boiling within a particle bed is experimentally stud-
ied [842]. The boiling heat transfer is enhanced greatly by
adding the solid particles into the liquid, whether a fixed
particle bed or a fluidized particle bed.

Electrohydrodynamic effects on isolated bubbles in a
nucleate pool boiling regime are documented [843]. The
isolated bubbles are recorded with a high-speed video
camera.

13.4. Film boiling

Thermal fluctuations during transition from nucleate to
film boiling on a wire heater are investigated to describe the
1/f noise characteristics of the crisis [844]. Singularities of
this process are described [845]. The process is self-oscilla-
tory. Mechanisms for emergence of oscillation are
suggested. Special features of film boiling on a wire are dis-
cussed [846]. The existence of a region of self-oscillatory
instability of heat transfer is revealed. Dryout and rewett-
ing in a subcooled two-phase flow in a narrow channel
are investigated [847]. Correlations of flow reversal with
dryout/rewet are discussed. The effects of flow obstacles
on film boiling are experimentally documented [848]. The
results of flow obstacle enhanced heat transfer downstream
of the obstacle and the promotion of rewetting are docu-
mented. The minimum heat flux for a water jet boiling
on a hot plate is analyzed [849]. Simplified two-phase flow
boundary layer equations are used. Two thermal Kol-
mogorov microscales of pool film boiling are discussed
[850]. An extension to liquid metals is proposed. Melt
droplet fragmentation following vapor film destabilization
by a trigger pulse is modeled [851]. Application is the anal-
ysis of the effects of molten corium entering a pool of
water. Heat transfer by radiation through a vapor gap in
film boiling is modeled [852]. Practical recommendations
are given for calculating the distribution of absorbed radi-
ation. A look-up table is provided for determining heat
transfer coefficients of film boiling heat transfer in vertical
tubes [853].

13.5. Flow boiling

Classical thermodynamics is applied to flow boiling heat
transfer [854]. The average temperature difference in a
heated channel is shown to be tightly connected with the
thermodynamic efficiency of a theoretical, reversible heat
engine placed across this temperature difference.

Important processes that must be considered when
channel diameters decrease are examined [855]. These
include flow distribution issues in single, parallel, and split
flows; flow instability in parallel passages, manufacturing
tolerance effects; single-phase heat transfer; nucleation pro-
cesses; boiling heat transfer and pressure drop; and wall
conductance effects. A new version of a two-phase flow
model is developed for liquid gas and liquid–liquid two-
phase mixtures [856]. The differences of pressure, tempera-
ture and velocity between the two phases are taken into
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account. High heat flux removal of a plasma-facing compo-
nent or an electronic heat sink, which involves conjugate
heat transfer, is discussed [857]. Boiling curves are pre-
sented and compared with single-sided heated circular tube
data. Convective boiling and two-phase flow characteristics
inside a small horizontal helically coiled tube are measured
[858]. A new flow boiling heat transfer correlation is pro-
posed to better correlate the data. Visualization results
are presented for periodic boiling in silicon microchannels
of trapezoidal cross-section [859]. Large-amplitude, long-
period boiling fluctuations can be sustained when the
fluctuations of pressure drop and mass flux have phase dif-
ferences. A two-phase flow pattern map for evaporation in
horizontal tubes is presented [860]. A simpler method of
calculating the transitions is given. Saturated flow boiling
of water in a vertical, small-diameter tube is experimentally
documented [861]. A heat transfer prediction method is
proposed to reproduce the heat transfer coefficient within
the flow pattern regime. Boiling heat transfer and dryout
phenomena of CO2 in a horizontal smooth tube are mea-
sured [862]. The heat transfer coefficient for CO2 is on aver-
age 47% higher than that of R134a at the same operating
conditions. Flow boiling in a two-phase microchannel heat
sink is measured and a prediction method is presented
[863,864]. The unique nature of flow boiling in narrow rect-
angular microchannels is discussed. Size and shape effects
on two-phase flow patterns in microchannel forced convec-
tion boiling are discussed [865]. A physical mechanism
based on the force balance across the vapor–liquid inter-
face and the development of a restoring force is proposed
to explain flow visualization results. A study of the Point
of Net Vapor Generation (PNVG), done with aid from
neutron radiography, in subcooled boiling flow along
narrow rectangular channels with short heating lengths
is presented [866]. Improved modeling based upon these
results is proposed. Interfacial area transport of vertical
upward bubbly two-phase flow in an annulus is mea-
sured [867]. The dominant mechanism in interfacial area
transport is strongly dependent on the initial bubble size.
Modeling of bubble layer thickness for formulation of a
one-dimensional interfacial area transport equation is
presented [868,869]. Such model is applied to vertical
upward bubbly two-phase flow in an annulus [870]. Boil-
ing in capillary tubes is discussed [871]. The temperature
distribution of the heated tube surface is studied for var-
ious flow regimes. Subcooled flow boiling in narrow pas-
sages is experimentally documented [872]. There is no
evidence that convection suppresses the nucleate term
or that nucleation events enhance the convection term.
Measurements in unsteady convective boiling in heated
minichannels are presented [873]. A steady state is char-
acterized and a non-steady flow is documented. Measure-
ments are taken of forced convective boiling heat
transfer in microtubes at low mass and heat fluxes
[874]. Annular flow prevails in the microtubes studied.
A prediction of critical quality for saturated flow boiling
of CO2 in horizontal small diameter tubes is presented
[875]. Two entrainment mechanisms of interface defor-
mation and bubble bursting are considered in the model.
Dryout is determined when the liquid film thickness is
less than the critical liquid film thickness. Thermal design
methodology is presented for high-heat-flux, single-phase
and two-phase microchannel heat sinks [876]. The design
model provides assessment of pressure drop in two-phase
microchannels, including compressibility, flashing and
choking.

The compensated distortion method is extended for
modeling CHF in a rectangular inclined channel [877]. A
parameter is built by balancing the inertial force acting
on the fluid against the viscous effect corrected by a trans-
verse term of gravity. Experimental results are presented
that document heat transfer and two-phase flow in inclined
tubes [878]. It is shown that dryout takes place in the open
annular flow regimes with motionless or slowly moving
droplets. Annular upward flow in a narrow annulus with
bilateral heating is analyzed with a three-fluid model
[879]. The effects of outer wall heat flux on the inner liquid
layer are included. The model allows calculation of CHF
and critical quality for dryout. Results of high-speed visu-
alization of nucleate boiling in steam–water vertical annu-
lar flow are presented [880]. The results demonstrate the
interaction between disturbance waves in the liquid film
and the activity of nucleation sites. The quench front for
reflood heat transfer is modeled with a moving subgrid
model [881]. Primary application is the reactor core cool-
ing. The fine mesh moves in the core and follows the
quench front as it advances in the core while the rods cool
and quench.

The effects of number and angle of microgrooves in the
tube wall on the liquid film in horizontal annular, two-
phase flow are measured [882]. The grooves act to redistrib-
ute the liquid film on the inner wall perimeter. Only a rel-
ative small number of grooves are needed. The grooves also
affect flow stability. Experimental heat transfer coefficients
are presented for evaporation in horizontal tubes with per-
forated strip-type inserts [883]. The heat transfer perfor-
mance and pressure drop can be improved up to 2.5 and
1.5, respectively, with the enhanced tube. Augmentation
of heat transfer by surface augmentation in a minichannel
plate evaporator is measured [884]. Enhancement factors of
2–6 in the heat transfer coefficients are obtained. Experi-
mental results on convective boiling performance inside
horizontal microfin and plain tubes are presented [885].
The dominant mechanisms for boiling are shown to change
with the size of the tube.

Laser Doppler Velocimetry (LDV) is used to help char-
acterize bubble behavior for pool boiling from two
enhanced tubes (one above the other) in saturated
R-134a [886]. Heat transfer mechanism and modeling for
the upper tube are studied and developed. Performance
of a vapotron for application to electronic equipment cool-
ing is documented [887]. A relationship that couples water
temperature trends in the cavities with the cycle of events is
developed.
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The effects of vibration on CHF in a vertical round tube
are measured [888]. The CHF enhancement with vibration
is more dependent on amplitude than on frequency.

Experiments are conducted on boiling inside a vertical
smooth tube for water/lithium bromide mixtures [889].
Average heat transfer coefficients for the mixture increase
with a decrease of the solution concentration or with an
increase of mass flux. Subcooled flow boiling of ethylene-
glycol/water mixtures is measured [890]. Models for pure
liquid or saturated flow boiling of mixtures are extended
to model subcooled flow boiling of binary mixtures. Heat
transfer coefficients are calculated for forced convection
boiling of pure refrigerants and binary refrigerant mixtures
inside a horizontal tube [891]. Heat transfer coefficients for
refrigerant mixtures were lower than linearly interpolated
values calculated from the heat transfer coefficients of pure
refrigerants. The influence of droplet interchange on evap-
oration and condensation of multicomponent mixtures in
annular flow is commented upon [892].

A turbulence analysis for annular two-phase flow heat
transfer enhancement and pressure drop penalty due to
the presence of a radial electric field is presented [893].
The radial electric field fluctuation changes the turbulent
energy distribution in the flow. A numerical simulation is
presented for electric field distributions in ElectroHydro-
Dynamic (EHD) two-phase flow regimes [894]. The results
provide a qualitative assessment regarding the direction of
phase migration and possible flow pattern transition
effected by EHD forces.

A general dynamic model is presented for local heat
transfer in bubble columns [895]. Instantaneous local heat
transfer rates are measured by using a hot-wire probe in
three bubble columns of different diameters. A relation
between instantaneous heat transfer and local bubble
dynamics is employed.

Modeling of subcooled jet impingement boiling is
presented [896]. Heat transfer is shown to be governed by
turbulent diffusion caused by the rapid growth and conden-
sation of vapor bubbles. An attempt for ultra-high CHF
with jet impingement is documented [897]. The maximum
CHF achieved is 212 MW/m2, or 48% of the theoretical
maximum heat flux proposed in the literature. Measure-
ments are presented for heat transfer from a hot plate to
a water jet [898]. An analysis of temperature fluctuations
in the flow enables some conclusions on boiling mech-
anisms.

13.6. Two-phase thermohydrodynamic phenomena

The effects of wick fit on boiling incipience in a capillary
pumped loop are measured [899]. The superheat needed to
initiate boiling is strongly dependent on the quality of the
contact between the heating plate and the wick. The heat
transfer characteristics and flow patterns of the evaporator
section of a looped heat pipe are measured [900]. The
results show that the combined effects of evaporation of
the thin liquid film, the disturbance caused by pulsation
and the secondary flows due to the curvature enhance
greatly the heat transfer and the critical heat flux. Capillary
evaporation in a microchanneled (grooved) polymer film is
measured [901]. The results indicate that when the half-
angle of the trapezoidal grooves is fixed, the maximum
evaporation heat transfer rate increases with increases in
the depth and decreases with the width of the grooves.
Mechanisms which affect the damping coefficient of capil-
lary waves due to phase transformation are discussed
[902]. To focus on the mechanism of heat transfer across
the interface between regions of liquid and vapor, potential
flow of incompressible fluid is assumed.

