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INTRODUCTION

THIS REVIEW surveys papers that have been published
in the open literature covering various fields of heat
transfer during 1985. The literature search was made
as inclusive as possible, however, the great number
of publications made selections in some of the review
sections necessary.

Several conferences were devoted to heat transfer
or included heat transfer topics in their sessions
during 1985. A symposium on Off Shore Mechanics
and Arctic Engineering was held 17-21 February at
Dallas, TX. It included a session on arctic thermal
design analysis and icing problems were discussed in
other papers. The proceedings are available as a
bound volume. Information on those may be obtained
at the Energy-sources Technology Conference and
Exhibition, P.O. Box 59489, Dallas, TX, or through
the ASME Order Department. The 30th International
Gas Turbine Conference and Exhibit 17-21 at Houston,
TX, was sponsored by the Gas Turbine Division of
the American Society of Mechanical Engineers. Four
of the sessions were devoted to external and internal
heat transfer as well as to film cooling. The 1985 Gas
Turbine Award was presented to Chunill Han for the
paper “A Navier—Stokes analysis of three-dimensional
turbulent flow inside turbine blade rows at design
and of design conditions” and the 1985 Tom Sawyer
Award was presented to Anselm Franz in recognition
of his pioneering contributions to the Gas Turbine
Industry. Papers may be obtained at the ASME Order
Department. A Symposium on Transport Phenomena
in Rotating Machinery, held in Honolulu, Hawaii,
28 April-3 May and sponsored by American and
Japanese Engineering Societies as well as the Univer-
sities of Michigan and Hawaii, included in its program
papers on turbine blade cooling, channel flow heat
transfer, rotational effects, liquid and evaporation
cooling, heat transfer in seals, and superconducting
generators. The 29th Heat Transfer and Fluid Mech-
anics Institute, held 20-21 June at Sacramento, CA,
included in its proceedings papers on melting, vortex
flow, combustion of solid propellants, vapor and
droplet transport, transient and oscillatory heat trans-
fer, and two-phase flow. Proceedings are published
by the California State University, Sacramento, CA.
The 1985 International Solar Energy Congress and

Exhibition sponsored by the American Section of the
International Solar Energy Society was held 28 July-
1 August at Los Angeles, CA. Sessions dealing with
solar radiation and solar furnaces, solar collectors
and energy storage, solar heating and cooling of
buildings, drying and distillation, focusing collectors,
and solar thermal power were included in the pro-
gram. The Twenty-third National Heat Transfer Con-
ference, sponsored by the American Institute of
Chemical Engineers and the American Society of
Mechanical Engineers held 4-7 August at Denver,
CO, was organized in 61 sessions, many of them
dealing with heat transfer in specific technology
processes like combustion, hazardous waste inciner-
ators, drying and dehumidification, glass, alternative
energy technologies, steam generators, nuclear reac-
tors, acrodynamic systems, fibers, buildings and struc-
tures. Courses on numerical solutions and augment-
ation of heat transfer, thermal analysis, control of
aerodynamic equipment, and compact heat exchan-
gers as parts of the professional development program
rounded off the proceedings. The Max Jakob Mem-
orial Award was presented to L. London and the
Donald Q. Kern Award to D. Gidaspow. The papers
at this conference sponsored by the ASME are avail-
able in paper or volume form through the ASME
Order Department. AIChE papers are contained in
the volume “Heat Transfer/Denver 1985” of the
AIChE Symposium Series. The 20th Intersociety
Energy Conversion Engineering Conference, held 18—
23 August at Miami Beach, FL, did not include in its
program specific sessions on heat transfer but this
topic is touched upon in various of their lectures.
Conference Proceedings are available from SAE, 400
Commonwealth Drive, Warrendale, PA. The 17th
International Symposium of the International Centre
for Heat and Mass Transfer held 26-30 August at
Dubrovnik, Yugoslavia, was devoted to the topic of
high temperature heat exchangers. An introduction
lecture by Y. Mori, Japan, discussed future develop-
ment in high temperature heat exchangers, eight
invited lectures were given by experts from the Federal
Republic of Germany, Great Britain, Japan, U.S.A.,
USSR, and Yugoslavia and 41 lectures discussed
various topics of heat exchangers and their appli-
cations for gas turbines, Stirling cycle engines, metal-
lurgical processes and future power plants. The Pro-
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ceedings of the conference are collected in a volume,
published by Hemisphere Publishing Corporation.
The 1985 Beijing International Gas Turbine Symposium
and Exposition, 1-7 September at Beijing, People’s
Republic of China, sponsored by the Gas Turbine
Division of ASME and by several Chinese pro-
fessional societies, brought together researchers and
engineers from the Pacific Basin. Two sessions on
heat transfer dealt with recouperators, turbine blade
cooling, liquid and vapor cooling, transpiration and
film cooling. Inquiries about papers should be directed
to the ASME Order Department. An International
Symposium on Refined Flow Modelling and Turbulence
Measurements, held 16-18 September at Iowa City,
IA, was sponsored by the Towa Institute of Hydraulic
Research in cooperation with a number of engineering
societies. Two sessions were devoted to modeling and
turbulence effects on heat transfer. The proceedings
will be published in book form by Hemisphere Pub-
lishing Corporation. The ASM E Winter Annual Meet-
ing, held 17-22 November at Miami Beach, FL,
included in its program 17 sessions with discussions
on a variety of heat transfer processes. Six symposia
dealt with stability in convective flows, mixed convec-
tion, fouling and corrosion, augmentation of heat
transfer, in energy systems, nuclear steam generators,
and heat exchangers. A panel discussion, moderated
by R. K. Shah, inquired into opportunities and
challenges in heat transfer. In the Robert Henry
Thurston lecture, Y. C. Fang discussed the interplay
of mechanical engineering and health science and at
the heat transfer luncheon, Raymond Colladay talked
about thermal management in space stations. At the
same luncheon, the heat transfer memorial awards
were presented to Ralph Grief and Virgil E. Schrock.
Preprints of the papers are available at the ASME
Publications Department and many of the papers will
also be published in the Journal of Heat Transfer.

A number of books have become available during
the past year. They are listed under references.

HIGHLIGHTS

The following highlights describe areas of research
which have found special attention during last year.

In heat conduction, the emphasis was on nonlinear
behavior, presence of internal heat sources, and geo-
metrical irregularities.

Many of the channel flow papers dealt with increas-
ingly complex flow fields created by modern heat
transfer augmentation devices, i.e. roughening ribs
and fins. Also noted were flows with non-Newtonian
fluid behavior, as with polymers and micropolar
fluids.

Heat transfer in supersonic and hypersonic flows
has emerged as a significant portion of the boundary-
layer section. Some papers on this topic include
the effects of non-equilibrium chemical reactions.
Numerous papers on heat transfer variations due to
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unsteady flow were published. An example would be
the effect of passing wakes on gas turbine airfoil heat
transfer. Boundary-layer transition research continues
to increase in popularity; common applications which
were noted are gas turbine airfoils and heat transfer
in high velocity flight.

Heat transfer studies in porous media are beginning
to consider seriously departures from Darcy flow.
Many papers dealt with fluidization, including several
involving three-phase fluidized beds. Simultaneous
heat and moisture transfer through porous material
was the subject of a number of articles as was the
modeling of reactor core debris bed heat transfer.

The development of experimental techniques
included the application of thin films for heat flux
and temperature measurements, impressive advances
in the use of laser-based and other optical diagnostics
for making temperature measurements in high-
temperature gases, continued work in the area of
liquid crystals, and numerous refinements in the use
and interpretation of hot-wire anemometry for heat
transfer research.

Many studies on natural convection in internal
flow include nonlinear phenomena in horizontal fluid
layers at relatively low Rayleigh number as well
as numerical studies for differentially heated layers.
There was an increase in studies on Marangoni or
surface tension driven flows and the effect of large
property variations on natural convection. The need
for turbulent transport parameters in buoyancy driven
flows was emphasized.

The vertical flat plate geometry dominates the
natural convection boundary-layer literature. Vari-
ations include coupled conductive or radiative heat
transfer, double-diffusive convection, aiding or oppos-
ing mixed convection and the effects of plate motion.

Rotational effects were studied especially in connec-
tion with gas turbines. Highlights for combined heat
and mass transfer include a very large number of
studies related to film cooling particularly for gas
turbine systems; the influence of large density differ-
ence, pressure gradient, and curvature were studied
using an array of mass transfer analogies.

Papers on boiling reviewed this year continued to
display our interest in the fundamentals of nucleate
boiling. Experiments with boiling of mixtures and
with boiling at enhanced surfaces reflected continuing
interest in new applications of boiling heat transfer.
Still well represented in the literature are studies
relating boiling heat transfer to nuclear reactor safety
and the service life of steam generators.

Noteworthy developments in condensation heat
transfer included a systematic series of experiments
on film condensation on horizontal cylinders and
tube banks, and several analytical studies of free
condensation heat transfer to nucleated droplets.

New analytical methods continue to evolve describ-
ing the solidification process. A significant amount of
work had been done on freezing within molds, how-
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ever discussion of continuous casting processes is not
emphasized as much as in previous years. Some
interesting work on the movement of a heat source
as it melts its way through a solid has also been
presented.

Radiative transfer combined with other modes of
heat transfer and/or phase change received increased
attention. There was also a renewed interest in partic-
ipating one-dimensional media, while the research in
multi-dimensional media continued. Surface radiation
was still considered in a number of studies, but the
papers on participating media greatly outnumber
those considering surface exchange.

Developments in numerical methods continue to
be directed towards the treatment of arbitrary shapes,
removal of false diffusion, and improvement of com-
putational speed.

Significant interest was demonstrated in the thermal
conductivity of composite and nonisotropic materials:
idealized systems used as analytical models and those
used in industrial/commercial application. A number
of nonsteady-state techniques are proposed for
obtaining thermal conductivities and overall
coefficients of heat transfer of sufficient accuracy for
everyday commercial practice.

Papers dealt with economical ways of enhancing
heat transfer by extended surfaces, flow modification,
and heat pipes (thermosyphon). Heat transfer sol-
utions formerly restricted to scientific and advanced
technology areas are increasingly found at various
levels of application. General applications of heat
transfer are scattered in a large number of journals.
A cross-section of those can be recognized in Section
S.

Plasma heat transfer research was primarily associ-
ated with plasma processing of materials.

To facilitate the use of this review, a listing of the
subject headings is made below in the order in which
they appear in the text. The letter which appears
adjacent to each subject heading is also attached to
the references that are cited in the category:

Conduction, A

Channel flow, B

Boundary-layer and external flows, C

Flow with separated regions, D

Heat transfer porous media, DP

Experimental techniques and instrumentation, E

Natural convection—internal flows, F

Natural convection—external flows, FF

Convection from rotating surfaces, G

Combined heat and mass transfer, H

Change of phase—boiling, J

Change of phase——condensation, JJ

Change of phase—freezing and melting, JM

Radiation in participating media and surface radia-

tion, K
Numerical methods, N
Transport properties, P
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Heat transfer application—heat pipes and heat
exchangers, Q

Heat transfer applications—general, S

Solar energy, T

Plasma heat transfer and MHD, U

CONDUCTION

Most of the literature on heat conduction deals
with theoretical studies, although some experimental
investigations have been reported. Solutions have
been presented for steady and unsteady problems
in multi-dimensional geometries with nonlinearity,
anisotropy, and complex boundary conditions.