14. Change of phase-condensation

14.1. Modeling and analysis

An asymptotic analysis is presented for the case of
laminar film condensation on a thin plate with one side
in contact with saturated vapor and the other side at
a temperature below the saturation temperature [903].
Expressions for the temperature, condensate film thick-
ness and Nusselt number are derived for different cases
of a conjugate heat transfer parameter. Kalman extends
a theoretical model for bubble condensation in immiscible
liquids to the case of miscible liquids and compares the
data with flow visualization [904]. Raman spectroscopic
measurements are performed to study the effect of non-
condensable gases on direct contact condensation at hor-
izontally stratified steam/water flow [905]. Concentration
and temperature profile measurements enable calculation
of local heat and mass transfer. A similar study uses the
RELAP5/MOD3.2 code along with a non-iterative con-
densation model to study the effect of non-condensable
gases on in-tube steam condensation [906]. Film conden-
sation in a vertical microtube with a thin metal wire on
its inner surface is analyzed [907].The effects of wire diam-
eter and contact angle between condensate liquid and
channel wall are examined. Another study using a vertical
microtube studies Kelvin–Helmholtz instability of the
phase-change interface during flow film condensation
[908]. Chen and Tan [909] perform a theoretical analysis
of bubble formation coupled with phase change at a sub-
merged nozzle. Film condensation of vapor flowing inside
a vertical tube and between parallel plates is numerically
simulated using a mixing length model for turbulence in
the vapor and condensate film [910]. Boundary layer tran-
sition in film condensation of pure saturated vapor on a
horizontal elliptic tube is predicted numerically [911].
The effects of gravity, shear stress and imposed pressure
gradient on condensate film thickness are described. Accu-
rate modeling of the interface shear stress is shown to be
important in modeling separated turbulent two-phase flow
in an inclined tube under adiabatic and condensing condi-
tions [912]. Solutal Marangoni dropwise condensation of
a water–ethanol mixture is observed using high-speed
photography and the laser-light extinction method [913].
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A new flow-structure-based model is proposed for conden-
sation inside horizontal, plain tubes, including the effects
of liquid–vapor interfacial roughness on heat transfer
[914] Stephan [915] shows that multicomponent phase
equilibrium between extremely thin liquid films and their
vapor phase on curved surfaces is strongly affected by
long-range van der Waals attraction, leading to a shift in
equilibrium composition from the state observed for a pla-
nar surface.

14.2. Global geometry

Using an apparatus that can control local heat flows to
single micropassages, Baird et al. [916] observe a strong
influence of mass flux and local quality on the heat transfer
coefficient. The effect of tube diameter was negligible. The
effects of Froude number, subcooling temperature and sys-
tem pressure on mean Nusselt number for turbulent film
condensation on a half-oval body are discussed [917]. A
similar paper discusses the case of turbulent film condensa-
tion on a horizontal elliptic tube [918]. Flattening a round
tube while keeping mass flow rate constant is shown to
enhance heat transfer and pressure drop [919]. A number
of papers present experimental data and correlations for
a variety of refrigerants in various configurations-R22
and R407C in a gravity driven regime within a smooth hor-
izontal tube [920], in-tube condensation of a mixture of
R134a and ester oil [921], pressure drop and heat transfer
measurements in miniature horizontal tubes [922], R410A
condensing inside internal grooved horizontal tubes [923],
the effects of fin geometry on condensation of R407C in
a staggered bubble of finned tubes [924], R-22 and
R-410A condensing in flat aluminum multi-channel tubes
with or without microfins [925], condensation of R134a
in a multiport extruded tube [926], and HFC-134a condens-
ing on a single enhance tube [927].

14.3. Surface effects

Heat transfer enhancement ratios are presented for con-
densation of steam on a horizontal wire-wrapped tube
[928]. Shedd and Newell [929] perform visualization of
two-phase flow through microgrooved channels in order
to understand the mechanism by which microfins cause
heat transfer enhancement. They observe increased wall
wetting for a given flow condition, decreasing influence of
the grooves with increasing gas velocity, and a rotation
redistribution of the liquid film by helical grooves. Ferreira
et al. [930] present results of R404A condensation under
forced flow conditions in horizontal tubes for three surface
preparations: smooth, microfin, and cross-hatched. The
effects of fin height and helix angle on condensation inside
a herringbone microfin tube are experimentally investi-
gated for five types of herringbone microfins [931]. Wang
and Honda [932] compare prediction methods for conden-
sation heat transfer in horizontal microfin tubes with sev-
eral sets of experimental data.
14.4. EHD

Butrymowicz et al. [933] present a review of recently
developed techniques for heat transfer enhancement using
passive and active condensate drainage techniques. Brand
and Seyed-Yagoobi [934,935] use electrohydrodynamic
induction pumping as a flow control mechanism and char-
acterize the effects of voltage, frequency, and film thickness
on the pumping behavior and heat transfer. Fluid motion is
set up due to applied voltages that cause motion of induced
charges which are in turn set up by discontinuities in the
electrical conductivity of a fluid, such as that at a vapor–
liquid interface.

14.5. Mixtures

Jung et al. [936] study the external condensation heat
transfer coefficients of non-azeotropic mixtures of
HFC32/HFC134a and HFC134a/HCFC123 and find sig-
nificant deviations from the ideal values calculated by mole
fraction weighting of the heat transfer coefficients of the
pure components. A thermal resistance due to a vapor dif-
fusion film is speculated to be responsible. Row-averaged
heat transfer coefficients are measured for each row in a
trapezoidal finned horizontal tube bundle for pure
HFC134a and several compositions of the non-azeotropic
binary mixture HFC23/HFC134a [937]. Jin et al. [938]
present a model for predicting heat transfer characteristics
of binary zeotropic refrigerant mixtures inside horizontal
smooth tubes. Both vapor- and liquid-side mass transfers
are considered, along with a correction for high mass
fluxes. Sami and Comeau [939] point out the importance
of accurate mixing rules for evaluating transport properties
of mixtures and correct available experimental data for
R-507, R404A, R-407C, and R-410A.

15. Change of phase-melting and freezing

In this section freezing and melting problems in the lit-
erature are reviewed. The problems are broken into various
further subdivisions as noted in the subheadings below.

15.1. Melting and freezing of sphere, cylinders, and slabs

Spherical problems included: a parametric study on ice
formation inside a spherical capsule [940]; local heat trans-
fer coefficient at spherical particle melting [941]; and surface
heat transfer coefficients to stationary spherical particles for
hydrofluidization freezing of individual foods [942]. Fur-
thermore, an improved quasi-steady analysis for solving
freezing problems in a plate, a cylinder and a sphere were
reported by [943]. In cylindrical geometry a numerical solu-
tion of the phase-change problem around a horizontal cyl-
inder in the presence of natural convection in the melt was
reported by [944]. In slab or plate geometries work included:
an analysis of resonances during microwave thawing of
slabs [945]; magnetic field effects upon heat transfer for lam-
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inar flow of electrically conducting liquid over a melting
slab [946]; and heat and mass transfer characteristics of tem-
perature and concentration combined convection due to a
vertical ice plate melting [947].

15.2. Stefan problems, analytical solutions/special solutions

Work in this area included: a parabolic cylindrical Ste-
fan problem for modeling vacuum freeze drying of random
solids [948]; a finite difference solution of a one-dimen-
sional Stefan problem with periodic boundary conditions
[949]; an exact solution of the problem of gas segregation
in the process of crystallization [950]; a similarity solution
for peritectic solidification with shrinkage-induced flow
[951]; and calculation of heat conduction during phase
transformation in a shape memory alloy [952]. Lastly,
direct measurement of heat transfer rates and coefficients
in freezing processes were reported by use of heat flux sen-
sors [953].

15.3. Ice formation/melting

Investigations included: observations of early-stage frost
formation on a cold plate in atmospheric air flow [954];
wind-driven supercooled water film on an icing surface—
(I) laminar heat transfer and (II) transition and turbulent
heat transfer [955,956] thermal analysis of ice walls built
by rapid freeze prototyping [957] and investigation of layer
thickness and surface roughness in rapid freeze prototyping
[958]. Further work included heat and mass transfer at a
cold ice wall exposed to seawater near its freezing point
[959]; modeling of ice crystal growth in laminar falling films
for the production of pumpable ice slurries [960]; and heat
and mass transfer on a cylinder surface in cross-flow under
supersaturated frosting conditions [961].

15.4. Melting and melt flows

Work in this area is reported alphabetically by first
author as follows: experimental and numerical investiga-
tions of the temperature field and melt flow in the induction
furnace with cold crucible [962]; turbulent flow dynamics,
heat transfer and mass exchange in the melt of induction
furnaces [963]; experimental and simulation studies of heat
transfer in polymer melts [964]; simulation of the sedimen-
tation of melting solid particles [965] and melting in micro-
gravity [966]. Further work included: physical modeling of
the melt flow during large-diameter silicon single crystal
growth [967]; combined atomistic-continuum modeling of
short-pulse laser melting and disintegration of metal films
[968]; natural convection in a liquid-encapsulated molten
semiconductor with a steady magnetic field [969]; 3-D
numerical simulation of on ground Marangoni flow insta-
bilities in liquid bridges of low Prandtl number fluid [970]
and pressure dependent viscosity and dissipative heating
in capillary rheometry of polymer melts [971]. In addition,
other studies reported suppression of Marangoni convec-
tion of silicon melt by a non-contaminating method [972];
influence of local magnetic fields on P-doped Si floating
zone melting crystal growth in microgravity [973]; three-
dimensional gravity-jitter induced melt flow and solidifica-
tion in magnetic fields [974], influence of high frequency
vibrations on fluid flow and heat transfer in a floating zone
[975] and heat transfer across a liquid–solid interface in the
absence and presence of acoustic streaming [976]. Lastly, a
numerical study for the role of natural convection in the
melting of a GaSb/InSb/GaSb sandwich system was
reported by [977].

Further work includes progress and perspective of pro-
cessing glass forming melts in low gravity [978]; numerical
study of transient thermal ablation of high-temperature
insulation materials [979]; modeling the thermal behavior
of solder paste inside reflow ovens [980]; heat flux density
and heat transfer coefficient between steel melt and metallic
substrates [981] and the effect of subcooling on convective
melting of a particle [982]; heat and mass transfer of a con-
vective-stratified flow in a trough type tundish [983]; ther-
mal analysis on planar interface stability in solidification
of semi-transparent materials [984]. Additional studies
reported on finite element solutions of heat transfer in mol-
ten polymer flow in tubes with viscous dissipation [985];
homogenization of temperature field in a steelmaking ladle
with gas injection [986]; chemical stratification and solidifi-
cation in a differentially heated melt [987]; kinetics of con-
vective crystal dissolution and melting, with applications to
methane hydrate dissolution and dissociation in seawater
[988] and energy balance analysis of ignition over a melting
polymer subjected to a high radiation heat flux in a channel
cross-flow [989]. Finally two modeling papers predicted
multicellular melt flow during natural convection-domi-
nated melting [990] and melting of a wire anode followed
by solidification [991].

15.5. Powders, films, emulsions, polymers, and particles

in a melt

Investigations reported on non-thermal equilibrium
melting of granular packed bed in horizontal forced con-
vection. Part I: experiment [992] and Part II: numerical
simulation [993] and mechanisms of selective laser sintering
and heat transfer in Ti powder [994].

15.6. Glass technology

One study reported radiative transfer modeling on tran-
sient temperature distribution in a semi-transparent glass
rod [995].

15.7. Welding

Work in this area is presented alphabetically by last
author including the following: a numerical simulation of
heat transfer and fluid flow in a double-sided gas-tungsten
arc welding process [996]; heat transfer and fluid flow
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during laser spot welding of 304 stainless steel [997]; in situ
observations of weld pool solidification using transparent
metal-analog systems [998]; modeling and analysis of metal
transfer in gas metal arc welding [999] and active solute
effects on surface ripples in electron-beam welding solidifi-
cation [1000]. In addition, modeling of heat transfer and
fluid flow during gas tungsten arc spot welding of low car-
bon steel [1001] and modeling of turbulent transport in arc
welding pools were reported [1002].

15.8. Enclosures

One study attempted to resolve the controversy over tin
and gallium melting in a rectangular cavity heated from the
side [1003]. Others included: conjugate heat and mass
transfer under conditions of motion of a viscous incom-
pressible liquid in an open rectangular cavity and wall
melting [1004] and natural convection heat transfer in
two-dimensional semi-circular slice pool [1005].

15.9. Energy storage—PCM

The work of investigations in this area are presented
alphabetically by last author. Work included: analytical
solutions for heat transfer during cyclic melting and freez-
ing of a phase-change material used in electronic or electri-
cal packaging [1006]; shape identification for water–ice
interface within the cylindrical capsule in cold storage sys-
tem by inverse heat transfer method [1007]; numerical sim-
ulation for fin effect of a rectangular latent heat storage
vessel packed with molten salt under heat release process
[1008]; approximate analytical model for solidification in
a finite PCM storage with internal fins [1009]; solid/liquid
phase change in presence of natural convection as a case
study [1010]; and an experimental study on thermal charac-
teristics of lauric acid as a latent heat storage material dur-
ing melting process [1011].

15.10. Casting, moulding and extrusion

Reports in this area focused on conjugate heat transfer
and effects of interfacial heat flux during the solidification
process of continuous castings [1012]; skin solidification
during high pressure die casting of Al–11Si–2Cu–Fe alloy
[1013]; effect of chill thickness and superheat on casting/
chill interfacial heat transfer during solidification of
aluminium [1014]; experiments to determine the interfacial
heat transfer coefficient during casting solidification [1015];
numerical simulation of three-dimensional flow, heat trans-
fer, and solidification of steel in continuous casting mold
with an electromagnetic brake [1016] and modeling of infra-
red heating of a thermoplastic sheet used in thermoforming
process [1017]. In addition, a hybrid method for casting pro-
cess simulation by combining FDM and FEM with a novel
data conversion algorithm was reported [1018] and a non-
isothermal investigation of cast film formation was pre-
sented [1019].
15.11. Mushy zone—dendritic growth and segregation

One study reported that the stability characteristics of
the mushy zone is affected by the solid layer below
[1020]. Additional studies reported on planar solidification
with a mushy zone [1021]; thermosolutal transport and
macro segregation during freeze coating of a binary sub-
stance on a continuous moving object [1022] and sharp-
interface simulation of dendritic growth with convection:
benchmarks [1023]. Finally one study reports finite ampli-
tude analysis of convection in rotating mushy layers during
the solidification of binary alloys [1024].

15.12. Solidification

Work in this area is reported alphabetically by first
author. Reports include studies on turbulent momentum,
heat and species transport during binary alloy solidification
in a top-cooled rectangular cavity [1025]; three-dimensional
double-diffusive convection and macrosegregation during
non-equilibrium solidification of binary mixtures [1026]; a
combined analytic and numerical method for predicting
the solid-layer growth from melt crystallization [1027]; sim-
ulation of the microstructure of a thin metal layer
quenched from a liquid state [1028]; double-diffusive con-
vection during solidification of a metal analog system
(NH4Cl–H2O) in a differentially heated cavity [1029];
three-dimensional simulation of freckle formation during
binary alloy solidification [1030] and analysis of gap forma-
tion at mold–shell interface during solidification of alumi-
num alloy plate [1031]. Other studies included: phase-field
modeling of rapid solidification in small alloy droplets
[1032]; solidification of a supercooled liquid in stagna-
tion-point flow [1033]; efficient adaptive phase field simula-
tion of directional solidification of a binary alloy [1034];
nanostructural aspects, free volume and phase constitution
of rapidly solidified Nd–Fe–B [1035]; effect of magnetic
field on g-jitter induced convection and solute striation
during solidification in space [1036]; role of the contact
layer between liquid and solid on a solidification process
[1037]. the structure of plumes generated in the unidirec-
tional solidification process for a binary system [1038].

Additional reports focused on cellular spacings in
unsteady-state directionally solidified Sn–Pb alloys [1039];
heat flow parameters affecting dendrite spacings during
unsteady-state solidification of Sn–Pb and Al–Cu alloys
[1040]; the columnar to equiaxed transition during solidifi-
cation of Sn–Pb alloys [1041]; numerical simulation of
water solidification phenomenon for ice-on-coil thermal
energy storage application [1042]; comparison between
numerical simulation and experimental measurement of
solute segregation during directional solidification [1043];
nucleation of bubbles on a solidification front [1044]; influ-
ence of convection and grain movement on globular equi-
axed solidification [1045] and controlling phase interface
motion in inverse heat transfer problems with solidification
[1046]. A last study reported distinct property effects on
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rapid solidification of a thin, liquid layer on a substrate
subject to self-consistent melting [1047].

15.13. Crystal growth

Work in this area is broken into general, Bridgman and
Czochralski crystal growth reports. The general reports
included the effect of a periodic movement on the die of
the bottom line of the melt/gas meniscus in the case of
an edge-defined film-fed growth system [1048]; investiga-
tion of ice crystal growth and geometrical characteristics
in an edge-defined ice slurry [1049]; numerical analysis of
the dissolution process of GaSb into InSb melt under dif-
ferent gravity conditions [977]; effect of wetting of melt
against die surface on the edge-defined film-fed growth of
oxide crystals [1050]; numerical analysis of double-diffusive
convection/solidification under g-jitter/magnetic fields
[1051] and solutal convection during growth of alloyed
semiconductor crystals in a magnetic field [1052]. Addi-
tional work investigated the role of heat transfer and
thermal conductivity in the crystallization behavior of
polypropylene-containing additives [1053]; modeling of
phase boundaries for large industrial FZ silicon crystal
growth with the needle-eye technique [1054]; an advanced
multi-block method for the multiresolution modeling of
EFG silicon tube growth [1055]; modeling of solid layer
growth from melt for Taylor bubbles rising in a vertical
crystallization tube [1056]; three-dimensional simulation
of floating-zone crystal growth of oxide crystals [1057];
and optimization of thermal conditions during crystal
growth in a multi-zone resistance furnace [1058].

Bridgman work included investigation of the effects of
internal radiation on heat flow and facet formation in
Bridgman growth of YAG crystals [1059] and on the kinet-
ics and heat transfer of CdZnTe Bridgman growth without
wall contact [1060].

Czochralski work represented the bulk of the crystal
growth literature reviewed. Investigations included the pre-
diction of the melt/crystal interface geometry in liquid
encapsulated Czochralski growth of InP bulk crystals
[1061]; effect of internal radiative heat transfer on spoke
pattern on oxide melt surface in Czochralski crystal growth
[1062]; effect of RF coil position on spoke pattern on oxide
melt surface in Czochralski crystal growth [1063]; mecha-
nism of heat and oxygen transfer under electromagnetic
CZ crystal growth with cusp-shaped magnetic fields
[1064]; gas flow effect on global heat transport and melt
convection in Czochralski silicon growth [1065]; cal-
culation of bulk defects in CZ Si growth: impact of melt
turbulent fluctuations [1066]; effect of thermocapillary con-
vection in an industrial Czochralski crucible [1067]; tran-
sient and quasi-stationary simulation of heat and mass
transfer in Czochralski silicon crystal growth [1068]; mod-
eling analysis of VCz growth of GaAs bulk crystals using
3-D unsteady melt flow simulations [1069]; modeling anal-
ysis of liquid encapsulated Czochralski growth of GaAs
and InP crystals [1070]; global heat and mass transfer in
vapor pressure controlled Czochralski growth of GaAs
crystals [1071] and variations of solid–liquid interface in
the BGO low thermal gradients Cz growth for diffuse
and specular crystal side surface [1072]. Final studies
included numerical analysis of transport phenomena in
Y–Ba–Cu–O melt during growth of superconducting crys-
tal Y123 by Czochralski method [1073] and influence of
internal radiation on the heat transfer during growth of
YAG single crystals by the Czochralski method [1074].
15.14. Droplets, spray, and splat cooling

Work in this area is reported alphabetically by first
author. Investigations included work quantifying interfa-
cial thermal resistance and surface energy during molten
microdroplet surface deposition [1075]; Marangoni and
variable viscosity phenomena in picoliter size solder drop-
let deposition [1076]; droplet solidification and gas-droplet
thermal coupling in the atomization of a Cu–6Sn alloy
[1077]; a stochastic model to simulate the formation of a
thermal spray coating [1078]; experimental investigation
of the transient impact fluid dynamics and solidification
of a molten microdroplet pile-up [1079]; experimental and
numerical analysis of the temperature transition of a sus-
pended freezing water droplet [1080]; modeling thermal
spray coating processes: a powerful tool in design and opti-
mization [1081]; synthesis of b-FeSi2 by splat solidification
in short-duration microgravity [1082]. Additional work
focused on coupled liquid film and solidified layer growth
with impinging supercooled droplets and Joule heating
[1083]; Eulerian three-phase formulation with coupled
droplet flow and multimode heat transfer [1084] and tem-
perature gradient in the unfrozen liquid layer for multi-
phase energy balance with incoming droplets [1085]; heat
flow and solidification during atomization and spray depo-
sition processing [1086] and modeling and simulation of the
microstructure evolution of the gas-atomized alloy droplets
during spray forming [1087]. Final studies included an
experimental study and modeling of the crystallization of
a water droplet [1088] and interactions between molten
metal droplets impinging on a solid surface [1089].
15.15. Oceanic, geological, and astronomical phase change

Work in this area focused on melt generation and fluid
flow in the thermal aureole of the Bushveld Complex
[1090] and the contribution of mantle plumes, crystal thick-
ening and greenstone blanketing to the 2.75–2.65 Ga global
crisis [1091].
16. Radiation

The papers below are divided into subcategories that
focus on the different impacts of radiation. Most of the
papers report the results of modeling studies. Papers
describing the development of new numerical methods
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themselves are reviewed in the numerical methods section
under the subcategory radiation.

16.1. Radiative transfer calculations and influence of the

geometry

Several methods have been used to study radiative trans-
fer in one- or multi-dimensional systems. The Discrete
Ordinate Method (DOM) is popular among many authors.
Koo et al. [1092] apply it to two-dimensional curved geom-
etries. Li et al. [1093] consider collimated irradiation and
attempt to mitigate ray effects [1094]. A discrete ordinate
scheme is also used to model 2-D pinhole image formation
of large-scale furnaces [1095]. Vargas et al. [1096] propose a
decomposition method for slab geometries. The discrete
transfer method is used to estimate boundary conditions
[1097]. An adaptive angular quadrature for the discrete
transfer method based on error estimation is discussed in
[1098]. Angular domain discrete wavelets are used to ana-
lyze the radiation in rectangular domains [1099].

Daun et al. [1100] propose a geometric optimization for
radiant enclosures with specular surfaces. A backward
Monte Carlo method is discussed in [1101]. Finite volume
methods are used for one-dimensional transient transfer
[1102], in complex geometries with different boundary treat-
ments [1103], and for the analysis of partitioned idealized
furnaces [1104]. Park and Sung [1105] describe a three-
dimensional inverse radiation problem.Nonlinear program-
ming is used to optimize radiative enclosures in [1106].
Highly efficient parallel computing schemes are developed
in [1107,1108]. A fast approximate method for radiative
exchange based on view factors is proposed for use in com-
bined heat transfer calculations in [1109].