A variational method has been proposed for solving
two-dimensional heat conduction with finite internal
heat source [12A]. For axisymmetric bodies, a bound-
ary element method is used to solve steady heat
conduction [47A]. A method is described for the
shape optimization of a fin to arrive at minimum
volume for a given heat loss [43A]. References [14A]
describes a flux formulation for hyperbolic heat con-
duction. A method has been developed for the analysis
of heat conduction by a dual difference equation
[19A]. For heat conduction with chemical reaction, a
method has been described for treating discontinuous
boundary conditions [28A]. A moving-mesh finite-
element analysis has been applied to calculate the
temperature field with a moving heat source [22A].

A number of complex multi-dimensional geometries
have been treated. A new class of functions are
used to solve for the temperature distribution in a
rectangular parallelpiped with longitudinal cylindrical
cavities [31A]. The same type of method is used for
a rectangular plate with inner circular boundaries
[32A]. Heat conduction is analyzed for a plate with
a square cut [21A]. An investigation is made of the
effect of circumferential variation of heat transfer
coefficient and gas radiation on the temperature
distribution in a multilayered cylinder [9A]. A
numerical method is described for the solution of
the heat conduction equation with internal heat
generation and thermal anisotropy [18A]. A vari-
ational principle is used to obtain a new solution to
the heat equation in composite media [8A].

Numerical solutions have been used to determine
the critical radius of insulation when circumferential
variations of the heat transfer coefficient are present
[40A]. Heat conduction analysis is applied to the
rolling mill process where a three-layer composite
strip is compressed by two rotating cylinders [48A].
The finite-element method is used to determine the
temperature distribution in a helix as influenced by the
curvature and torsion [38A]. Nonlinear conduction
analysis is used to study the self-similar expansion of
dense matter [34A].

Nonlinear boundary conditions for heat conduc-
tion problems have been considered in refs. [36A]
and [41A]. Some papers focus on the solution of the
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inverse heat conduction problems. A direct analytical
approach for these problems is given in ref. [2A], while
the solution of three-dimensional inverse problems is
discussed in ref. [3A]. Reference [1A] deals with
optimal control in the solution of certain inverse heat
conduction problems. A numerical method is used to
determine the optimum locations of temperature
sensors for the solution of inverse conduction prob-
lems [7A].

Research continues on the problem of thermal
contact resistance. An analytical model is developed
and experimentally verified for the resistance of the
line contact between a circular cylinder and a smooth
flat surface [6A]. Theory and experiment are pre-
sented for the contact resistance between spherical
and plane surfaces with micro-irregularities [42A].
Reference [4A] shows that the contact resistance can
be reduced by the use of metallic coatings. Use of fine
powders for producing high thermal resistance is
evaluated in ref. [46A].

A number of papers have dealt with unsteady
heat conduction. References [20A, 33A] present an
analysis of unsteady nonlinear problems. Unified
solutions for heat conduction with a surface film of
finite heat capacity are given in ref. [27A]. A study is
made of the evolution of temperature in the core of
a high voltage electric cable [37]. Transient conduc-
tion in a multi-layer medium is considered in ref.
[10A]. Reference [30A] deals with periodic heat
transfer in triangular fins. The unsteady conduction
in a hollow cylinder is analytically calculated in ref.
[45A]. A numerical technique is presented for the
unsteady conduction in nuclear fuel rods [16A].
Transient conduction with convective and radiative
boundary conditions is solved by a semi-analytical
method [11A]. Some two-dimensional unsteady con-
duction processes are optimized in ref. [35A] A
coupled conduction and convection problem in the
unsteady mode is considered in ref. [15A]. The
thermal effects caused by placing a fiber in an ideal
gas through which an acoustic wave propagates are
described in ref. [24A]. Solutions are obtained for the
enhanced heat conduction in fluids within tubes
subjected to sinusoidal oscillations [25A]. Reference
[17A] deals with unsteady heat conduction with
mixed boundary conditions. A variational formu-
lation is used to solve for the unsteady temperature
field in heat generating bars of doubly connected
cross section [13A].

Experimental work related to heat conduction is
mainly directed towards the measurement of thermal
conductivity and diffusivity. Reference [39A] pro-
poses a method for the simultaneous measurement
of these properties. Measurement of diffusivity is
described in ref. [29A]. For multi-layer insulations, the
equivalent conductivity is measured [23A]. References
[5A, 6A] deal with the measurement of diffusivity of
liquids. Heat conduction through a layered pressure
vessel wall is investigated in ref. [44A].
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CHANNEL FLOW

Heat transfer rates in a laminar duct flow of a non-
Newtonian fluid were numerically evaluated [23B].
Viscous dissipation was considered. Experimental
results were presented showing the turbulence struc-
ture in the vicinity of the wall [54B]. The fluids were
water and weak polymer solutions. The addition of
polymers leads to an increase of the characteristic time
scale determined from the frequency of temperature
excursions. Measured Nusselt numbers for laminar
flow of a viscoelastic fluid in a rectangular channel
were found to be much larger than if the fluid were
purely viscous or Newtonian [31B]. The effect was
traced to secondary flows which are induced by
normal force differences at the boundaries which are
unique to elastic fluids. The influence of a thermal
field imposed on a laminar pipe flow of pseudoplastic
fluid was numerically evaluated [62B]. Correlations
were presented. Numerical solutions were found for
the Graetz problem for a Bingham plastic in laminar
tube flow [6B]. This work was motivated by the
use of aqueous foams for drilling wells in high-
temperature formations. Numerical results were pre-
sented for turbulent flow of an incompressible, initially
low-viscosity liquid which undergoes a thermal or
induced polymerization in a long tubular reactor
[29B]. Various flow regions along the tube, due
to the continuing reaction, were discussed. A new
approximate substitution principle was presented for
flows in which both heat transfer and momentum
interchange by viscous stresses are significant [27B].
Calculated results were compared with experiments.
Heat transfer was analyzed for compressible flow of
a fluid of varying thermophysical properties in a
plane-parallel channel [64B]. An analytic solution
was proposed for the effect of a resonant acoustic
field on heat transfer to laminar channel flow [59B].
An analysis was presented for heat transfer in a
porous wall channel with a micropolar fluid [5B].
Temperature distributions were found for several
values of suction rate, convection rate and micropolar
parameter. An analysis was made of thermally induced
flow in a shallow two-dimensional slot [11B]. The
extent of surface stagnation due to nondiffusing sur-
factant was discussed. When the absorbed species are
insufficient to fully cover the surface, the interface
is either clean and subject to constant stress or
contaminated and no-slip is observed. The region
between these two types was discussed. Heat transfer
in a rarefied polyatomic gas was analyzed [53B]. The
problem was transformed to a system of integral
equations which were solved numerically. Depen-
dence of heat transfer on Knudsen number, internal
energy, Eucken factor and collision relaxation number
was discussed. The F//N method for computation of
heat transfer in a rarefied gas was applied to flow
between parallel plates to demonstrate its efficiency
[74B]. Total heat flux, temperature and density pro-
files, and molecular distribution functions were com-
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puted. The mechanisms of heat and mass transfer in
a two-component medium were presented using a
system of alternating adjacent plates [9B]. The stab-
ility of pressure-driven flow in a vertical U-shaped
loop with one heated leg was evaluated experimentally
and numerically [79B]}. When heating is sufficient,
buoyancy opposes the driving pressure, oscillation
begins and, eventually, the flow reverses. The stability
limits are identified. Tests were run with a single-
phase fluid and with a packed bed. A numerical model
was presented for axisymmetric film flow from a slot
taking into account the evaporation and deposition of
the substance [36B]. Thermal equilibrium of air/water
flow through an annulus was investigated [67B].
Equilibrium depends upon axial length, gas and liquid
mass fluxes and void distribution. Heat transfer to an
air-solid suspension flow was discussed [42B]. Heat
transfer rates from horizontal pipe walls to forced
convection of water and suspended glass beads (or
ion exchange resin beads) were measured [30B].
When the beads were larger than 0.35mm, heat
transfer was enhanced; when less than 0.15 mm, heat
transfer was reduced. Convective heat transfer for
steady laminar flow of a radioactive slurry between
two concentric pipes with walls heated independently
and subject to parabolic heat generation was analyzed
[3B]. The parabolic heat generation was shown to
have both positive and negative effects on Nusselt
numbers. A numerical solution was presented for the
heat transfer in turbulent pipe flow of supercritical
carbon dioxide under cooling conditions [SSB]. The
effect of buoyancy on turbulent flow of mercury was
numerically evaluated [17B]. One heating effect, also
measured, was the reversal of the turbulent axial flux.
Measurements of heat transfer to laminar tube fiow
of mercury showed close agreement with theory; and,
in the turbulent regime, measurements agreed well
with nonwetted tube literature [28B]. The separation
theory of horizontal thermal diffusion columns with
external refluxes was derived using an orthogonal
expansion technique [73B]. The method could be
applied to continuous-contact countercurrent separ-
ation processes. A numerical study was made of heat
transfer to turbulent flow of supercritical helium
[16B]. The mixing length turbulence model was shown
to give more accurate results than the k or k-s
models. The Yaskin correlation was superior to the
Nusselt correlation for near-pseudocritical tempera-
tures. Measurements of heat transfer, critical heat flux
and pressure drop in forced flow of cryogens were
made [70B]. Effects of operating conditions on heat
transfer in superconducting devices were discussed
and correlations were presented. The correction factor
for property variations for laminar convective trans-
port in tubes was discussed [25B]. The exponent on
the bulk-to-wall Prandtl number ratio is shown to
be a function of 11 dimensionless parameters. An
asymptotic theory was presented which accounts for
property variations [32B]. Numerical results showed
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the influence of variable properties on laminar fully-
developed pipe flow [33B]. Dependence on the prop-
erties was expressed as a Taylor series. Analytical
results were given for laminar convection in open and
closed channels with large wall-to-wall temperature
differences [13B]. The solutions are valid where the
hot and cold wall boundary layers have merged. It
was shown that variations in static pressure are more
sensitive to property variations than are variations in
heat flux. Results of experiments were presented which
show that channels of reduced density created in the
atmosphere can diffuse by turbulence [26B]. Uniform
(axisymmetrically or axially) channels diffuse by con-
duction, whereas nonuniform channels diffuse by
turbulent mixing. An analysis was made showing the
convective heat transfer in a side-heated planar, two-
layer system [65B].

Numerical results were presented for heat transfer
in curved channels of various aspect ratio [43B]. At
moderate values of Dean number, a double-vortex
secondary flow pattern was established. The change
of the vortex pattern with increasing Dean number
was documented. The influence of buoyancy on fully-
developed laminar flow in curved tubes was studied
numerically [SOB]. Buoyancy acts to increase the
average Nusselt number and rotate the orientation of
the secondary flow. Density effects following a change
in inlet temperature to a U-shaped pipe were com-
puted [76B]. Results computed using the k—& model
of turbulence were shown to be accurate. The three-
dimensional flow and heat transfer situation in a
rectangular, 90° miter-bend was studied to investigate
the flow curvature effect in a corrugated-wall heat
exchanger channel. A detailed examination of the heat
transfer mechanism was presented [46B]. Reynolds
number and aspect ratio effects were also investigated
[47B]. Local heat transfer coefficients were measured
for air flow around a 180°, square-section bend [37B].
Consistencies between velocity and temperature fields
were noted. Measurements and calculations were
made for heat exchange in short cylindrical chambers
with swirl [61B]. Velocity and pressure distributions
were measured. Turbulence data for swirling flows
along an annulus were presented [15B]. Measured
eddy diffusivity values for various axial and radial
positions were given. The hot-wire anemometer tech-
niques were discussed. An analysis of a screw-type
swirl promoter was presented leading to an equation
for optimum geometry [41B]. Unsteady, swirling,
boundary-layer heat transfer in a compressible fluid
flowing through a nozzle or diffuser was numerically
evaluated [44B]. The heat transfer rate was found
to be sensitive to free-stream velocity, variation in
density-viscosity product across the boundary layer,
mass transfer (suction) and swirl.