A reduced integration scheme is proposed by Tian and
Chiu [1110]. Song and Li report an adaptive integration
scheme for thermal radiation exchange in axis-symmetric
furnaces [1111]. A half-space moment method is applied
in [1112]. The inverse evaluation of an emissivity function
is presented in [1113]. The use of extended surfaces for
the reduction of critical temperatures of theater luminaries
is discussed in [1114]. The thermal response of plasma fac-
ing components in a steady-state tokamak is studied ana-
lytically and via a 2-D finite element model in [1115].

16.2. Radiation and combustion

Combustion problems involve radiative heat transfer as
well as participating media, and other heat transfer modes.

A number of papers consider radiation in flames. Zheng
et al. [1116,1117] study the spectral radiation properties of
partially premixed and non-premixed flames. The influence
of the initial droplet size on the burning rate is studied in
[1118]. Radiative transfer and its influence on the soot for-
mation in a jet diffusion flame is discussed in [1119]; spec-
tral radiative effects and turbulence/radiation interaction
in a non-luminous turbulent diffusion flame are considered
in [1120]. A weighted sum of gray gases model is used in the
modeling of opposed flow diffusion and partially premixed
flames [1121]. Turbulence/radiation interactions in diffu-
sion jet flames are studied in [1122].

Aspects studied related to the radiative heat transfer and
its influence on fire spread include the interaction of the fire
environment and internal solid regions [1123], radiation in
bushfires [1124], and the dynamics of flashover in compart-
ment fires [1125]. Also relevant for this topic is the evalua-
tion of the Planck mean absorption coefficient for radiation
transport through smoke [1126]. The use of the gray
assumption in fire/water spray assumptions is investigated
in [1127]. Radiation in non-gray sooting media is studied in
[1128].

Wiedenhoefer and Reitz present a multi-dimensional
radiation model for diesel engines [1129]. A fast corre-
lated-k approach is proposed in [1130]. The multi-dimen-
sional characteristics of sodium combustion are studied
in [1131].

16.3. Participating media

Papers in this category focus on emission and absorp-
tion properties, as well as scattering properties of the par-
ticipating medium.

Several papers deal with the efficient description of radi-
ative transfer in participating gaseous media. Zhang and
Modest consider the radiative properties of CO2 and water
vapor [1132–1134]. Modest [1135] compares the correlated-
k vs. scaling approximation for narrow-band and full-
spectrum distributions. A multi-band model is used in the
simulation of a hypersonic radiating flow field [1136].

Semitransparent media featuring absorption and emis-
sion and sometimes spatially non-uniform refraction are
studied in several papers. Graded index semi-transparent
slabs are considered in [1137], refractive index effects in
multilayer scattering composites in [1138,1139], and semi-
transparent slabs with arbitrary refractive index distribu-
tions in [1140,1141]. Transient heat transfer in a multilayer
composite with one specular boundary is studied in [1142].
Zhou and Zhang consider semi-transparent silicon wafers
with rough surfaces [1143]. Absorption considering a large
number of frequency bands is studied in the cooling of
high quality optical glass [1144]. A new domain isolation
approach is described in [1145] and applied to large-scale
semi-transparent media.

Isotropic scattering is important in several participating
media. Two approximation schemes for 1D slabs are dis-
cussed in [1146]. A plane parallel random medium of two
immiscible media with Rayleigh scattering is considered
in [1147]. Homogeneous and inhomogeneous solid spheri-
cal media are considered in [1148].

Several papers also deal with the influence of anisotropic
scattering. Hao et al. [1149] study the effect of anisotropic
scattering on the radiative transport in two-dimensional
rectangular media. The discrete ordinate method in aniso-
tropic scattering problems is studied in [1150,1151]. Radia-
tive transfer in three-dimensional cylindrical media is
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investigated in [1152]. The existence and uniqueness of a
steady-state solution of a coupled radiative–conductive
problem for a non-gray anisotropic medium is studied in
[1153].

Various papers focus on numerical approaches to model
participating media. An inverse radiation problem is solved
in [1154] by minimizing a performance function defined by
the square residuals of calculated and observed tempera-
tures. An inverse boundary design problem for a partici-
pating medium with irregular boundaries is solved in
[1155]. A net radiation method is applied to the exchange
between two gray plates through a radiation shield of
transparent/reflecting/absorbing plates [1156].

16.4. Combined heat transfer

Papers in this subcategory consider the combined effect
of radiation with conduction and/or convection. Several
papers focus on conduction and radiation. A complex com-
bination solution for radiative–conductive transfer with
periodic boundary conditions is developed in [1157]. Non-
linear heat transfer in a conductive/radiative system
consisting of a thin finite rod is studied in [1158]. The col-
lapsed dimensions method and discrete transfer method for
combined heat transfer are compared in [1159]. An inverse
boundary design problem for irregular two-dimensional
domains is considered in [1160]; a slab is considered in
[1161]. Transient conduction/radiation in planar packed
beds with variable porosity is studied in [1162]. A radial
effective thermal conductivity including the effect of radia-
tion has been defined for steel coils in a HPH furnace in
[1163].

Convection and radiation plays an important role in
film cooled liquid rocket engines [1164]. Sparrow and
Abraham [1165] present a computational analysis of radia-
tive and convective processes in preheated and non-pre-
heated ovens. Radiation combined with laminar mixed
convection in vertical tubes is considered in [1166]. Ado-
mian’s decomposition procedure is applied to convective–
radiative fins in [1167]; mutually irradiating fins are inves-
tigated in [1168]. A shape optimal design of gray radiative
bodies exposed to forced convection is performed in [1169].

Radiation, convection and conduction play a role in the
modeling of moving bed furnaces for uranium tetrafluoride
production [1170], and in the modeling of thermophotovol-
taic systems [1171].

16.5. Microscale radiative transfer

Transmission enhancement by negative–refractive index
layers was studied by Fu and Zhang [1172]. The influence
of adsorbates on the heat transfer between two solid sur-
faces at short separation was investigated by Volokitin
and Persson [1173]. Transient radiative transfer through
thin films is the topic of Hassan et al.’s work [1174]. A rig-
orous electromagnetic model of the radiative properties of
a patterned silicon wafer is developed in [1175].
A number of papers by Liu consider the interaction of
radiation with small particles. The effect of multiple size
groups is studied in [1176], the impact of locally non-
uniform particle temperatures are studied in [1177], and a
concept for multi-scale modeling of polydispersions is dis-
cussed in [1178]. The radiative transfer in electro-controlla-
ble fluids which contain micron-sized, polarizable particles
is investigated by Hargrove et al. [1179]. The radiative
properties of construction materials based on dispersed
particulate media are analyzed in [1180].

16.6. Experimental methods and systems

Only few studies of experimental methods and systems
are reported this year. Sanchez and Sutton determine the
reflectance function of aluminum and stainless-steel foil
surfaces with an experimental scatterometer [1181].

17. Numerical methods

Advances in numerical methods and the easy availability
of the necessary computer hardware have led to widespread
simulation of physical processes on a computer. The simu-
lation of heat transfer, fluid flow, and related processes is
achieved by numerical solution of the governing partial dif-
ferential equations. The numerical simulation is used in
academic research and in industrial applications. In this
review, the papers that mainly focus on the application of
numerical methods to particular problems are reviewed in
the appropriate application category. The papers that pri-
marily deal with the development of a numerical technique
are included in this section.

17.1. Heat conduction (direct problems)

Laplace transforms are used to calculate transient heat
flow through multilayer spherical structures [1182]. Parallel
computations are performed for lower and upper bounds
of temperature in a conjugate heat transfer problem
[1183]. A domain decomposition method is described for
three-dimensional boundary-element models in heat con-
duction [1184]. A perturbation technique is presented for
conjugate heat transfer in circular ducts [1185]. A second-
order finite-volume procedure is proposed for anisotropic
media [1186]. Adaptive Delaunay triangulation is used
for heat conduction analysis [1187].

17.2. Heat conduction (inverse problems)

A network simulation method is used for an inverse
determination of unsteady heat fluxes [1182]. The perfor-
mance of an inverse heat conduction method is studied
for the identification of shape of a solid body [1188]. A sim-
plified conjugate-gradient method is employed for shape
identification [1007]. A method is formulated for multi-
dimensional inverse heat conduction problems [1189]. An
iterative regularization method based on an inverse
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algorithm is applied for the simultaneous determination of
heat and mass production rates [1190]. A direct integration
approach is used for the inverse determination of thermal
conductivity and specific heat [1191]. Thermophysical
properties are also estimated for an anisotropic composite
material [1192]. An inverse heat conduction problem in
nanoscale is solved using a sequential method [1193].
Non-iterative determination of thermal conductivity is
made by a direct integration method [1194]. A solution
method is described for a nonlinear three-dimensional
inverse heat conduction problem [1195]. A solution scheme
based on the maximum entropy method is presented for a
two-dimensional heat conduction problem [1196]. In turbu-
lent forced convection, the wall heat flux is estimated by
inverse analysis [1197]. A non-iterative finite-element
method is described for inverse heat conduction problems
[1198]. A transient inverse heat conduction problem is
solved in the context of gas quenching of steel plates
[1199]. A sequential method is proposed for the estimation
of boundary conditions in nonlinear inverse heat conduc-
tion problems [1200].

17.3. Phase change

An implicit enthalpy formulation is proposed for phase-
change problems on an unstructured grid [1201]. Pertur-
bation methods are developed for Stefan problems with
time-dependent boundary conditions [1202]. Benchmark
cases are presented for the solution of one-dimensional
Stefan problems [1203]. A fixed-grid front-tracking algo-
rithm for solidification is described [1204] and applied to
the problem of directional solidification [1205].

17.4. Convection and diffusion

A new stabilized formulation is presented for the con-
vection-diffusion problem [1206]. A study is presented for
the use of linear feedback control for convection and diffu-
sion [1207]. A variety of TVD schemes are implemented for
unstructured grids and their performance is examined
[1208]. An improved advection scheme is used for the treat-
ment of buoyancy [1209]. A streamline upwind numerical
formulation is used for simulation of confined impinging
jets [1210].

17.5. Fluid flow

A node-centered pressure-based method is proposed for
all speed flows on unstructured grids [1211]. The momen-
tum interpolation method is studied for flows with a large
body force [1212]. A general pressure-correction strategy is
described for the inclusion of density variation in incom-
pressible algorithms [1213]. An algebraic smoothing pres-
sure correction is employed for preventing pressure
checkerboarding on meshes with collocated variables
[1214]. A higher-order mixed finite-element method is used
to solve a natural convection benchmark problem [1215].
Four outflow boundary conditions are investigated for
use with multidomain spectral method [1216]. A multiblock
implementation of a single-block flow solution procedure is
reported [1217]. A scalable finite-element solution of the
Navier–Stokes equations is developed [1218]. A time-accu-
rate finite-element algorithm is presented for incompress-
ible flows [1219]. An efficient artificial-compressibility
scheme is introduced for finite-element solution of incom-
pressible flows [1220]. A pressure-stabilization technique
is presented for an equal-order finite-element algorithm
[1221]. An improved SIMPLEC method is formulated for
collocated grids [1222]. A finite-difference method for the
Navier–Stokes equations is implemented on non-staggered
grids [1223]. A new higher-order bounded scheme is pro-
posed for incompressible flows [1224].

17.6. Other studies

A parallel unstructured-grid finite-volume method is
developed for turbulent flames using the flamelet model
[1225]. A method of creating dynamically adapting grids
is presented for unstable laminar combustion [1226].

18. Properties

Thermal conductivity and diffusivity attract an unusu-
ally high level of interest. Biological and nanosystems
are the focus of property investigations, analytical and
experimental.

18.1. Thermal conductivity, diffusivity, and effusivity

Experimental investigations include the thermal conduc-
tivity of Kapton HN sheets at super fluid helium tempera-
tures, the use of a novel cylindrical hot wire probe to
determine the conductivity of biological tissue, and the
determination of the role of moisture in the insulation
effectiveness of certain insulations and building materials
[1227–1229]. A variety of techniques are employed to mea-
sure the diffusivity of disparate systems: photo-acoustic
scheme for undoped Bi2Se3 crystals doped with various
concentrations of Te; photo-thermal radiometry technique
to improve the measurement accuracy; a dual-thermistor
probe using the heat pulse method for absolute measure-
ment of diffusivity and conductivity, the transient plane
source (TPS) technique for measuring effective diffusivity
and conductivity for polyaniline (PANI) mixed with man-
ganese and iron and high T-C superconductors at low tem-
peratures. Photothermal displacement spectroscopy for a
non-contact approach for obtaining diffusivity values for
solid systems; the laser flash and hot-wire methods are
applied to determine the effect of structure on the diffusiv-
ities of liquid silicates. A new photo-pyroelectric approach
is described for measuring thermal effusivity in three trans-
parent liquids [1230–1238].

A number of papers report conductivity results for novel
systems: enhancement of conductivity using heat transfer
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fluids with suspended ultra-fine particles of nanometer size
(nanofluids); a microdevice for measuring thermophysical
properties of one-dimensional nanostructure (nanotubes,
nanowires, nanobelts); for solid SF6, CHCl3, C6H6, CCl4
crystals the contributions of phonon–phonon and pho-
non-rotation interactions to total thermal resistance are
identified; measurement of phonon diffusivity of glass and
silica aid the thermal characterization of semi-transparent
media; using the laser-flash technique the conductivity of
small-grained porous ceramics and large-grained dense
ceramics are measured; experiment justifies a need to
account for internal thermal radiation heat transfer in
establishing the effective thermal conductivity for burning
black-liquor particles; measurement of thermal diffusivities
for single crystals and mantel rocks improve the under-
standing of the heat transfer process in mantle dynamics
geology [1239–1245]. Thin film properties are studied using
photo-thermal beam deflection technique for thermal diffu-
sivity of Bi2Se3, the molecular beam method for double
epitaxial layers of doped n-type GaAs, and an open photoa-
coustic cell to evaluate thermal diffusivity of intrinsic and
doped InP. Thin film conductivity, important in the design
of nano-electro-mechanical or micro-electro-mechanical
systems, is calculated using non-equilibrium molecular
dynamics [1246–1249].

18.2. Diffusion

The role of diffusion is studied for a variety or systems:
acetone, methyl acetate, and chloroform in amorphous
polyvinylacetate using solvent evaporation and transient
effects of disturbances on self-diffusivity measurements.
The process of diffusion is also important in a number of
applications: absorption by thin disks when immersed in
certain liquids with consequent swelling; diffusive proper-
ties of methanogenic granular sludge in wastewater treat-
ment bioreactors, thermal diffusivity measurements for
seven upper mantle rocks, and an experiment based correc-
tion proposed for the mass diffusivity or wood in steady
regime [1250–1255].

18.3. Heat capacity/specific heat

Experimental measurements are reported for: solids at
room temperature by measuring the cooling (or heating)
rate of a sample; reaction mixtures using a small scale
(100 mL) calorimeter; protein model compounds, as
affected by added protein denaturant (Urea), using a
vibrating tube densimeter and a dynamic microcalorimeter;
softwood bark and softwood char particles and agricul-
tural materials (cottonseed and co-products) [282,1256–
1259] using differential scanning calorimetry.

Analytical investigations embrace a variety of systems
and approaches. Thus microwaves accelerate the curing
process of polymer and polymer based composites, partic-
ularly electrically conductive adhesive (ECA) and cause
internal heat generation and conduction. Finite element
analysis estimates the transverse thermal conductivity of
continuous fiber reinforced composites of random distribu-
tion and imperfect interfaces. Using non-equilibrium
molecular dynamics (NEMD) the effect of molecular elon-
gation on the conductivity of diatomic liquids has been
analyzed. For the normal modes of the protein myoglobin,
thermal conductivity and diffusivity are calculated using
perturbation theory. Dense gases and liquids conductivity
dependences on concentration are considered within the
framework of the lattice model. For the non-uniform gran-
ular system a fractal model is found to study the effective
thermal conductivity of the mixed system. A novel percola-
tion computational model is introduced to analyze likely
future integrated circuits employing polymers filled with
highly conductive ceramic (e.g. boron nitride) particles to
promote high thermal conductivity. A similar system of
mixed granular material (e.g. quartz sand bonded in resin
common to metallic alloy casting) achieves practical results
by using a substitute thermal conductivity coefficient. Heat
transfer in high porosity foods is also modeled using an
apparent conductivity, and also by an artificial neutral net-
work (ANN). For predicting soil temperature profiles in
land surface models a scheme is developed based on the
discretized diffusion equation of Heat Transfer through
the soil column [1260–1272].

Heat capacity effects are examined when calculating
phase-change thermodynamic properties for water, 1-buta-
nol, and n-octave liquid phases and a helium vapor phase.
A simple quantitative structure–property relationship is
used to calculate a set of properties or aliphatic alcohols.
Thermal (and magnetic) properties for strong coupling lad-
der compounds are investigated by the quantum transfer
matrix method [1273–1275]. For nanosystems thermal con-
ductivity is investigated for a semiconductor nanowire and
for nonafluids formed by suspending metallic nanoparticles
in conventional base liquids [1276,1277]. Models are also
developed for calculating state properties for refrigerant
mixtures of R507 and R410A and formulating thermody-
namic properties of supersaturated moist air [1278,1279].

18.4. Viscosity

The utility of equations used to compute the viscosity of
neutral and ionized species and gas mixtures is assessed and
the practice of correcting for the exponential dependence of
viscosity on temperature in natural convection is given a
mathematical basis [1280,1281].

19. Heat transfer applications—heat exchangers and

thermosyphons

19.1. Heat exchangers

A major effort is directed toward the design, modeling,
numerical analysis, and correlation of existing data on heat
exchangers. Design is the focus for a honeycombed rotary
desiccant wheel, plate heat exchangers, non-circular duct
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passages, a divided circular conduit, and two-phase
exchangers [1282–1286]. Modeling embraces plate
exchangers of generalized configuration, natural circular
loop thermal convection, counter-flow wet cooling towers,
fluidized-bed exchangers, high performance cryogenic
units, power transformers, black-liquor evaporators, thin
porous layer devices, and a vapor-compression machine
using R-407C [1287–1297]. Numerical analysis treats rect-
angular channels with built-in circular tube, effect of inlet
flow on performance of 3-fluid cross-flow exchanger, effi-
ciency of concentric circular tubes, entropy generation in
exchangers, effectiveness-NTU equations, LMTD for
exchangers, imaging local coefficients in plate-finned tube
units, combustor-exchangers, thermoelectric generation in
condensers, coil energy recovery loop system and refriger-
ation devices [1298–1311]. Correlations include coefficients
in a helical tube unit, membrane dialysis in rectangular
mass devices, unified Wilson plot approach, simulation of
air separation unit exchangers, and exchanger transient
analysis [1312–1316].

Experimental works consider a variety of systems and
situations: thermal contact resistance in fin-and-tube evap-
orators, evaporation of R410A in plate exchanger, circulat-
ing fluidized bed evaporation, scraped surface exchanger,
condensation of steam and non-condensable gas in tubes,
an improved method of measurement data reduction, 3-D
woven mesh exchanger surfaces, flow of foam in staggered
tube bank, natural draft cooling towers, and absorption of
organic fluid mixtures in plate exchangers [1317–1329].

A number of investigations study refrigeration and cli-
mate control areas: a small capacity shell and tube ammo-
nia evaporator refrigerant flow in capillary tubes, wire-and-
tube condensers, switching frequency in adsorption chill-
ers, survey of refrigerant plate evaporators, air-condition-
ing rotary regenerator, effect of compressor oil on system
exchangers, the Gifford–McMahon-type pulse tube refrig-
erator, window steam condenser, low temperature waste
heat adsorption chiller, hollow fiber membranes for evapo-
rative cooling, optimization of regenerated air refrigerator
and the analysis of reversed cooling tower operation [1330–
1343].

Other papers consider heat-exchanger networks [1344–
1347], compact exchangers [1348–1350], vertical bore and
earth-air exchangers [1351–1354], and falling film heat
transfer in a desalination system [1355]. Metal foams as
compact high performance exchangers, reducing micro
reactor/size by enhancing heat transfer, thermal microflow
sensors, and microchannel cooling of microprocessors con-
clude this section [1356–1359].

19.2. Heat transfer enhancement

A variety of approaches, some simple and straight for-
ward, others novel or complex, are explored to enhance
heat transfer. Analytical studies include the insertion of
an impermeable surface of negligible thermal resistance
to divide a circular tube into two sub channels, the use of
longitudinal vortices, perforated plate matrix exchangers
(MHES), regenerators with spherical particles, fluted
tube-in-tube condensers in heat pumps, cylinder with high
conductivity radial fins in cross-flow, absorption refrigera-
tion with finned exchanger, plate exchanger with rectangu-
lar winglet pair combining vortex and lower fin effects,
surface-mounted block heat sources in a duct with baffles,
pin-fin exchanger in unsteady flow, air-cooled finned
exchanger with thin water film evaporation, radiating and
convective-radiating circular fin design, fin-tube junction
effects in flat tube louvered exchangers, and use of oval
tubes and multiple delta winglets in cross-flow exchangers
[1360–1374].

Experiments are conducted on: angled spiraling tape
inserts in an exchanger annulus, louvered-fin arrays, clam-
shell exchangers with dimples, condensation in plate
exchangers with various chevron angles, plain and finned
tube evaporatively cooled exchangers, corrugated channel
exchanger, plate heat exchangers (PHES) with wavy chan-
nels, channels fully or partly filled with porous medium, tip
clearance effects on shrouded pin-fin array performance,
miniature loop heat pipes for electronics cooling, sub-
cooled–scraped surface with/without phase change, rectan-
gular ducts with staggered square pin fins, loss penalty for
tube row numbers in staggered finned-tube bundles with
winglets, convective transfer from extruded helical finned
tubes, airside transfer of finned tube bundles, enhancing
transfer using drag reducing surfactant solutions, rectangu-
lar channels with porous baffles, microfin array with flow-
induced vibration, condensation in narrow rectangular
channels with perforated fins, finned tube exchanger oper-
ation under frosting conditions, two novel two-phase heat
transfer fluids-microcapsule slurry and emulsion-enhance
process, and fin-and-tube-exchangers with radial slit fins
[1375–1395]. Naphthalene sublimation technique is applied
to louvered-fin arrays, a plate fin and two-tube assembly,
winglet vortex generator height and 3-row flat tube bank
fin, and the behavior of a vortex-enhanced interrupted fin
[1376,1396–1398].

19.3. Fouling

Since the fouling of heat exchangers can significantly
influence the performance of a plant and its elements efforts
continue to understand, prevent or mitigate the phenom-
eum. This has led to the study of the mechanism of crystal-
lization, modifying the interfacial interaction between the
surface and crystalline deposit, simulating the fouling pro-
cess using the CFD code FLUENT, the effects of changes
in solution composition in seawater evaporators, oxide
depositions on Incoloy 800 steam generator tubes, predic-
tion of depositions on HVAC exchanger with particles
present [1399–1406].