Temperature fluctuations and heat flux values were
measured in grid-generated isotropic turbulence in
which streamwise and transverse mean temperature
gradients were imposed [8B]. The skewness of the
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temperature fluctuation derivatives was found to be
nonzero even though the mean shear was zero.
Experimental measurements were made on the
enhancement of heat transfer due to laminar flow
oscillation within a capillary bundle [45B]. Axial
conduction heat flow was shown to be at least
four orders of magnitude larger than that without
oscillations. Analysis and generalizations of exper-
imental data were presented for unsteady heat transfer
and flow in tubes under conditions of heating/cooling
and variations in flow rate, heat release in the walls
and entrance flow temperature [38B]. Calculation
methods for real, unsteady thermal processes were
suggested. An analysis was presented for density-wave
instabilities in heated, ventilated channels [72B].
Applications include boiling flow instabilities in boil-
ing water reactor cores. Nonisothermal, quasistation-
ary gas flow in an inclined rectangular tube was
theoretically investigated [7B]. Dependencies were
found for pressure, temperature and the discharge
fluctuations. The effect of natural convection on heat
transfer in a Graetz-type entry flow was computed
[34B]. An oscillatory flow pattern of one-pair and
two-pairs of counter-rotating vortices appeared for
Ra = 5 x 10°. Eventually, with increasing Ra, a pair
of counter-rotating vortices prevails. Measurements
were made of heat transfer in a tube with large-
amplitude velocity pulsations and shock waves radiat-
ing from the open end [21B].

Results of an analysis of the dynamic aspects of
spontaneous ignition were presented [24B]. Effects of
three factors—ambient temperature, reactant tem-
perature, and the order of the reaction were discussed.
A gaseous mass transfer model was proposed for
evaluation of chemical chainback reaction with vol-
atile species in a boiling channel [35B]. The results
show that gas release and absorption rates were not
consistent with Henry’s law. Numerical solutions were
presented for isothermal laminar convective transport
of reaction products in a rectangular duct with
irreversible heterogeneous and homogeneous reac-
tions [12B].

Approximate solutions of the Graetz problem with
axial conduction were presented [48B]. The results of
the approximate method were more easily computable
than those of the exact solution. For Péclet numbers
between 1 and 10, the approximate method gives
satisfactory results. Results of an analysis for laminar,
developing-flow heat transfer between parallel plates
were presented [52B]. A fourth-order polynomial was
used for the profiles’ shapes to improve on the
accuracy of a previous study. The effect of substantial
amounts of heat addition on the convergence charac-
teristics of implicit algorithms was investigated for
convergent—divergent nozzle flow [S1B]. The Beam
and Warming algorithm was shown to converge
more readily than MacCormack’s algorithm. Real gas
effects were shown to be minor. An experimental
study of boundary layer turbulence assisted by flow
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visualization in a plane diffuser showed that two
peaks in turbulence energy generation could be found;
one near the wall and the other in the shear layer
[40B]. Convective heat transfer rates were measured
under forced convection, developing laminar flow
conditions in short elliptical channels [14B]. The
effects of geometry, properties and free convection
were discussed. An analysis was made of steady
turbulent flow in an annular channel with an internal
wall moving independent of the fluid [20B]. Results
were compared with experiments. A numerical analy-
sis including radiative heat transfer was made of
turbulent flow in a planar duct [63B]. The selectivity
of the gas was taken into account by using a set of
four gray gases.

Measurements of heat transfer were made on one
wall of a rectangular channel whose other wall was
covered by an array of block-like elements [68B].
Nusselt numbers compared well with correlations
when the hydraulic diameter was based on the rec-
tangular section between the tops of the elements
and the opposite wall. A conversion technique for
extending heat transfer data in air-heated annuli
with rough inner tubes to fully-rough channels was
presented [66B]. The converted data was in agreement
with data on rough channels and bundles of rough
tubes. An experimental investigation was made of
heat transfer to gas flow in annuli with an inner rough
tube [75B]. In contrast to smooth tubes, the effect of
variable physical properties depends on the roughness
size and the Reynolds number, diminishing with
increases in these parameters.

Analytical results were presented for two-dimen-
sional heat conduction in a rectangular solid with a
cylindrical hole filled with a gas which is transparent
to thermal radiation [58B]. Results of a parametric
study were presented.

Laminar, fully developed flow in an internally
radial-finned, vertical annulus was numerically evalu-
ated [57B]. Accounting for buoyancy effects improves
the finned passage as an effective heat exchanger
device. Laminar, forced convection heat transfer
coefficients for the entrance region of an internally-
finned duct were numerically evaluated [ S6B]. Results
for several fin geometries were presented. The convec-
tive cooling problem of laminar pipe flow with radi-
ation at the wall and conduction within the wall was
analyzed [19B]. Streamwise wall conduction was
shown to have an effect on the results. A general
procedure which combines the superposition principle
with a finite-element method was applied to the
conjugate heat transfer problem of laminar pipe flow
with external heating [4B]. The importance of axial
conduction was discussed. An energy balance was
presented for single-phase flowing fluids [60B]. Heat
transfer characteristics were numerically analyzed for
a constant property fluid flowing laminarly through
a parallel plate channel with staggered, transverse
ribs [77B]. Significant augmentation by the ribs



Heat transfer

was found for high Prandtl number fluids. Also,
conduction in the wall plays a large beneficial role in
enhancing heat transfer. Heat transfer coeffictents
were measured for laminar and turbulent flow in
rectangular passages open along the lateral edges but
closed at the downstream end [69B]. Streamwise
uniformity of heat transfer coefficient was promoted
by shrouding and by increasing the interwall spacing
and Reynolds number. Numerical results were pre-
sented for turbulent flow in channels of complex
geometry as found in heat exchangers [10B]. Wall-
bounded flows were predicted well, but jets and
external flows required a modification to the modeling
of the turbulent length scale. Local heat transfer
rates in periodically corrugated wall channels were
computed for both laminar and turbulent flow [2B].
The effects of separation; deflection, recirculation and
reattachment were discussed. Patterns were shown to
drastically change between laminar and turbulent
flow. A numerical method for three-dimensional
transport processes was presented for laminar flow
to power-law fluids flowing in ducts of arbitrary, but
uniform, cross section [49B]. Demonstrations were
given for square, pentagonal and trapezoidal ducts.

Forced convection heat transfer measurements were
made in a narrow vertical channel with upflow
and downflow—both laminar and turbulent [71B].
Existing correlations were tested. The channel simu-
lates a subchannel of a nuclear reactor. A simulation
of mass transfer between cells in reactor rod bundles
for longitudinal flow was presented [78B]. It was
shown how results from experiments of this type
would be used for calculation of enthalpies of the
coolant.

A methodology was presented for the inverse design
of interior coolant flow passages with application to
turbine cascade blade design [39B]. The user may
specify surface temperature and the wall thickness
variation is found by the technique.

The transient momentum and energy equations
were solved to find the transient temperatures in a
thrust bearing [18B]. Analytical results were pre-
sented for the problem of two-dimensional transient
heating of a circular source in a semi-infinite surface
[22B]. The heating transient and a convective cool-
down transient were studied. These transients simu-
late the thermal behavior of a single asparity in an
apparent area of contact in a bearing. A numerical
study was presented of the steady-state bubble-ther-
mohydrodynamic behavior of rigid circular pad thrust
bearings [1B]. The influence of air/gas bubbles
included in the lubricant on important design criteria
was discussed.

BOUNDARY-LAYER AND EXTERNAL
FLOWS

A survey on aeroassisted orbit transfer was pre-
sented [88CT]. Analytical, computational and exper-
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imental methods used in aerothermodynamic design
were discussed [56C]. Comparison between flight
tests and prediction show that these methods are
satisfactory for design. Aerothermodynamic problems
associated with hypervelocity flight were described,
including their severity [40C]. Problems that require
experimental and theoretical research were high-
lighted. Chemically reacting viscous flow in complex
geometries were analyzed using a two temperature
model [81C]. Results were almost identical to one-
temperature results—an almost negligible difference
in electron concentration across the shock layer
was observed. Laminar heating was measured at
hypersonic conditions on straight and bent-nose
{simulating the proposed interplanetary aeroassisted
vehicle) biconics [58C]. Equilibrium density ratios
were as large as 19. Measurements were made of the
effect of Reynolds number, angle of attack and nose
shape on the aerothermal heating of a cone at Mach
6.7 [62C]. Surface pressure data were independent
of Reynolds number and laminar heating on the
windward surface scaled on stagnation point heat
transfer. Enhancement by free-stream turbulence of
convective heat transfer to the stagnation region of a
hemisphere was studied {37C]. Predictions agreed
well with experimental results. The effect of free-
stream turbulence on the stagnation point velocity
gradient was evaluated. An inviscid flow field method
was extended to include heat transfer and deal with
angle-of-attack conditions [96C]. It can be applied
to flow over bodies of revolution of several geometries
and was shown to agree well at even high incidence
angles for flow over sphere-cones. The results of a
study of the shock wave on the front surface of a
sphere in supersonic flow were given [32C]. Increases
in Reynolds number and cooling of the surface lead
to the formation of a vortex ahead of the body.
Real-gas, inviscid supersonic flow fields over three-
dimensional configurations were computed for three
Mach numbers and two altitudes [11C]. The results
compared well with previous results. Hypersonic heat
transfer and aerodynamic loads to a Mars aerocapture
vehicle in a CO, atmosphere were evaluated [26C].
Contemporary low-density ablative thermal protec-
tion materials were selected. Heat transfer to simu-
lated shuttle tiles was measured at Mach 7 and 3300°R
total temperature [9C, 10C]. Sensitivity to flow angle
and gap width on local and average heat flux was
documented. Computational results were presented
for three-dimensional nonequilibrium flow over the
windward surface of the shuttle [48C]. The model
accounted for the finite rate chemical reactions of
multicomponent tonizing air. Three-dimensional
effects were shown. Phase-change paint was used to
measure heat transfer on space shuttle orbiter models
with differentially deflected elevons [92C]. These
deflections affected the wing heat transfer about
40% {or less) but the windward elevon heat transfer
coefficient could be many times that without deflec-
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tions. Flight-derived aerodynamic heat transfer data
for the shuttle orbiter wing lower surface was com-
pared with ground-based experimental data and com-
putational results [84C]. An interference heat transfer
region correlated with the region of minimum static
enthalpy predicted by computation. A review of
nonequilibrium flow field computations and methods
was presented where the results were compared to
temperature and heat flux measurements on the space
shuttle [76C]. Three thermal protection systems are
evaluated for protection of surfaces of future space
transportation systems [77C]. They were shown to
be viable up to 2300°F. An analysis of radiative
heating during aeroassisted orbital transfer was made
to determine the impact of the computational chemis-
try [23C]. The analysis showed that predictions
of radiative intensity, exitation rates, reaction rate
constants, particle ionization and spectral line widths
could be made. The effect of chemical nonequilibrium
on the flow field around an aeroassisted orbital
transfer vehicle was numerically evaluated [78C]. A
vehicle experiences a lower ratio of nonequilibrium/
equilibrium heating than computed for the shuttle.
This is due to higher velocities of the AOTV. The
three-dimensional flow of a hypersonic stream around
bodies was analyzed, with the inclusion of radiation,
using the method of an optically transparent shock
layer [33C]. As an example, radiation heat transfer
was determined for a symmetric conical body. The
effect of an exothermic reaction within the boundary
layer on convective heat transfer was measured and
computed [30C]. The effect is negligible until the
wall temperature becomes sufficiently high that the
exothermic reaction takes place in the boundary layer.
Particle to gas heat transfer rates were calculated
for an endothermic cyclohexane dehydrogenation
reaction [65C]. Heat transfer rates were lower than
without reaction, as one might expect for an endo-
thermic reaction. A study was made of the flow of a
multicomponent gas in a three-dimensional boundary
layer near a surface where there is a heterogeneous
chemical reaction [31C]. A formula for heat flow to
the surface was proposed. Joint probability density
functions of temperature and its dissipation are mea-
sured in the reacting zone of a plane jet [5C].
Correlation between the two is weak and their inde-
pendence increases with distance from the jet center-
line. LDA measurements in the flow over a wall
heated by combustion were made to investigate the
contributions due to a burst in low-momentum fluid
from the wall [22C]. Changes in Reynolds stress due
to combustion were seen in the sublayer of the
combustion products and were not found where the
combustion takes place. The nonequilibrium thermo-
dynamics model given by the governing principle of
dissipative processes was applied to solve for the
characteristics of two-dimensional laminar, constant-
property flow with nonuniform wall temperature and
main-stream velocity [79C]. The theory of viscous
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dissipation of high Prandtl number fluid in laminar
flow was reviewed [50C].

Measurements were made to show the effect of
large-scale obstructions on the heat transfer and flow
field of a turbulent boundary layer [18C]. An example
is at the leading-edge of a gas turbine airfoil. Measure-
ments and visualization studies were made to investi-
gate mechanisms which cause free-stream turbulence
and surface roughness to increase heat transfer in
the stagnation region of turbine blades [86C]. A
correlation was found between vortices caused by
mean velocity gradients and spanwise variations in
heat transfer. Heat transfer measurements were made
on cooled, flat plates with various degrees of free-
stream turbulence intensity, pressure gradient and
cooling intensity [74C]. Special emphasis was placed
on boundary-layer transition. It is shown that free-
stream turbulence and pressure gradients are of pri-
mary importance. Measurements were made of chan-
nel heat transfer with repeating ribs as used in gas
turbine cooling [36C]. Ribs oriented at oblique angles
to the flow gave higher heat transfer rates and reduced
pumping power. Measurements were made using the
laser two-point technique of the effect of impingement
of stator wakes on rotor blade heat transfer [17C].
The effect of the wake of a nozzle guide vane on
rotor heat transfer under transonic conditions was
measured [7C]. The interaction of the rotor and the
wakes results in variations in the incidence angle. The
shock waves from the moving wake have a major
effect on instantaneous heat transfer rates on the
rotor surface. Measurements of local heat transfer
coefficients were obtained on a modern gas turbine
blade with and without film cooling injection using a
shock tube [25C]. The presence of an upstream rotor
was shown to have a large effect on downstream heat
transfer but little effect in the leading edge and
midchord locations. Experimental results for tran-
sition on gas turbine blades were reviewed [68C]. The
effect of free-stream disturbance level was discussed.
Data sets, which include transition, were reviewed
to extract information about the transition process
[29C]. This information may be useful in turbine
applications. It shows that free-stream turbulence and
pressure gradient have strong and opposite effects on
both the location of the start of transition and on the
transition length. Measurements were made of heat
transfer in boundary layers undergoing transition
[91C]. A late-laminar state was documented. Turbu-
lent Prandtl number in late-transitional flow was
shown to be higher than that measured in fully
turbulent flows. The flow on the leading edge of a
turbine blade was experimentally investigated and the
effects of Reynolds number, compressibility, incidence
and free-stream turbulence were discussed [38C]. The
flow is extremely complex even at design conditions,
showing separation and reattachment and transition
and relaminarization. The effect of heating the surface
on transition and the growth of instabilities was
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studied—the rise in critical Reynolds number with
heating was given [47C]. The effect of sinusoidal flow
pulsations on heat transfer from a cylinder in cross-
flow was measured for pulsation amplitudes as large
as 25% and frequencies above and below the shedding
frequency [3C]. Calculations of gas turbine blade
heat transfer coefficients were made using a low
Reynolds number k—¢ turbulence model [71C]. Good
agreement was found, even in the complex flow on
the pressure surface which is transitional over most
of the length. An exact solution was presented for
heat transfer from an impulsively started plate cooled
by transpiration cooling [70C]. Injection was shown
to amplify the temperature and momentum boundary-
layer growth. Computational predictions were made
of the external convective heat transfer on gas turbine
blades using a boundary layer program and the k—¢
turbulence model [90C]. Free-stream turbulence and
transition were included in the model. They agreed
with measurements on the pressure side but discrep-
ancies were noted between computation and exper-
iments on the prediction of transition.

A method of multiple scales was proposed to
determine the partial differential equations which
describe the modulation in amplitude of three-dimen-
sional waves propagating into two-dimensional
heated liquid layers [8C]. A new criterion for the
most likely frequency was presented. Measurements
were made of velocity and temperature fluctuations in
the wall region of fully-developed, unstably-stratified
flow between horizontal parallel plates [28C]. The
stratification effect on turbulent intensity, skewness
and flatness factors and bursting speed were presented.
Experimental results were presented for the effect of
destabilizing heating on Goertler vortex instability in
a laminar boundary layer on a concave surface [44C].
When nonlinear effects become important, the vortices
become distorted and meander in the lateral direction.
The convective character of inviscid instabilities in
parallel shear flows was determined by examining
branch-point singularities of the dispersion relation
for complex frequencies and wave numbers [41C]. A
flow is convectively unstable when the branch-point
singularities are in the lower half complex-frequency
plane. Spacially growing waves can only be observed
if the mixing layer is convectively unstable, otherwise,
the instability develops temporally. Businger’s univer-
sal functions were used to compute the friction
velocity and the Monin—Obukhov length in unstable
boundary layers [75C]. It was shown that the func-
tions behave well outside the normal range. Flow
visualization was used to study the flow resulting
when a potential vortex rotates normal to a stationary
horizontal disc [66C]. Vorticity removes the singular-
ity on the vortex axis leading to the development of
a three-dimensional boundary layer. The boundary
layer transcends to turbulence then relaminarizes with
increasing Reynolds number. Heat transfer from an
isothermal cylinder to time-independent cross-flow
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with fluctuations larger than the mean flow was
analyzed and an example with sinusoidal flow was
presented [13C]. Results were presented of an exper-
imental, theoretical investigation of the upstream-side
heat transfer from a sphere or transversely oriented
cylinder in a flow which experiences a step change in
temperature [80C]. Mass transfer in converging or
diverging channels of equal or different wall concen-
trations was analyzed [12C]. The analysis involved
an infinite series of eigenfunctions. A two-region
model was used to analyze the heat transfer problem
of laminar flow of a low Prandtl number fluid passing
a wedge [21C]. An asymptotic low Pr expression for
local Nusselt number was given. An approximate
analytical solution was presented for the transient
problem of a constant temperature plate moving at
constant velocity initially at rest and in thermal
equilibrium with the surrounding flow [14C]. The
convergence of the method was discussed. Results of
an experimental investigation of very low Reynolds
number forced convective heat transfer to a sphere
were presented [93C]. The new experimental tech-
nique used for these measurements was discussed.
The effect of interface waviness, due to instability, on
mass transfer rates was investigated for the subcritical
and critical flow regimes [51C]. A convection analysis
of a negative pressure gradient laminar boundary
layer with suction or blowing was made [49C]. An
analysis of laminar flows over surfaces of roughness
length less than the boundary-layer thickness was
presented [19C].

Heat transfer of a micropolar fluid past a moving
semi-infinite porous plate was computed [83C]. The
effects of suction and microrotation were discussed.
The convective stability of a horizontal layer of
micropolar fluid heated from below and rotating
about a vertical axis were analyzed [16C]. Rotation
has a destabilizing effect, contrary to earlier assertions,
and, in the absence of rotation, microinertia has a
destabilizing effect. A set of equations are found and
solved for the two-dimensional flow of an incompress-
ible micropolar fluid near a stagnation point [15C].
Viscous dissipation effects were included. Heat trans-
fer from a linearly stretching, continuous surface with
a power law temperature distribution was solved
to give closed-form solutions for several specified
conditions [34C]. A boundary-layer approach was
applied to evaluate the heat transfer coefficient when
a viscoelastic fluid flows past a cylinder [73C]. It is
shown that the heat transfer coefficient becomes
independent of Reynolds number for large values of
Reynolds number. Analytical solutions were provided
for Stokes flow fields induced by instantaneous ther-
mal sources in a liquid field and at the center of a
solid spherical surface [2C]. The evolution of the flow
field was presented. Experimental and theoretical
results were given for slow translation of a hot sphere
through a fluid at rest [4C]. Separation of the thermal
layer ceases when the drag is controlled by the most
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viscous fluid. The problem of dissipative heating of a
fluid under a solid, isothermal plate was considered
[54C]. A new analytic technique applicable to the
outer region was presented for calculating the momen-
tum and heat transfer in flat plate and circular cylinder
turbulent boundary layers [59C]. A new version of
the k-W model was proposed for computation of a
wide range of fluid dynamic and heat transfer prob-
lems [42C]. The main advantage over previous
models is the removal of modifications to near-wall
constants. Measurements were made of fluctuating
velocity and temperature in a turbulent plane jet
mixing layer [20C]. Where Reynolds stresses and
turbulent heat flux were high, turbulent Prandtl
number was 0.4, indicating strong coherence in the
flow. The effect of isolated surface projections on heat
transfer from a plate to a turbulent flow was measured
[95C]. Zones of steep decrease in heat transfer and
increase in skin friction were identified. The surface
rejuvenation model was applied to the field of mass
transfer [53C]. Theoretical expressions for Sherwood
and Stanton numbers compared well with exper-
iments. Heat transfer enhancement in turbulent flow
on a plate due to edge effect secondary flow was
measured [61C]. The effect was always present and
depended mostly on the plate thickness. Compu-
tations were made to study the effect of outer flow
turbulence on turbulent transport using the two-
parameter turbulence model [94C]. The results were
compared with experimental data. A similarity sol-
ution was given for the local Nusselt number on a
flate plate with uniform heat flux and a small Prandtl
number fluid [27C]. A heton, two discrete baroclinic
geostrophic vortices in a two-layer system, was defined
[39C]. Hetons transport heat, repel similar hetons
(i.e. hot repels hot) and attract dissimilar hetons. A
two-heton engine exhibits vortex splitting, loss of
potential energy and meridional heat transport.
Measurements were taken of the heat transfer from a
circular cylinder which is normal to the flow and
parallel and near a planar surface [1C]. The effect
of separation distance was discussed. Average heat
transfer rates were measured for forced convection
air flow over inclined and yawed rectangular plates
[60CT. It was found that the average heat transfer
coefficient is insensitive to aspect ratio but does vary
with the angle of attack and Reynolds number.
Correlations were given. Experiments showing heat
transfer on a disk which is perpendicular to the flow
showed a minimum coefficient at the stagnation point
increasing to twice the stagnation value at the edge
[82C]. Data collapsed when scaled on the root of the
Reynolds number. Optimum nozzle-to-plate spacing
for heat transfer to a plate with a normal impinging
jet was experimentally evaluated [45C]. Maximum
stagnation point heat transfer was found when the
plate was at the end of the potential core of the jet.
A generalized model for predicting optimal spacing
was presented. A computational model was presented
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for predicting the flow and heat transfer of a single
semi-confined turbulent jet on an impermeable iso-
thermal surface [67C]. Effects of jet Reynolds number,
nozzle-to-surface spacing, and jet turbulence level
were discussed. Comparisons with data were favor-
able; but, further refinement of the turbulence closure
model is needed. The problem of a lighter fluid
impinging upon a heavier, otherwise quiescent, fluid
was analyzed [89C]. The convective heat transfer
coefficient was found. The effect of viscous dissipation
on mixed convection flow about a rotating sphere
was analyzed [69C]. A method was presented for
calculating the hydrodynamics and scalar transport
at the end-wall of a vortex chamber [87C]. The
parameters varied were boundary-layer thickness,
local friction, heat transfer rate and gas flow rate.