Experiments treat water scale influence on circumferen-
tial tube heat transfer in staggered tube bank, effect of alka-
line-acidic cleaning solutions on fouling of heat transfer
surfaces in milk pasteurization, air side fouling in a com-
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pact exchanger, internal helical-rib roughness tube fouling,
reduction of bio-fouling through biofiltration of process
water, non-binding oil shale ash deposition on boiler trans-
fer surfaces, fouling and cleaning effects on enhanced
exchanger surfaces, tube thermal stresses arising from
cleaning jets, initiation growth and composition of crystals
formed from Na2CO3 and Na2SO4, and fouling tendencies
of pulverized–blended coals, and mitigation of fouling by
ozonation [1407–1417].

19.4. Thermosyphons (heat-pipes)

Design, models, numerical analysis, and simulation are
treated for a number of heat-pipe applications. Included
are: oscillatory flow in pulsating devices, mathematical
model for heat sink embedded with closed two-phase ther-
mosyphon, high-speed rotating units, steady-state opera-
tion of salt loaded heat-pipes, two-dimensional model of
sintered porous media heat transfer, stability boundaries
in natural circulation single-phase loop, operation limits
for rotating cylindrical units, start up lithium–molybdenum
device from frozen state, and the influence of electric field
presence [1418–1426]. Special consideration is given to heat
pipe use in electronic cooling, miniature compact two-
phase thermosyphons, electro hydrodynamic micro heat
pipes, and mantle convection in terrestrial bodies. The sta-
tus of research, development and application of this tech-
nology in China is also reported [1427–1433].

Measurements on the behavior of such systems consider
flat and U-shaped heat spreaders for high power electron-
ics, effects of air infiltration on large flat-plate units, boiling
and two-phase closed units with internal grooves, closed
loop pulsating and oscillating devices, smooth-wall recipro-
cating anti-gravity open systems, influence of inclination
angle on condensation for closed two-phase units, radially
rotating heat pipes, transient behavior of two-phased
closed version, aspects of sintered microfibrous metallic
felts applied to heat pipes, thermosyphon use in thermo-
electric refrigeration system, gas-controlled heat pipe use
for accurate temperature measurements, small-loop config-
urations, and micro heat pipes for electronic cooling [1434–
1449].

20. Heat transfer applications: general

20.1. Nuclear reactors

Several papers analyze hypothetical loss-of-coolant-
accident (LOCA) situations. Heat transfer in the narrow
gap between molten core debris and the reactor pressure
vessel have been studied by Okano [1450]. Martin-Fuertes
et al. [1451] study two reactor flooding scenarios when the
molten core (corium) relocates to the lower-plenum region
of the reactor. Maruyama et al. [1452] perform calculations
to evaluate the effectiveness of cooling reactor debris in a
LOCA by water injection. The transient temperature field
in a fusion–fission International Thermonuclear Experi-
mental Reactor (ITER) under a LOCA is studied, and time
required for structural failure is evaluated [1453].

Han and Chang [1454] develop a thermohydraulic anal-
ysis code which can model internally and externally cooled
fuel pins, and compare its results to other codes such as
RELAP.

Peterson et al. [1455] evaluate the RETRAN3D code by
comparing two-phase pressure drop and heat transfer pre-
dictions to a large body of experimental data.

20.2. Buildings

Usmani et al. [1456] perform a finite-element analysis of
the collapse of the World Trade Center towers and argue
that the fires created by the attack may alone have been
responsible for building collapse, even if there had been
no structural failure. Ludwig [1457] presents different mod-
els heat transfer processes that are used to reduce data
obtained from thermographic testing of buildings, and
shows how accurate data may be obtained in spite of com-
plicating variables. The impact of mixed convection on the
cooling capacity of a ceiling radiant panel in mechanically
ventilated spaces is estimated [568]. The influence of assem-
bly method on the heat transfer in a wall of vertically per-
forated bricks is estimated [1458]. Garrabrants and Kosson
[1459] model moisture transport from a Portland cement-
base material during storage in reactive and inert atmo-
spheres. Goering [1460] studies the heat transfer and
thermal characteristics of railway embankments that are
made of unconventional materials to prevent thawing in
permafrost covered areas. Three different kinds of such
embankments are studied for the case of the Qing-Tibet
railway [1461]. Hagishima and Tanimoto [1462] perform
measurements of the convective heat transfer coefficient
for various urban canopy surfaces. An inverse method to
calculate transient convective heat transfer coefficients
inside building enclosures is evaluated experimentally
[1463].

20.3. Geophysics

Zhao et al. [1464] investigate the effects of hot intrusions
and topographically driven horizontal flow on the distribu-
tions of pore velocity and temperature in large-scale hydro-
thermal systems. Santoyo et al. [1465] explain the difference
between measured and predicted convective heat transfer
coefficients in drilling of geothermal wells by accounting
for non-Newtonian effects. Inoue et al. [1466] measure tur-
bulent heat fluxes over the Sea of Okhotsk during cold-air
outbreaks and find that the primary contribution to the
heat flux is the ice concentration on the surface. Golden
[1467] applies percolation theory to sea ice, and discusses
how the geometry and connectivity of brine microstructure
in ice determine its complex permittivity and transport of
nutrients in sea ice. Simulation of the thermal and hydrau-
lic field because of a negative temperature gradient and
cold temperatures in the 1-kn-deep borehole of the Mauna
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Kea (Hawaii) suggests that meteoric water flow from the
mountain range controls the temperature in the upper part
of the borehole, while salt water circulation from the
nearby ocean affects the lower part [1468].

20.4. Electronic packaging

Ryu and Choi [1469] perform shape optimization for the
thermal performance of a manifold microchannel heat sink
using a SIMPLE-type finite volume method for the flow
equations and a steepest-descent technique for shape.
Another study uses an inverse method to optimize the
shape of a package containing multiple heating elements,
with the constraint of a specified outer surface temperature
[1470]. Darabi and Ekula [1471] present a novel device for
chip cooling which uses electrohydrodynamic principles. A
thin electric field is applied using a set of interdigitated
inclined electrodes to form a thin film of fluid over a sur-
face requiring cooling. An equivalent thermal conductivity
model for heat sinks based on the Churchill and Chu cor-
relation is presented [1472]. Ghodoosi and Egrican [1473]
use constructal theory for solving a conductive cooling
problem. Active thermal control is applied to distributed
parameter systems such as packaged devices such as micro-
processors [1474]. The effects of local flow phenomena such
as stagnation and acceleration, separation and reattach-
ment of the cooling flow on the local heat transfer coeffi-
cient are studied using a mass transfer (naphthalene
sublimation) experiment [1475]. Coetzer and Visser [1476]
present a compact model to predict interfin velocity and
resulting pressure drop across a longitudinal fin heat sink
with tip bypass.

20.5. Manufacturing and processing

20.5.1. Milling

Chen et al. [1477] present an inverse heat transfer model
to calculate heat flux and temperature distribution on the
tool–workpiece interface in high-speed milling.

The heat transfer coefficient during the thermoplastic
composite layup process is estimated using an inverse
method [1478]. Eulerian and Lagrangian approaches are
compared for transient heat transfer analysis of simulta-
neous tape winding and in situ curing of orthotropic com-
posites [1479].

20.5.2. Casting

Models are developed and experimentally validated for
the non-isothermal filling of the mold during a resin trans-
fer molding process [1480]. Glass forming is analyzed and
the effects of radiative heat transfer on the glass–mould
contact temperature are quantified [1481]. Glass composi-
tion is identified as a significant parameter. A fixed-mesh
finite element formulation is used to solve the weak form
of the Navier–Stokes equations to simulate a twin-roll strip
casting process [1482]. A finite element model is developed
and its results compared with experimental data on squeeze
casting of metal matrix composites in cylindrical molds
[1483]. The effect of gas pressure of evaporated foam on
the molten flow and free surface behavior during the lost
foam casting process is simulated using the SOLA-VOF
algorithm [1484]. The Downhill Simplex and Beck’s opti-
mization method are used to calculate the thermal contact
resistance between an alloy casting and a mold, and the
heat transfer coefficient between the mold a bath used to
control the speed of the solidification process [1485].

20.5.3. Welding

A heat transfer model for deep penetration laser welding
is presented that examines an experimentally obtained sta-
ble keyhole. The temperature around the keyhole and the
heat flux lost to the keyhole walls are estimated [1486].
Analysis of spot welding using conduction heat transfer
alone seems sufficient to estimate transition to keyhole for-
mation, if the ‘double-ellipsoidal’ representation of the
laser beam is used [1487].

Shiff [1488] considers the problem of determination of
volumetric heat generation in a furnace chamber from
the observed radiation flux distribution. A mathematical
model of a mineral melting cupola furnace for stone wool
production including the effects of reactions between coke,
iron oxide, limestone and gaseous species is presented
[1489].

The development of a model to describe conditions dur-
ing hot-pressing of wood-based composites is discussed
and the effects of air, water and vapor content, temperature
and cure index are quantified [1490].

The heat transfer coefficient on the surface of a billet
cooled by an obliquely impinging gas jet formed by a
circular array of 24 jets within a single nozzle was studied
experimentally [1491]. The results of simulations of high-
pressure water-jet assisted orthogonal metal cutting, in
which water is injected into the work–tool interface indi-
cate a reduction in temperature, cutting force and residual
stresses in the tool as a result of the pressure applied by
water [1492]. An analysis of flow and heat transfer from
a heated flat surface moving continuously in a parallel
freestream of non-Newtonian fluid is performed for a
power-law temperature profile and three common thermal
boundary conditions [1493].

20.6. Food processing

Heat transfer during vacuum cooling of foods is simu-
lated and the effects of water content, thermal shrinkage
and anisotropy of the food are determined [1494]. Simula-
tions of transient heat and mass transfer in porous cooked
meat joints during vacuum cooling show that the effects of
weight, shape, and size of meat joints on the cooling rate
and percentage weight loss are negligible, while the poros-
ity and average pore size have a significant effect on the
pressure distribution in the meat [1495]. Another model
for vacuum cooling discusses the effects of thermophysical
properties, convection heat transfer, latent heat of evapora-
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tion as well as vacuum cooling parameters on heat and
mass transfer from food [1496].

Conjugate heat transfer in a freezer due to food freezing
is modeled [1497]. A transient simulation of heat and mass
transfer in bulks of chicory roots is conducted using a por-
ous media model and an Ergun-type equation based on
experimental data [1498]. From experiments on cylindrical
dough samples, Fu et al. [1499] find that a first-order
kinetic model adequately predicts moisture migration in
solid food matrices. Freezing times are estimated for vari-
ous products by modeling the process as a parabolic equa-
tion that incorporates the behavior of the three distinct
regions (solid, liquid and interface) that exist during the
process [1500]. Thermophysical properties of ice creams
were experimentally determined [1501]. A two-dimensional
model accounting for variable transport properties and
radial shrinkage was used to predict temperature profiles
in meat patties during double-sided cooking [1502]. Verbo-
ven et al. [1503] simulate flow and heat transfer inside a
large microwave oven and find that a combined convection
regime is beneficial for heat transfer uniformity and reduc-
tion of moisture accumulation inside the oven. Physical
properties of doughnut dough during deep-fat frying at
different temperatures are experimentally determined
[1504].