Laminar flow heat transfer in tube assemblies was
computed where the assemblies were inclined slightly
to the flow [6C]. The effect of the transverse compon-
ent is strong and nearly-axial flow shows much higher
heat transfer than purely-axial flow. Measurements
were made to document the effect of surface roughness
on local and average heat transfer coefficients for tube
banks in cross flow [97C]. General relations for
prediction of local heat transfer, local skin friction
and efficiency were presented. Direct measurements
of turbulent Reynolds analogy factors were made
for 15 nonplanar surface microgeometries including
riblets, wavy walls, etc. [52C]. Increases in this term
are of the value in optimizing heat exchanger design.
Measurements were made of flat plate heat transfer
to turbulent flow when there is a cylinder parallel to
the plate and perpendicular to the flow but imbedded
in the boundary layer [55C]. An optimum separation
distance was found. Heat transfer augmentation was
due to the turbulence in the lower shear layer of
the cylinder wake. Heat transfer from a flat plate,
influenced by an array of cylinders normal to the
flow and parallel to the plate, was measured {46C].
Optimum values of position and spacings were made.
Comparisons were made with the case of a single
cylinder inserted in the boundary layer. Convection
and radiation heat transfer rates from fixed, rotary
metallic and brick type regenerators were computed
[43C]. The nature of the variation of heat transfer
coefficient was important in evaluating average par-
ameters.

Results were given of research on the behavior of
liquid films on heat transfer surfaces as in condensers
and film evaporators [63C]. Incentive is provided by
a need to strip the water film from the wall of a steam
main prior to sampling for steam quality. Experiments
were made to measure the thermal effect of burst-
type fission gas release [35C]. The surface upon which
the gas impinges showed extreme temperature rises.
With gas injection, the liquid sodium heat transfer
coefficient reduced to as low as 5% of that with single-
phase flow. Experimental results and supporting
analyses were used to study the rewetting of a hot
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surface with impinging water jet [24C]. The history
of the process was documented with photographs and
measurements of the wall temperature history. It was
shown that a thin, electrically insulating coating could
be used in ionic liquids [57C]. Key to its use was
the measurement of the heat transfer resistance. An
analytical study of the behavior of a gas in a pres-
surized container during the early stages of expansion
was made [64C]. The outflow was choked. A key
quantity, heat transfer from the cylinder wall, was
included in the analysis. Combined radiative—convec-
tive heat transfer in a laminar boundary layer on a
permeable plate was analyzed [72C]. The effect of
scattering was presented. The convection Stefan prob-
lem with Newton’s radiation condition was solved
with a new technique which formulates the moving
boundary problem as one with a fixed boundary
[85C]. The convergence was shown to be improved
over the classical series solution.

FLOW WITH SEPARATED REGIONS

Experiments of the effects of sinusoidal flow pul-
sations on the heat transfer from a cylinder in cross
flow at Re = 50,000 showed no significant increase in
the heat transfer due to the pulsations in either the
wake or attached boundary-layer region [2D]. In
order to examine the effect of the roughness character-
istics on icing, a boundary-layer model of heat transfer
from the front half of a rough circular cylinder is
proposed [11D]. An experimental study has been
conducted on the effect of the clearance between a
circular cylinder and a plane surface on the heat
transfer from the cylinder to a cross flow [1D].
The mass transfer characteristics of a subliming flat
naphthalene surface on which a protruding cylinder
is mounted were studied for two cylinder height to
diameter ratios, 1 and 12. The cylinder height influ-
ences the local mass transfer distribution downstream
of the cylinder, but has little effect on the upstream
region [6D]. Local and mean heat transfer character-
istics were measured on an elliptic cylinder of an
axis ratio 1:3, on which particles of silica scale are
uniformly distributed in order to clarify fouling effects
of geothermal water scale on heat transfer [14D].
Experimental investigations on the local and average
heat transfer from a square prism to an air stream
were carried out in the range of subcritical Reynolds
numbers and the average heat transfer coeflicients at
zero and 45° angles of attack were found to be as
high as 40% of the well-known values of Hilpert
[9D].

Correlations for heat transfer and pressure drop
for in-line and staggered banks of tubes are suggested
for Re from 1 to 2 x 10%, Pr from 0.7 to 10* and a
wide range of relative transverse and longitudinal
pitches [21D]. The Nusselt number and pressure loss
coefficient were found to be highly sensitive to the
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transverse pitch in a two-row array of finned tubes
[19D].

Measurements of the local heat transfer coefficient
for a separating water flow past a step in a rectangular
channel are presented [13D]. A viscous—inviscid inter-
action procedure is described for predicting the heat
transfer in separating flow in a rearward-facing step/
asymmetric channel expansion [8D]. Results of
numerical calculations for heat transfer in turbulent
recirculating flow over two-dimensional, rearward-
facing steps and sudden pipe expansions are presented
[7D]. Theoretical results concerning the flow and
heat transfer in laminar flow past a backstep show
that the size of the initial boundary layer can have
opposing effects on the reattachment distance,
depending on whether the Reynolds number is held
constant [4D]. Combined heat transfer and fluid
dynamic measurements in a separated and reattaching
boundary layer demonstrate that fluctuating skin
friction controls the heat transfer rate near reattach-
ment, while the conventional Reynolds analogy
applies in the redeveloping boundary layer [20D].

A theoretical investigation of unsteady marginal
separations in a classical, unsteady boundary layer
suggest that the nonlinear properties of such separ-
ations may be largely responsible for the central
features often observed experimentally in the abrupt
turbulent reattachment of eddies that follow laminar
separation near the leading edges of aerofoils [17D].
Arguments are presented to prove identical results in
determining the most thermohydraulically efficient
surface in three comparison studies: the heat flux at
equal pumping power and area; the pumping power
at equal heat flux and surface area; and the surface
area at equal heat flux and pumping power [10D].

The average and local heat transfer at the base
surface of a cylindrical cavity whose opening is
perpendicular to an oncoming free stream were found
experimentally to decrease sharply with increasing
cavity depth [18D]. In an attempt to investigate
numerically buoyancy-induced enclosure flows in
which the fluid is radiatively participating, energy
conservation equations are derived over a finite, not
infinitesimal, control volume [16D]. Heat transfer to
and from slender cylinders (filaments, fibers and wires)
travelling along the axis of a vertical duct with heated
walls was investigated experimentally and it was
found that there is a difference between the heat
transfer coefficients of monolithic filaments and of
multistrand fibers [5D].

Heat transfer studies were conducted experimen-
tally on axisymmetric rocket nose cones with separ-
ationless and separated flows using sounding rockets
and the results were compared to predictions [15D].
Distributions of the temperature—pressure gradient
correlations obtained from measured budgets of the
longitudinal and lateral heat fiuxes in the self-preserv-
ing region of a slightly heated turbulent plane jet into
still air are consistent with a model which includes
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only the turbulence interaction contribution to the
pressure fluctuations [3D]. A numerical investigation
of the unsteady heat transfer to a droplet suspended
in an electric field predicts there is a maximum steady-
state Nusselt number equal to about 30 [12D].

HEAT TRANSFER IN POROUS MEDIA

The largest single category of papers in this section
deals with saturated porous media. An extensive
overview of steady solutions was published in three
parts [60DP, 61DP, 62DP]. A very large number of
works in this area deal with natural convection heat
transfer, the widely used Boussinesq approximation
for which was evaluated for its suitability [26DP]. A
less restrictive variant of the Boussinesq approxi-
mation was compared with the more common
assumption, and while the flow field calculations were
sensitive to their differences, overall heat transfer
quantities were insensitive. Similarity solutions were
obtained for free convection boundary-layer flow
adjacent to long vertical plate fins in porous media
under conditions of power law variations of the fin
conductivity—thickness product [63DP]. A numerical
and experimental investigation of natural convection
in saturated porous media in the annulus between
vertical concentric cylinders with small aspect ratio,
L/D, was reported [69DP]. As radius ratio (outside/in-
side) was increased, smaller aspect ratios were required
to introduce multicellular flow structures. Solutions
were developed for free convection flow and heat
transfer from a nearly horizontal, semi-infinite, iso-
thermal, heated surface in a saturated porous medium
[73DP]. An asymptotic solution was found for posi-
tively inclined surfaces, and solutions were found near
the leading edge for both positively and negatively
inclined surfaces. Natural convection about a line
source at the vertical interface of two saturated porous
media of differing permeabilities and diffusivities was
analyzed [80DP]. Natural convection from a two-
dimensional horizontal line source embedded in satu-
rated porous media has been analyzed using matched
asymptotic expansions suitable for use at lower Ray-
leigh numbers than a previous boundary-layer sol-
ution [1DP]. Stably heated corners of saturated
porous media were explored by numerical exper-
iments and scale analysis [42DP]. Experiments per-
formed in shallow gas—solid packed beds of a regular
packing of spheres between horizontal isothermal
surfaces confirmed a value of 4n? as the critical
Rayleigh number [17DP]. Linear stability analysis
was used to determine the critical onset time at which
convection starts in a porous layer saturated with
water initially at a uniform temperature near, but
above, the temperature of maximum density, 3.98°C,
when the upper surface is impulsively lowered to a
temperature below 3.98°C [66DP]. A numerical
model was described for natural convection in satu-
rated porous medium with simultaneous motion of
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the pore fluid and the matrix, which was treated as a
viscous medium [19DP].

Linear stability analysis procedures employed in
double diffusion were applied to explore the effect of
a third diffusing component in a saturated porous
medium providing general expressions for various
stability boundaries [67DP]. The effects of simul-
taneous mass transfer upon buoyancy-driven heat
and fluid flow from a concentrated source in a
saturated porous medium were analyzed for low
Rayleigh numbers for both transient and steady
solutions [65DP]. For a porous horizontal cylinder
immersed in a gas-filled porous medium, a boundary-
layer analysis was carried out for the coupled free
convective heat and mass transfer [29DP]. For a
vertical surface, natural convection heat and mass
transfer was studied through scaling arguments and
similarity solutions of the boundary layer approxi-
mation to the governing equations [3DP]. Both
numerical and scale analyses were presented [§9DP]
for combined heat and mass transfer by natural
convection in finite layers of porous media.

Mixed convection was investigated for special cases
of plane surfaces in media with variable permeability
[8DP,9DP] yielding similarity solutions for horizon-
tal and inclined surfaces. A nonlocal similarity method
was employed to determine effects of buoyancy and
wall temperature variations about nonisothermal sph-
eres and cylinders in mixed convection circumstances
in porous media [ S1DP]. Analysis was also performed
[72DP] upon a saturated porous media flow with
natural convection at a permeable, absorbing bound-
ary and simultaneously a forced oscillatory flow
parallel to but distant from that boundary.

An analysis was presented [40DP] of the tempera-
ture fields of a single-phase coolant and a porous
channel through which it flows. A method was pro-
posed for computer-aided mathematical modeling of
a steam-thawing process for treating permafrost in
advance of building construction [SODP]. Transient
conduction and radiation in nonconvective planar
porous materials was analyzed for the case of sudden
increases in heat generation at one boundary [86DP],
applicable to transient methods of measuring proper-
ties of porous insulation, and an analytic method was
proposed for calculating unsteady heat exchange in
soil applicable to energy analysis of pipeline transpor-
tation systems [S6DP].

Developing flows through porous media in chan-
nels bounded by isothermal parallel plates were
analyzed using a modified Darcy model [38DP].
Boundary, convective, and inertia effects were shown
to become more important in natural convection in
saturated media adjacent to a vertical plate as porosity
increases [33DP]. These effects all reduce the heat
transfer relative to the conventional solutions based
on Darcy flow. Using matched asymptotic solutions
for a three-layer model for natural convection at a
semi-infinite vertical plate in saturated porous media
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the Brinkman model was incorporated [34DP]. The
boundary effect became more important at larger
Rayleigh numbers and higher Darcy numbers. Inertial
(non-Darcy) effects at high Rayleigh number in a
vertical porous layer subjected to uniform heat fluxes
at the sides were numerically evaluated using the
Forchheimer model [64DP]. Numerical experiments
in a porous layer heated from the side were used to
confirm the non-Darcy flow prediction of an analyti-
cal solution [68DP] and to illustrate the regime
between Darcy flow and flow affected by inertia.
Effects of inertia were demonstrated to be significant
in natural convection at realistically large values of
the Rayleigh number in thin layers of saturated
porous media with small Prandt! number [55DP]. A
Brinkman-extended Darcy model, incorporating the
no-slip condition at an impermeable surface, was
shown to give superior predictions of natural convec-
tion heat transfer in vertical porous enclosures for
large modified Reynolds number and large aspect
ratios [87DP]. Steady non-Darcy free convection
was analyzed for wedges of saturated porous media
bounded by a flat heated surface at an arbitrary angle
from the vertical and by another surface which is
either at ambient temperature or insulated [74DP].
Boundary and variable porosity effects were dem-
onstrated to be significant in forced convection
through packed beds in an experimental and numeri-
cal study [91DP]. Simple thermal resistance models
were developed for use in predicting steady-state,
packed-bed heat transfer characteristics [21DP]. The
Blake-Kozeny model for pressure drop in a granular
bed was used to develop a model for heat and mass
transfer from a fluid to a particle in a granular bed
[39DP]. Analytic expressions were presented for
asymptotic radial heat transfer coefficients for packed
bed reactors [23DP]. Comparisons were made of
numerical solutions for the transient gas—solid heat
transfer in packed beds using a two-phase model
and a single-phase model [32DP], displaying the
advantages and limiting parameters of the latter. A
new model was developed [45DP] and experimentally
supported [46DP] for transient thermal response of
a packed bed, employing the method of spatial
averaging. An analytical method was proposed for
predicting transient temperature distributions in a
porous bed subject to a step change in fluid inlet
temperature [88DP]. It is suggested that the method
could be extended to other high-order partial differ-
ential equations resulting from coupled phenomena.
Measured transient temperature distributions in a
high temperature pebble bed regenerative heat exch-
anger were shown to be well predicted by a numerical
model [94DP]. Heat and mass transfer processes
between gas and particles in a fixed bed dryer were
numerically investigated, showing that moisture
diffusion taking place inside the particles can control
the drying process even at moderate Biot numbers
[58DP]. Heat and mass transfer from
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an object immersed in a packed bed was studied,
incorporating the effect of the high porosity zone near
the surface of the body [6DP]. Experiments were
performed and correlations presented for heat transfer
and pressure drop of particulate laden gas flow
through a tube packed with spheres [27DP].

Orthogonal collocation was demonstrated [59DP]
to be a simple and useful method for predicting the
combined heat and mass transfer process of drying
of porous media. Evaporation in porous media was
analyzed with a kinetic model, replacing the collision
integral with an external force, the collective interac-
tion of gas molecules with the stationary media
[48DP]. A theoretical model was proposed [44DP]
for drying and sorption processes in unsaturated
porous media. Theoretical and experimentally deter-
mined rates of property changes were presented for
the heating of a cylindrical sample of water-saturated
limestone in hot air [93DP]. A two-dimensional,
finite-element formulation was presented for coupled
heat and mass transfer in partly saturated soils
[85DP]. Modeling and experiments identified void
fraction and its distribution, fiber radius, directional-
ity, and tortuosity as properties controlling liquid
diffusion in fibrous insulation material [S3DP].
Another combined theoretical and experimental
investigation of heat and moisture transfer in a fibrous
insulant displayed consistent distributions of moisture
but overestimations of heat transfer [18DP]. Exper-
iments demonstrated that heavy porous material
(brick walls) undergo strong variations of apparent
thermal transmission related to slowly stabilizing
moisture profiles [SDP]. Analytical evaluation of
unsteady filtration in hydrofractured low-per-
meability rock produced a parameter which may be
used as a feasibility test for extracting geothermal
energy from specific geological conditions [49DP]. A
mathematical model was proposed for describing heat
and mass transport within a porous granule of a
catalyst which, itself, assists in forming a two-phase
mixture within its pores [22DP]. A descriptive review
of the processes and consequences of the drying of
wood, a distinctly nonisotropic porous medium, was
published [82DP].

A dryout model for a particle debris bed was
developed with focus on the inter-facial resistance
between countercurrently flowing vapor and liquid
[10DP] and shown to fit available data well. Safety
analysis of liquid metal fast breeder reactors motivated
the development of equations governing the transient
vapor formation of a hypothetical debris bed [11DP]
and those governing particle melting and penetration
of the guard vessel lining of an overheated, dried
out debris bed [12DP]. A study of countercurrent
flooding limitations in porous media led to the
conclusion that differences in dryout heat flux data
from shallow and deep volume heated beds of large
particle diameter and differences in bottom and vol-
ume heated beds can be attributed to the role played
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by coupling between the particulate bed and the
overlying liquid layer [47DP]. Physical experiments
simulating core debris beds with internal heat gener-
ation [41DP] likewise indicated that significant coup-
ling exists between convective flow within the bed
and an overlying liquid layer. Boiling of water in an
unconstricted bed of granular material was studied
visually and with temperature profile measurements
[24DP]. Analysis of heat transfer and two-phase flow
in porous media with porosity varying with height
showed strong influence of the porosity profile upon
the height of the two-phase zone and the temperature
difference [1SDP]. Analysis and experiments were
addressed to the length of and the dryout heat flux
of the two-phase zone in porous media [90DP].

The suitability of gas fluidized beds for use in heat
recovery systems was explored and experiments were
performed with inclined distributor plates intended
to help the particles to flow through the system
[31DP]. Mass transfer coefficients were measured
from both freely moving and fixed spheres to a
dense phase fluidized bed with results showing no
dependence upon the superficial velocity, dependence
instead upon the minimum fluidizing velocity, and a
20-50% increase in mass transfer rates for fixed
spheres relative to freely moving spheres [70DP]. A
correlation was developed for longitudinal disperston
coefficients determined by the tracer impulse response
method in fluidized beds which were similar in proper-
ties to biofiim reactors [57DP]. The effects of inert
particle size and density upon circulation rate and
heat transfer were explored for drying equipment of
various scales incorporating fluidized beds [81DP].
A mathematical model for drying of particles in an
inclined, vibrated, fluidized bed was shown to predict
quite well the temperature and moisture variations
observed in an extensive experiment with a three-
stage unit [30DP]. Vibration considerably enhanced
the drying ability of the device. Design considerations
for fluidized bed drying equipment were reviewed
[25DP]. A computer model was developed to simulate
the drying process in a rotary dryer [36DP].

A composite dense phase and lean phase model for
heat transfer to tubes immersed in gas fluidized beds
has been demonstrated to fit extensive experimental
data [7DP]. A relationship was demonstrated
between contact resistance models and a property
boundary-layer model of transient dense-phase heat
transfer to surfaces in fluidized beds [43DP].
A boundary-layer model of heat transfer between
fluidized beds and immersed surfaces was presented
[13DP], and estimates of maximum Nusselt numbers
thereby developed agreed reasonably with data from
the literature. Mass transfer from an immersed surface
to a fluidized bed, previously considered to bear little
similarity to heat transfer, was shown to have strong
similarity to heat transfer when particles have large
specific mass capacity [16DP]. A modified packet
model was shown to agree with data from beds of
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large and small specific mass capacity. A mechanistic
model was proposed for heat transfer between a
slugging fluidized bed and a vertical immersed surface,
more suitable for long vertical surfaces than previous
models [2DP]. It gave good agreement with time-
averaged data. Experiments on heat transfer from V-
thread finned tubes to gas fluidized beds and analysis
of heat conduction in the fins led to correlations
applicable to single finned tubes and finned tube
bundles [28DP]. An experimental technique involving
batch-wise drying of wet porous particles in fluidized
beds of identical dry particles provided measures of
gas—particle and particle-particle heat transfer rates
in large particle systems [20DP]. The gas—particle
heat transfer rates measured were rather insensitive
to fluidizing velocity. Heat transfer coefficients and
local voidage on immersed cylindrical surfaces in
a tube bundle were measured in a large particle
pressurized fluidized bed [4DP], displaying a large
effect of the pressure upon the heat transfer
coefficients. An extensive comparison of data with
models and correlations for heat transfer coefficients
on immersed surfaces in pressurized fluidized beds
produced recommendations of preferred predictions
for three distinct regimes of fluidization segregated
by bounding Reynolds and Archimedes numbers
[78DP]. Heat transfer coefficients on a vertical tube
in fluidized beds of small particles at elevated tempera-
tures were found to increase with increased bed
temperature but were quite insensitive to a change in
bed diameter from 25 to 15cm [79DP]. Experiments
of heat transfer from horizontal cylinders at various
heights in liquid fluidized beds of glass beads revealed
the concentration profiles of segregated regions of
different sized particles [35DP].

Using a continuum model to simulate fluidized bed
hydrodynamics, predicted heat transfer coefficients
compared favorably with a previously performed
experiment thereby lending credence to the hydrody-
namic simulation [84DP]. Experiments with a fluid-
ized bed furnace revealed considerable axial and radial
temperature gradients at low fluidizing velocities
[92DP]. Heat transfer coefficients from a fluidized
bed to a porous distributor plate were experimentally
measured, correlated, and found to vary in a similar
way as bed-wall coeflicients of heat transfer [95DP].

A comprehensive review article was published
covering the status of understanding of fundamentals
of gas—liquid—-solid fluidization with recommen-
dations of areas for further research [54DP]. Exper-
iments upon wall-to-bed heat transfer in three-phase
fluidized beds led to a generalized correlation equation
for heat transfer coefficients in liquid-solid and in
three-phase fluidized beds, based upon the equality
of the product of the heat transfer coefficient and liquid
holdup in three-phase beds with the corresponding
product for liquid-solid beds [14DP]. A semi-theor-
etical correlation was proposed for heat transfer
coeflicients in three-phase fluidized beds based on a
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correlation for bubble column wall heat transfer and
constants were evaluated to fit data from existing
literature [83DP]. Heat transfer coefficients were
measured at the wall of a three-phase fluidized bed
with upward co-current flow of liquid and gas with the
liquid at low velocities [77DP]. Previous correlations
inadequately predicted these coefficients and a new
correlation was proposed.