20.7. Miscellaneous

Experimental investigations are performed to measure
the heat transfer on the rotor tip and casing of a gas turbine
stage with a shroudless rotor blade [1505]. A study of com-
bustion instability indicates that transverse pressure oscilla-
tions can increase heat transfer to the walls up to about
twofold for oscillations of 50% of the mean pressure
[1506]. An extended Marker and Cell (MAC) method is
used for simulating droplet combustion to obtain spatial
distributions of heat rate and temperature and formation,
decomposition and transfer of combustion products
[1507]. A simple model allowing for the calculation of the
thermal field inside a metal-coated fiber tip is performed
to simulate optical tips used in scanning near-field micros-
copy [1508]. The effects of line speed, strip width and tem-
perature, and inductor mixing in an industrial continuous
galvanizing bath are evaluated using a k–e model and
including buoyancy effects [1509]. A dimensionless number,
the electrothermal number, is found to be the controlling
parameter influencing the discharge time and the maximum
temperature rise in the reacting zone of discharging electro-
chemical devices [1510]. Bejan [1511] describes constructal
tree-based approaches to minimizing resistance to flow
between one point (source/sink) and a volume or an area.

21. Solar energy

Papers are broadly divided into solar radiation, low-
temperature solar applications, buildings, high-tempera-
ture solar applications and extraterrestrial systems. Papers
on solar energy that do not focus on heat transfer, for
example, papers on photovoltaics (except for those that
deal with combined thermal systems), wind energy, archi-
tectural aspects of buildings, and control of space heating
or cooling systems are not included.

21.1. Radiation

Papers in this category that present model or data anal-
ysis for specific sites are [1512–1516]. Petela [1517] and
Candau [1518] discuss thermal radiation exergy.

Most papers in this category present modified modeling
approaches to simulate, evaluate or use measured solar
data. An investigation of the performance of broadband
direct irradiance predictions using 21 solar radiation mod-
els recommends the MLWT2 model [1519,1520]. Ibannez
[1521] proposes a bi-exponential probability density func-
tion to predict daily clearness indices. A new multisensor
algorithm for extracting longwave, shortwave, and latent
heat fluxes over oceans from the sensors aboard the Trop-
ical Rainfall Measuring Mission is described in [1522]. A
model based on machine learning to generate synthetic
hourly global radiation is compared to recorded data
[1523]. Use of fuzzy logic to determine daily UV radiation
from daily global radiation [1524] and irradiance on
inclined surfaces [1525] are presented. A model to simulate
permafrost thermal regimes was validated against measure-
ments in four sites in Canada [1526].

A method to calibrate pyranometers for measuring the
diffuse component is based on the modified shade/unshade
method [1527]. A simple procedure to determine sky tem-
perature, clear sky index using a heated plate is proposed
[1528].

21.1.1. Low temperature applications

Low temperature solar applications include solar water
heating, space cooling, refrigeration, desalination, cooking,
and agricultural applications. Within this category, papers
on non-concentrating solar thermal collectors and thermal
storage are discussed.

21.2. Flat-plate and low-concentrating collectors

Nickel nanoparticles embedded in a dielectric matrix of
alumina are fabricated and tested as selective coatings
[1529]. Improvements in collector efficiency of 4–6% points
are attributed to antireflective glazings [1530]. Radiative
heat transfer in glazings is modeled by treating the glazing
as a non-gray plane-parallel medium [1531]. Calculations
of the total infrared transmittance of Tedlar films are
presented based on available spectral transmittance mea-
surements [1532]. Limiting values for clearness index, ori-
entation and slopes for which it is reasonable to assume
isotropic diffuse conditions to calculate mean daily trans-
mittance of glazings are presented [1533]. The problem of
moisture in flat-plate collectors is addressed and guidelines
for dealing with the problem are proposed [1534]. A
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detailed model of the thermal conductivity of zirconia
fibrous insulation addresses backscatter and absorption
ratio for different sized fibers [1535]. The use of porous
media in a water-filled curved flow channel did not improve
the collector daily efficiency [1536]. A numerical study of
mixed convection in a differentially heated channel con-
sider optimal placement of inlet and outlet ports [1537].
An exergy analysis is presented to determine the optimum
outlet temperature of the working fluid and flow path
length for various solar collector configurations [1538].
Kudish et al. [1539] conducted experiments with a coaxial
tubular collector fabricated from plastic. Fundamental
studies of potential interest to the design of solar collectors
are a numerical simulation of natural convection in a shal-
low wedge [1540] and analysis of the temperature distribu-
tion in an infinite horizontal layer of fluid filled with
saturated porous medium with one radiative boundary
and imposed downward convection [1541].

Hybrid photovoltaic/solar thermal collectors continue
to gain attention. A dynamic model was developed for a
single-glazed PV/thermal collector by Chow [1542]. Zon-
dag et al. [1543] evaluate various configurations and con-
cludes that the channel below-transparent-PV design
gives the best performance, but the PV-on-sheet-and-tube
design is easier is manufacture.

Thermophotovoltaic generators are considered in [1544–
1546].

21.3. Water heating

Innovations in the design of systems for heating water
are proposed. Control methods of domestic hot water sys-
tems are compared in [1547]. Doughery [1548] provides
field data for a PV powered water heater with emphasis
on the controls. A polymeric ICS system under develop-
ment in the US is discussed and natural convection heat
transfer coefficients are developed for the immersed heat
exchanger in [1549]. Parametric analysis of a large unglazed
swimming pool collector is presented by Medved et al.
[1550]. Two water heating configurations that minimize
the use of backup water heating are described and analyzed
for a range of climatic conditions [1551]. Heat transfer
rates in polypropylene tubes are measured by Razavi
et al. [1552]. An ICS design that minimizes heat loss during
non-collection periods is tested and shows favorable results
[1553]. Reliability issues are addressed in a study of water
scaling by Baker and Vliet [1554]. A wrap around heat
exchanger is suggested to mitigate scaling problems. Shah
and Furbo [1555] present a CFD model and experiments
to demonstrate the impact of inlet design on flow patterns
in the water storage tank. Zachar [1556] evaluates the use
of impact plates in front of the inlet to decrease mixing.
Chyng et al. [1557] provide and compare a model of a solar
assisted heat pump water heater to experimental data.

A trial of GIS software to assist city planners to increase
the use of solar water heating is presented [1558].
21.4. Cooling and refrigeration

Heat and mass transfer of a solar adsorbent cooling sys-
tem in which the adsorber is a metal tube packed with acti-
vated carbon/methanol pair surrounded by a vacuum tube
glazing is presented in [1559]. The use of evacuated tubes in
solar adsorption is also considered by Li and Wang [1560].
Several papers present models and experiments of a pro-
posed binary ammonia water mixture cycle that produces
both power and refrigeration [1561–1563]. Mago and
Goswami [1564] present field tests of a hybrid solar liquid
desiccant system in Florida. An analysis of a LiBr/water
cold storage operated in series with an R-123 chiller is pre-
sented in [1565]. Several arrangements of a shallow pond
covered with a wetted cloth for roof cooling were tested
[1566].

Papers on ice making propose various configurations. A
porous adsorbent bed in a flat plate collector is modeled in
[1567]. Cerci [1568] proposes an evaporative freezing cycle
for water using low temperature heat. Experiments to mea-
sure the discharge characteristics of an external ice-on-coil
storage tank provide suggestions for improved perfor-
mance [1569].
21.5. Storage

Papers in this section address latent heat storage. Inte-
gration of energy storage with heat pumps is addressed in
[1570,1571]. Stritih [1572] reviews the use of phase-change
materials in buildings and considers the use of fins in a stor-
age wall. Lamberg [1573] predicts the solid–liquid interface
location and temperature distribution of a semi-infinite
phase-change material with an internal fin. Lin et al.
[1574] present data for a building storage system that uses
alcohol in a thermosyphon loop. The influence of Jacob
number and thermal conductivity on solidification of
encapsulated salt hydrates is modeled by [1575]. Experi-
ments of melting and solidification of eutectic mixtures
are conducted by Baran and Sari [1576]. A simplified model
of ice making is used to evaluate control strategies for ice
storage systems [1577]. The use of R113 for passive heating
of buildings is modeled in [1578]. Experience with hydro-
gen storage integrated with PV and batteries in a library
in Germany is presented by Ghosh et al. [1579]. A compar-
ison of hydrogen storage to a diesel-generator system is
presented in [1580].

Sensible heat storage papers for water heating are dis-
cussed in the section on water heating.
21.6. Water treatment

A simple water purifier made of black plastic sheeting
covered by glass is used to convert seawater into potable
water [1581]. Photocatalytic detoxification of water soluble
pesticides [1582] and toluene [1583] is investigated.
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21.7. Solar desalination and solar ponds

Papers in this section are restricted to systems that use
solar energy. Volume 75 issue number 5 of Solar Energy
is devoted to desalination. Delyannis [1584] presents an his-
torical overview. Garcia-Rodriguez [1585] provides a per-
spective of development of solar desalination. Tzen and
Morris [1586] give an overview of renewable energy sources
for desalination and Tiwari et al. [1587] review the present
status of solar distillation. Other papers present data for
specific concepts or installations [1588–1592]. Desalination
includes a number of papers on solar plants and design
concepts [1593–1596].

Salt-gradient solar ponds are the subject of [1597–1599].
Spyridonos et al. compare saltless solar ponds, one with a
thin layer of paraffin oil on the surface and the other cov-
ered with floating glass [1600].

21.8. Solar agricultural applications and solar cooking

Performance of 250 solar cooking systems used by single
families or by institutions in many parts of the word is
described in [1601]. Recommendations for cooking vessel
design are given in [1602]. Drying rates of various foods
in open air sun dyers are compared in [1603]. Experimental
evaluation of a natural convection solar dryer and biomass
burner were conducted [Bena].

21.9. Buildings

This section includes papers on building integrated solar
systems, heat transfer in building components, and glaz-
ings. An overview of the Solar Decathlon, for which uni-
versity teams build solar houses on the National Mall in
Washington, DC, as well an overview of recent progress
in solar building technology is provided in [1604]. Fanney
et al. [Fanney, Weise et al.] provide operational data and
energy savings of a PV system installed in 2001 at the US
National Institute of Standards and Technology building
in Gaithersburg, MD. The use of solar panels incorporated
into the roof structure is discussed and an analysis of the
interconnection of solar panels, thermal storage and a heat
pump for such a structure is provided in [1605]. Ubertini
[1606] describes the R&D for a European pilot installation
of a solar air heater for a high school.

Models for passive building performance include evalu-
ation of various renewable energy options for a house in
Germany [1607], room transfer functions [1608], prediction
of indoor wall heat fluxes [1609], transient and steady-state
thermal behavior of structural wall designs [1610], skylight
design tools [1611], and heat transfer through domed or
vaulted roofs [1612].

Various ventilation methods are analyzed. Refs. [1613–
1615] analyze the use of ventilated facades and roofs to
reduce summer loads. Results indicate that ventilated
facades perform better than conventional glazed facades
in the summer. Kim et al. [1616] model a triple-glazed ven-
tilating window to determine optimum air flow rate for
maximum energy savings. A model of natural ventilation
with a solar chimney and adsorption cooling cavity pre-
dicts airflow rates [1617].

With application to daylighting, Andersen et al. [1618]
compare measurements and a simplified model of the bi-
directional transmission distribution function for prismatic
glazing. Heat transfer across a glass sheet is modeled to
show the impact of glass thickness on total heat gain,
and shading coefficient [1619].

21.9.1. High temperature applications

High temperature solar thermal applications require use
of concentrated solar energy. Uses include electricity gener-
ation, thermochemical reactors and industrial process heat.
Papers address processes as well as system components
such as heliostats, concentrators, and receivers/reactors.