Other fluid—particle systems involving the transfer
of heat are here loosely combined. A variational
method was used to predict the time development of
coating thickness in fluidized bed coating of a thin
metallic substrate [71DP]. A theoretical model was
developed and a simple design chart presented for
analysis of heat transfer and pressure drop in vibro-
fluidized beds [7SDP]. Small glass and aluminum
particles suspended in gas streams were reported to
reduce heat transfer coefficients inside vertical and
horizontal tubes except at small loading ratios and
moderately low (11,000 to 13,000) Reynolds numbers
[37DP]. Experiments and analysis were reported
regarding a raining packed bed heat exchanger
[76DP]. A numerical solution confirmed that laser-
induced thermophoresis improves the efficiency of
deposition of aerosol particles on a surface [52DP].

EXPERIMENTAL TECHNIQUES AND
INSTRUMENTATION

A review of several new experimental methods and
diagnostic techniques for heat transfer research was
presented by the faculty of the A. V. Luikov Heat and
Mass Transfer Institute of the Byelorussian Academy
of Sciences [ SE]. Pitfalls in the correlation of engineer-
ing data by the use of dimensionless groups were
discussed [54E].

One avenue of improvement in heat transfer instru-
mentation lies in the application of thin-film coatings.
In experiments where a uniform wall heat flux is
desired, but where the heat transfer coefficient is low,
the use of an electrically heated, thin, gold-coated
plastic sheet appears to provide a method for provid-
ing the flux without having wall conduction over-
whelm the results [3E]. Another advantage of thin
films is in their improved dynamic response; a gold
thin-film resistance thermometer plated onto a non-
conducting substrate was developed for heat flux
measurements at a moving surface subjected to rapidly
varying heat flux; measurements were reported with
a resolution of about 0.002 K at sampling rates up to
5kHz [50E]. A heat flux sensor/thermocouple was
constructed by sputtering an electrically insulating,
thin-film coating over most of the instrument surface,
leaving bare metal exposed only at locations where
temperature measurement was desired; minimal dis-
turbance of boundary-layer temperature and wall
heat flux was claimed for measurements over a flat
plate tested to temperatures up to 911 K [31E]. Thin
films of fired metal paints were used as resistance
thermometers for measuring surface temperatures to

1781

a reported accuracy of + 0.023K [44E]. A coaxial
thin-film thermocouple was modeled for measuring
the time-varying temperature on the surface of the
combustion chamber wall of an internal combustion
engine [11E]. Results were presented of heating rates
in hypersonic wind tunnels in which it was claimed
that the principal uncertainty associated with the use
of thin-film gages on MACOR substrates had been
resolved (namely, the thermal properties of MACOR)
[36E].

Important advances are occurring in the appli-
cation of optical techniques for temperature measure-
ment, especially for high-temperature environments.
A planar laser-induced fluorescence method was
developed for obtaining measurements of the two-
dimensional temperature field in a combustion flow
[46E]. A technique utilizing two optical multichannel
analyzers detecting light scattered by two separate
mechanisms (e.g. Rayleigh and Raman) makes poss-
ible the simultaneous two-dimensional mapping of
both temperature and species concentrations in turbu-
lent flames [33E]. An optoacoustic laser beam-deflec-
tion technique for measuring flame temperatures at a
sampling rate >1kHz was reported [16E]. A two-
color optical pyrometer was developed for measuring
the temperature of individual particles (typically
50 um in diameter) over the temperature range 1200—
2500°C, with an accuracy of +50K [23E]. The
simultaneous measurement of three quantities—the
temperature, size and velocity of individual carbon
particles of a burning pulverized fuel—was achieved
by an optical method [39E]. The calibration of an
optical pyrometer against a tungsten strip lamp at a
maximum temperature of 2300°C was extended to
3100°C using a linear extrapolation accurate to 0.65%
[21E]. The theory and application of the laser shadow
technique was discussed for the case of axisymmetric
turbulent flow [14E]; it was shown that three-dimen-
sional spatial resolution could be obtained by use of
the Abel transform method.

The application of liquid crystals for temperature
measurements was reviewed [15E]. A measurement
system consisting of a composite sheet containing a
heater element and liquid crystals was reported to
provide high-resolution measurements of local heat
transfer on a large-scale model turbine blade airfoil
[20E]. An intriguing method was reported whereby
the velocity and temperature of a thermochromatic
fluid are measured simultaneously; the velocity is
measured by laser Doppler anemometry while the
temperature is measured using the otherwise-dis-
carded intensity of the scattered light [45E]. The
temperature can be observed directly by the fluid
color change or can be quantitatively measured by a
suitable optical detection method. An improved flow
visualization technique utilizing photochromic dye
and an inexpensive pulse laser was described [22E].

Several improvements in schlieren techniques were
reported; a review of color-coding schlieren visual-
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ization was presented [47E]. A study of schlieren
photography in a water tunnel showed this method
to be a viable means of visualization in water flows
[12E]. A method was developed to obtain from
schlieren fringe patterns information about the propa-
gation of a gravity wave in a density-stratified liquid
[41E].

Development of hot-wire anemometry as a tool for
heat transfer research continues to receive consider-
able attention. The static and dynamic response of a
hot-wire were examined analytically [10E], and the
transient response of the Nusselt number to variations
in the Reynolds number over a range from 1 to 40
was investigated in a numerical simulation of a hot-
wire [8E]. Hot-wire dynamic behavior was studied
in experiments, in which it was found that an alter-
ation in dynamic response can occur at frequencies
around 1Hz [27E]. The influence on hot-wire
measurements of the wire diameter and overheat ratio
of a wire placed near a conducting wall in a turbulent
boundary layer was studied [26E]. Expressions for
the response of an inclined hot-wire to an imposed
flow were extended to three-dimensional flows of
moderate turbulence intensity [42E]. Calibration pro-
cedures for inclined hot-wire probes were investigated
[7E]; the results show significantly different yaw
correction factors depending on the procedure chosen.
Yaw, pitch and velocity parameters were derived as
functions of the effective cooling velocity of triple hot
wires in unsteady flows with large direction changes
[35E]. Directional sensitivities of quartz-coated and
alumina cylindrical hot-film anemometers were inves-
tigated in air and liquid Refrigerant-113 flows [43E].
A simplified hot-wire calibration procedure was
described based on the assumption of linear depen-
dence of the fluid temperature on the square of the
anemometer voltage [6E]. An experimental investi-
gation of oscillatory phenomena produced by a hot
wire located near and below a free surface was
reported [S3E]. Finally, an alternative whirling hot-
wire system was described, including optical data
transmission by an LED [52E].

Pyroelectric anemometers received some attention,
including one study of geometric considerations in
their operation [13E] and another which presented
a heat transfer model of thetr response [19E]}.

Several new methods for determining thermal prop-
erties were reported, including a photoacoustic-phase
method for simultaneously determining thermal con-
ductivity and specific heat of a solid [28E]; a digitally
controlled heater power supply for measurement of
specific heat at cryogenic temperatures [29E]; a
calorimeter with mixing-flow cells of aneroid type for
determining heat capacity at high pressures and
temperatures [48E]; and utilization of the thermal
strain of solids to measure the thermal conductivity
and thermal diffusivity of solid-phase polymers [2E].
An overview was presented of a workshop at the
9th European Thermophysical Properties Conference,

E. R. G. ECKERT et al.

which considered the “effect of radiation on thermal
transport measurements” [37E].

Correlations were presented for the response time
of chromel—alumel thermocouples with different bead
sizes in flowing hot air; the response time was found
to be unaffected by the air temperature [40E]. A
theoretical study of the dynamic response of thin-wire
resistance thermometers found significant nonlinear
effects in the measurement of temperature fluctuations
under certain velocity conditions [30E]. Reported
developments of new heat flux sensors for specific
applications include calorimetric loops for determi-
nation of thermal loads of steam-generating waterwall
tubes [24E] and a temperature-controlled, multiple-
chamber indirect calorimeter for measuring heat
transfer between animals and the environment [38E].
A monotone-wall calorimeter was developed in which
the heat generated by a body is determined by
measuring the temperature difference between that
body and a reference body which is in the same
temperature environment; the detector is shielded
from surrounding temperature effects [34E]. A pre-
cision ac resistance bridge suitable for thermometry
was described [9E]. Systems were described for mea-
suring temperatures in optical-fiber preform fabri-
cation [4E] and in liquid metal flows, the latter
using a permanent magnet probe [S51E]. A rod-
like temperature probe for studying heat transfer in
flowing polymer melts was examined theoretically
[49E]. The error in measuring the heat flux from a
furnace wall due to perturbation of the flux by a heat
flux transducer was calculated [ 1E]. The temperature-
control system designed for the calorimetric exper-
iment planned for the Spacelab D1 mission was
described; the purpose of this experiment is to measure
the singularity in specific heat near the gas-liquid
critical point under zero-gravity conditions [17E].

Finally, new instrumentation for cryogenic heat
transfer studies was reported, including a semiconduc-
tor resistance thermometer [32E], rotating cryostats
[18E], and a device for investigating heat transfer of
a cryogenic liquid under centrifugal forces [25E].

NATURAL CONVECTION—INTERNAL
FLOWS

Buoyancy-driven flows in enclosures continue to
gain the attentton of a number of researchers spanning
the disciplines from pure and applied mathematics,
to physics, to engineering science, including those
interested in nonlinear phenomena and turbulence.
Applications include manufacturing, cooling of elec-
tronic components, and geophysical and astrophysical
flows. As has been true for some time, there is
considerable activity in nonlinear phenomena for
convection within horizontal layers heated from below
(Rayleigh—Bénard or Bénard convection), differential
heating of vertical and inclined layers, the influence
of internal energy sources on flow, convection in
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annuli, the influence of surface tension on flows,
convection in porous media and mixed convection.
A number of studies considered the instability and
low Rayleigh number laminar flow in a horizontal
layer heated from below. The onset of instability
is advanced with temperature fluctuations on the
boundary [106F]. Another study [54F] considers
time-varying as well as random fluctuations in the
bottom surface temperature and their influence on
the onset of flow. A study predicts the influence of
spatially varying temperature on the lower wall of a
horizontal layer of fluid containing two components
[11F]. Conditions under which the principle of exch-
ange of stability holds for a viscoelastic fluid layer
heated from below were described [96F]. Linear
stability theory has been used to predict the instability
in a horizontal layer with suction through the bound-
aries of the container [92F]. Hexagonal cells are
found to be preferred for the onset of flow in a
horizontal layer of fluid with temperature-dependent
properties [S57F]. With stress-free boundaries, the
maximum Rayleigh number for steady rolls is found to
be relatively low [16F]. Three-dimensional numerical
solutions for a horizontal layer with stress-free bound-
aries and a square planform show the heat transport is
strongly dependent on Prandtl number [7F]. Square
cells are the preferred form of convection in a horizon-
tal layer, with finite conducting boundaries for a
very limited range of conditions [80F]. With large
variations in viscosity across the layer the transition
from square cells to rolis has been predicted [22F].
Another analytical study [39F] of convection in a
layer of fluid whose viscosity is strongly dependent
on temperature has been reported. The onset of
oscillations in a low Prandtl number fluid have
been examined analytically to predict instability in
superfluid mixtures of helium [35F].

A prediction of the transition to chaos in a fluid
layer heated from below has been described [38F].
Another study [64F] on the transition to chaos uses
Bénard convection as the example in the analysis.

Large-eddy-scale simulation has been used to study
turbulent Rayleigh—Bénard convection up to modest
Rayleigh number [36F]. Long-term changes in the
temperature of the boundaries with Bénard convec-
tion have been analyzed using a nonlinear diffusion
equation [40F]. Penetrative convection in water near
4°C is studied assuming the presence of long convec-
tion rolls with a constant heat flux boundary condition
[81F]. A fluid in which thermal waves travel with
finite speed (second sound) has been analyzed to
predict Bénard instability [62F].