Mancini et al. [1620] overview the development and sta-
tus of dish-Stirling systems for power generation. Systems
under development for commercial markets are reviewed.
A procedure to construct the slope map of heliostats based
on recording the light of a star at night is explained in
[1621]. A method to determine the effective size of the solar
cone for solar concentrating systems is developed [1622]. A
sunshape model, which is independent of geographic loca-
tion and is based on data from the US and Europe, is pre-
sented [1623]. The same paper provides an algorithm to
model the spatial energy distribution across the solar disk
and aureole. Johnston et al. [1624] compare the optical per-
formance and manufacturing feasibility of dish concentra-
tors with spherical reflector subcomponents mounted with
a paraboloidal orientation. Londono-Hurtado and Rivera-
Alvarez [1625] model the impact of design parameters on
the performance of volumetric absorption solar collectors.
A new system that uses the UV-B wavelength range for
pyrometry is shown to be accurate to 10 K [1626]. A
description of a point focusing two-axis tracking concen-
trating power plant (the multi-tower solar array) is in
[1627]. A method to optimize the receiver working temper-
ature and heliostat field density for operation of processes
above 1100 K in solar towers demonstrates that there is an
optimal operating temperature for maximum efficiency
[1628]. Operation of a second prototype of the HiTRec-II
at Plataforma Solar deAlmeria in 2000–2001 is described
in [1629]. Long-term durability tests of reflector materials
and field experience with silvered thin glass and anodized
aluminum mirrors are reported [1630]. Heat loss measure-
ments at the dish collecting system at the Korea Institute of
Energy Research are reported in [1631].

Direct steam generation in parabolic troughs from the
European DISS project is presented in [1632]. An evalua-
tion of the use of molten salt as the heat transfer fluid and
for storage in parabolic troughs indicates that levelized elec-
tricity cost can be reduced by 14% compared to SEGS
plants [1633]. Thermal stability and corrosivity of various
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ionic liquids intended as the heat transfer/storage fluid were
investigated [1634]. Chemical and thermal properties of
room temperature ionic fluids are the subject of [1635].
Nunes [1636] point out the importance of obtaining accu-
rate data on viscosity and thermal conductivity of ionic liq-
uids at high temperature. An analysis of steam generation in
a system of two parallel pipes produced unfavorable results
[1637].

Solar thermochemical processes continue to gain atten-
tion for the production of solar fuels. Sustainability is dis-
cussed in [1638]. The optical design of a high-flux solar
simulator at ETH-Zurich is described [1639]. Results for
the combined ZnO-reduction and CH4-reformation process
show thermal efficiencies of 15–22% [1640]. Radiation anal-
ysis of a two cavity receiver/reactor for gas and condensed
phases provides design curves [1641]. Amodel of the thermal
decomposition of natural gas to produce hydrogen deter-
mines the amount of hydrogen that could be produced from
a given reactor size and heliostat field [1642]. Coupling of a
tubular reformer with solar tower beam-down optics is ana-
lyzed to estimate electricity capacity [1643].

Solar chimney power production is the subject of [1644–
1649]. Measured total-to-static efficiencies of a solar chim-
ney turbine are about 80% [1644]. Models of solar chim-
neys are provided by [1645,1647] and compared to
experiment [1646]. Calculations of pressure and density
are presented in [1649]. Experiments in a 0.63 m diameter
model chimney with and without bracing wheels provide
design guidelines for placement for bracing wheels [1648].

21.10. Extraterrestrial systems

Ammonia heat pipes were tested for the solar battery
drive of the International Space Station [1650]. An exergy
analysis of space solar heat receivers is presented [1651].
A numerical model to optimize the space solar dynamic
system is presented in [1652]. The use of three, rather than
one, phase-change materials in the NASA 2 KW solar
dynamic power system is tested. Results show that it is pos-
sible to reduce temperature fluctuations and heat receiver
weight [1653].

22. Plasma heat transfer and magnetohydrodynamics

The trend of characterizing plasmas in configurations
appearing in specific applications has been continuing in
particular in model formulations, and it has become diffi-
cult to separate general plasma characterization efforts
from advances in specific applications. Accordingly, this
review is structured according to configurations that are
being described.

22.1. Plasma characterization and electrode effects

Amodel is presented for calculating the thermal conduc-
tivity in reactive non-equilibrium plasmas, in particular for
different heavy particle and electron temperatures [1654]. A
model of the complete characteristics of a glow discharge
as it is used for analytical spectroscopy has been formu-
lated by Bogaerts et al. [1655], and a combination of Monte
Carlo and computational fluid dynamics together with a
collisional-radiative radiation transport model has been
used. Spectroscopic measurements in the plasma created
by a strong shock wave yielded electron density data, and
the discrepancy between the experimental and theoretical
results point toward some shortcomings in the conven-
tional modeling approaches [1656]. An arc-flow simulation
of the heat transfer to a cathode resulted in predictions of
cathode lifetimes for different operating conditions [1657].
A combined experimental and theoretical study of copper
cathode erosion in case of a magnetically moved arc attach-
ment has shown the limited range of magnetic field magni-
tudes for which the erosion can be reduced [1658]. Anode
heating by electron impact in a vacuum has been simulated
using a Monte Carlo technique [1659]. Plasma generation
of nanoparticles is the topic of a paper by Eom et al.
[1660], who describe the analysis of laser incandescence
for determination of particle sizes.

22.2. Plasma torch and jet characterization and

plasma–particle interaction

The use of three-dimensional (3-D) models to more real-
istically describe plasmas in specific configurations contin-
ues to increase. A 3-D simulation is used to describe an arc
inside a plasma torch, and Steenbeck’s minimum principle
is invoked to derive a value for the preferred anode attach-
ment location [1661]. The same computational approach is
used to describe the 3-D effects when cold gas and solid
particles are injected into the plasma flow [1662]. In a sim-
ulation of a turbulent argon plasma jet issuing into cold air,
the entrainment of the cold air is described using a model
for the multicomponent reacting gas mixture [1663]. This
model is compared with results of some elegant experimen-
tal measurements obtained using a combination of different
diagnostics, including enthalpy probes, laser scattering and
two-photon LIF for detecting the lower temperature of the
oxygen entrained in the hot argon plasma [1664]. Interac-
tion between a plasma and particles injected into the
plasma jet is studied numerically by Wan et al. [1665] with
a similar code as that used by Wiliamson et al. [1663], and
the trajectories and heating histories are simulated for two
types of particles, injected at different locations. The effects
of particle injection on the characteristics of an argon
plasma jet issuing into cold air are described in a 3-D sim-
ulation for dense loading conditions [1666]. The same
authors describe with a similar 3-D model the evaporation
of water injected into the plasma jet and the deformation of
the plasma jet due to asymmetric cooling [1667]. The
plasma–particle interaction between a rf-generated plasma
and silicon particles is described by Amouroux et al. [1668]
and the effects of evaporation on the heat flux to the parti-
cles are pointed out. The effects of the rf field on the parti-
cles in a plasma nozzle flow is described by [1669].
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Measurements of particle temperature and velocity distri-
butions in a plasma jet are compared with model predic-
tions for different operating conditions by Planche et al.
[1670]. Investigations of the coating obtained by plasma
co-spraying of two different materials have shown that
the minimum power level to obtain the desired composition
has to be sufficiently high to assure melting of the higher
melting point material [1671]. The change in heat transfer
from a plasma jet to a substrate during plasma spray depo-
sition is described by Meng et al. [1672].

22.3. Transferred arc characterization for electric arc

furnace and welding simulation

An interesting simulation of the post combustion pro-
cesses in an electric arc furnace uses a combination of
CFD and chemical reaction models, and the effect on the
heat transfer to the melt and the electrode erosion is pre-
dicted [1673]. Another model of a dc electric arc furnace
derives a description of the arc in dimensionless form
allowing quick determination of the effects of operating
parameter changes [1674]. The effects of external magnetic
fields on the arc in an electric arc furnace configuration are
described in a 3-D simulation by Blais et al. [1675]. In an
experimental study of a pilot plant scale arc furnace it
has been demonstrated that introducing methane into the
argon arc not only increases the arc voltage and power,
but also reduces the nitrogen content in the steel [1676].
A comprehensive model of a welding arc describes not only
the cathode and the arc but also the fluid dynamics in the
weld pool, and the effects of changing surface tension of the
liquid metal on the flow inside the pool [1677]. The
enhancement of the surface alloying process when a combi-
nation of plasma arc and laser irradiation is used is
described by McCay et al. [1678], and the appearance of
a synergistic effect is pointed out.

22.4. Magnetohydrodynamics

Besides three experimental studies investigating specific
configurations, a number of theoretical studies concerned
themselves with effects of turbulence, heat transfer studies
in specific configurations including in porous media and
with non-Newtonian fluids.

A combined experimental and analytical study of a ther-
mosyphon closed MHD loop resulted in the measurement
of induced flowrates and open circuit voltages for different
operating conditions [1679]. The effect of a varying Hart-
mann number in a liquid metal flow in a vertical slot with
a horizontal field has been investigated by measuring the
temperature distributions, and an increase in Hartmann
number has resulted in changes from large temperature
fluctuations indicating presence of large vortices and strong
convective transport to essentially pure conduction [1680].
Visualization of MHD flow has been accomplished by
using a transparent electrolyte and shadowgraph tech-
niques and tracer particles, and the changes of the flow pat-
terns due to the presence of magnetic fields are described
[1681].

A modified one-equation turbulence model for turbulent
MHD flow is presented, and this model has been used to
describe the observed relaminarization effects, as well as
to predict a reduction in skin friction for supersonic flows
over flat plates [1682]. Another numerical study of conduc-
tion in turbulent MHD gas flows finds that the turbulent
diffusion is not suppressed by the magnetic field [1683].
The influence of magnetic fields on the velocity profiles of
a particle laden gas flow in a hexagonal channel are
described by Sharma and Varshney [1684], including the
effects of thermal dispersion and viscous dissipation. A
simulation of transient flow between two parallel plates
at different temperatures considered the temperature
dependencies of viscosity and thermal conductivity for
determining the velocity and temperature distributions
[1685]. Flow of miscible fluids in a capillary tube with a
magnet moving with the flow have been investigated
numerically, and the spread of the mixing layer and the
change of the center of gravity are given [1686]. A 3-D
numerical simulation of a Faraday generator including
radiation transport finds increases of the current density
near the electrodes and high local emission coefficients,
however most radiation is reabsorbed [1687]. The influence
of thermocapillary forces and free convection in liquid
metal flow in partially open cavities has been simulated
by Sundaravadivelu and Kandaswamy [1688], and the sup-
pression of the convective transport inside the cavity by the
magnetic field is shown. A simulation of liquid metal/
helium gas dual cooling of the waste transmutation blanket
in a fusion reactor shows that increasing the Hartmann
number will increase the heat transfer but also the pressure
drop [1689]. Laminar MHD flow over an accelerating sur-
face with suction or injection has been simulated with
inclusion of chemical reactions [1690]. Free convection flow
along vertical or inclined plates have been simulated
numerically for a porous plate and unsteady flow and suc-
tion or injection [1691], in a porous medium [1692], in a
porous medium with inclusion of viscous dissipation and
radiation and time varying suction [1693], and using a sim-
ilarity analysis [1694]. Another numerical analysis of a flow
with internal heat generation over an infinite plate is pre-
sented by Eldabe et al. [1695], and over a non-isothermal
horizontal cylinder in a porous matrix by El-Amin [1696].
Free convection MHD flow through a porous medium is
described in a 3-D simulation by Jat and Jankal [1697].
Analytic solutions of MHD flow of non-Newtonian fluids
are presented for flow over a stretching sheet [1698], for
flow over a porous stretching sheet [1699], and for flow
within a porous medium near an accelerated plate [1700].
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