Experiments on Rayleigh—Bénard flow include the
use of a specially designed heat flux meter [32F].
Oscillations in low temperature helium have been
studied using a very sensitive thermometer [60F].
Apparatus for precision measurement of Rayleigh—
Bénard convection in a cylindrical container include
the use of a computer-enhanced shadowgraph imag-
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ing system [97F]. Turbulence has been observed at
low Rayleigh number in a narrow vertical cylinder
heated from below [1F].

Oscillatory instability is predicted when heating a
horizontal layer of fluid on which is superimposed
another layer of immiscible fluid [77F]. In a related
study, a perturbation analysis is used to examine
the oscillatory onset of flow [78F]. Experiments
performed by heating a layer of liquid water overlaid
with ice show different patterns of interactions at the
solid-liquid interface [34F].

Several papers consider fluids with internal energy
sources in horizontal, vertical or inclined layers.
Modeling [5F] of turbulent natural convection in
such a horizontal layer indicates different regimes
(layers) in terms of temperature profiles. The critical
Rayleigh number has been found for a horizontal
layer with a linear variation in internal energy source
[79F]. In a vertical layer with internal energy sources,
instability appears in the form of traveling waves
[98F]. An analysis for nonuniform internal energy
source predicts the stability that might occur with
radiation absorption in a liquid in a vertical slot
[88F]. Another paper considering radiation absorp-
tion in a vertical slot presents stability and flow
calculations [43F]. For an inclined square box con-
taining internal energy sources and also differentially
heated, the temperature and velocity fields have been
calculated [3F]. A later paper considers the case of
internal energy sources and flow if the enclosure is
cooled from below [2F].

The breakdown of the conduction region to convec-
tion in a differentially heated, vertical slot appears to
be quite different at different Prandtl numbers [31F].
A related analysis indicates elongated horizontal rolls
in a nonuniformly heated, vertical layer [30F]. The
analysis of the flow in a differentially heated, vertical
layer for non-Newtonian fluids has been presented
[76F]. The laminar convection between vertical plates
with fixed outer temperature indicates that the inner
surface temperature and the flow are dependent on
the relative conductivity of the plates to that of the
fluid [21F]. A numerical study for large Rayleigh
numbers with a low Prandtl number fluid in a
differentially heated, vertical layer has been described
[89F]. In experiments on differential heating of a
variable-viscosity fluid in a vertical slot, a shadow-
graph is used to detect the onset of instability [27F].
The flow of supercritical helium in a heated vertical
slot has been analyzed [33F]. The transient tempera-
ture distribution in a vertical layer with suddenly
heated sidewalls has been described [47F].

Experiments using differential heating across a
vertical annulus have been performed over a large
range of Rayleigh and Prandtl numbers; turbulence
is initiated at a fixed value of the local Grashof
number on the inner wall [73F]. Experiments show
progressive waves of instability for convection in a
differentially heated, vertical annulus [104F].
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A number of studies considered square or rectangu-
lar enclosures. Numerical finite-difference solution
indicates the effect of variable properties on the
temperature, velocity distributions and heat transfer
in a differentially heated, square cavity [111F]. A
numerical and experimental study shows the effect of
finite conductivity in walls of a differentially heated,
square enclosure [53F]. Convection in a square
enclosure when one wall is suddenly cooled, has been
studied experimentally and numerically [67F].

Transient heating causes oscillatory flow in a low
Prandtl number fluid contained in a cylindrical enclos-
ure [46F]. Stratification develops quite differently
with a turbulent boundary layer as compared to a
laminar boundary layer in an enclosed heated fluid
layer [105F7.

Convection in a corner containing a hot vertical
wall and a cold horizontal wall yields a single cell
over a range of Rayleigh number [55F]. The analysis
of flow in a rectangular enclosure when one of the
vertical walls is held at one temperature in its upper
half and a different temperature in the lower half has
been described [71F]. Finite-difference methods for
enclosures have been extended to high Rayleigh
number; a more refined turbulence model is required
at high Rayleigh number [70F]. The velocity distri-
bution in a differentially heated rectangular enclosure
has been determined with a laser-Doppler velocimeter
[19F].

Several studies consider flow across a differentially
heated, inclined layer. One numerical and experimen-
tal paper presents results for low Rayleigh number
flows when air is the working fluid [85F]. The flow
in an inclined layer from a cell immersed in a cooling
liquid has been presented [61F]. Experimental and
theoretical results are presented for flow when one
end-wall of an inclined layer is heated [56F]. Convec-
tion in an inclined layer is much weaker with the
presence of a partition [4F]. Analysis of the flow in a
differentially heated, inclined layer of porous material
shows three potential flow structures: two-dimen-
sional unicellular, polyhedral convection cells, and
longitudinal coils [23F].

Applications of natural convection occur in the
flow near a crystal-melt interface [37F]. Reduced
flow occurs in a vertical circular duct when internal
fins are inserted, but there is a net increase in
heat transfer [72F]. Experiments on convection in a
vertical rod bundle indicate decreased Nusselt number
for a higher Prandlt number fluid at a fixed Rayleigh
number [S2F]. The influence of various geometric
parameters on convective heat transfer in enclosures
with localized heat sources have been experimentally
studied to simulate cooling of electronic circuit boards
[42F]. Numerical modeling of three-dimensional
laminar flow in tanks indicates a circular flow pattern
when there is a localized heat source [94F]. A lumped-
parameter model analysis is used to predict thermal
response of a liquified petroleum gas container
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exposed to a fire [95F]. Spacing and offset within an
array of columns of horizontal cylinders have a
significant influence on the overall heat transfer [82F1.

The convection in the annulus between two hori-
zontal cylinders has been the subject of a number of
investigations. One analysis [6F] includes the effect
of internal energy sources and their influence on
Nusselt number. Another [44F] includes the influence
of variable properties on the differentially heated
annulus with large radius ratio; for a radius ratio
greater than 10, the Nusselt number appears to be
independent of the outer cylinder. A transformation
maps the annulus for both concentric and eccentric
cylinders into a rectangular region; numerical determi-
nation of the flow in this region provides local heat
transfer and temperature fields over a range of Prandtl
numbers [75F]. An experimental study [87F] indi-
cates that even with a radius ratio of 11.4, the heat
transfer from the inner cylinder is not the same as
when it is immersed in an infinite medium. Analysis
for laminar convection in the region between confocal
elliptical cylinders has been performed with different
orientations of the line between the two foci [86F].
Three-dimensional flow in a horizontal annulus has
been studied for the case of finite cylinders differenti-
ally heated on the plane (end) walls [90F].

In a differentially heated spherical annulus, the
streamlines are in the form of pairs of double helixes
for low Rayleigh number conditions [69F]. Another
study on flow in a spherical shell has been performed
with stress-free boundaries and a radial gravitational
vector [109F]. Experiments for convection between
different bodies and external cubical enclosure find a
general Nusselt—Rayleigh number correlation [ 102F].
A design equation has been provided to predict the
heat transfer across enclosures of various geometries
[10F]. Experiments on natural convection in a hori-
zontal cylindrical cavity included effects of a transient
in the wall temperature [28F].

Partially opened enclosures—really open cavities—
are important in a number of areas. Laminar convec-
tion in open horizontal cavities has been analyzed for
small aspect ratios and aspect ratios of unity [25F].
A related study considers different thermal boundary
conditions [26F]. Correlation of experimental results
in open-ended inclined channels has been provided
[9F] for differential heating across the walls. Electro-
chemical systems have been used to study an open
cylindrical cavity at high Rayleigh number [91F].

Flow in porous media is often driven by buoyancy
forces. Sidewall heat loss has a strong stabilizing effect
on the initiation of convection in a vertical porous
slab [51F]. In a saturated porous layer heated from
below, three-dimensional flow appears in the form of
a square cell [17F]. Experiments on a vertical annulus
of saturated porous media indicate the need for
a simple model to estimate the effective thermal
conductivity of the fluid filled media in a correlation
of the results [74F].
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Double-diffusive convection occurs when there are
two diffusive flows, often one of heat driven by a
temperature difference, the other of matter driven
by a concentration difference, one example being
thermohaline convection. The effect of variable strati-
fication on double-diffusive flow in a horizontal layer
has been examined with reference to stability of solar
ponds for collecting solar energy [108F]. Thermoha-
line convection has been studied [8F] to determine
the flow in large bodies of water, such as lakes or
lagoons. The instability of three-dimensional salt
fingers is found to be similar to that encountered with
two-dimensional salt fingers [45F]. A differentially
heated vertical plane layer has been studied with a
stable temperature and unstable salinity gradient to
determine the breakdown of steady flow [107F].
Models developed to predict the transient response of
salt-stratified, double-diffusive systems demonstrate
good agreement with existing data in terms of the
mixed layer thickness and temperature distribution
[13F]. The propagation of undamped transverse
thermal waves in binary mixture have been examined
[14F]. Experiments were performed [50F] in a low
aspect ratio layer having double-diffusive convection
produced by differential heating and an electrochemi-
cal reaction.

Surface tension or thermocapillary or Marangoni
flow occurs when there is a variation of surface tension
or surface free-energy at the interface between two
fluids. Marangoni flow near the interface of two
liquids has been studied [20F]. The effect of local
heating from above has been studied to examine
thermocapillary flow in a heavy liquid [100F]. The
influence of a deformable upper surface on Marangoni
flow has been analyzed [24F]. A steady thermocapil-
lary flow in a square cavity with a free upper surface
has been examined in the absence of gravitational
forces [110F]. The importance of the convective
contribution to heat transport in a liquid column in
the absence of gravitational forces has been predicted
[12F7]. A low gravitation experiment in a rocket shows
the importance of thermocapillary convection [59F].
In another study [62F] in a low-gravity environment
unsteady Marangoni flow was measured. Analysis of
surface tension driven flow has been used to predict
performance with electron beam welding [103F].
Rotation can be used to inhibit the instability in a
thermocapillary driven flow [84F]. Critical Maran-
goni numbers have been calculated when surface
tension gradients on the top surface of a liquid layer
drive the flow [41F].

Mixed convection occurs when buoyancy-driven
flows and forced flows are superimposed upon one
another. In many geometries this leads to complex
three-dimensional patterns even when the flow is
laminar. Studies for such flows in the entrance region
between horizontal parallel plates include a numerical
analysis [65F]. In the transitional and turbulent flow
regime, quite different effects are found on the top
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and bottom plates [68F]. Numerical simulation for
the entrance region of a horizontal rectangular duct
indicates that the heat transfer can be enhanced by
up to 400% when the bottom wall is heated [48F].
The possibility of bifurcation into two different sol-
utions with different vortex flow patterns has been
indicated for mixed convection in a horizontal rec-
tangular duct [66F]. A three-dimensional numerical
model confirms experimental results for laminar
mixed convection in a horizontal heated tube [29F].
In horizontal annuli, constant temperature and con-
stant heat flux boundary conditions have been used
in a finite-difference solution [58F7]; there is good
agreement with expertmental results. The stability of
mixed convection in a vertical slot with porous walls
and cross flow has been analyzed [93F]. Experimental
data provide information on up flow and down flow
of supercritical helium in vertical tubes where mixed
convection is of importance [15F]. Buoyancy can
have a significant effect on fully developed laminar
flow and heat transfer for flow through shrouded
arrays of blocks that simulate electronic devices on a
circuit board [18F]. The principle of exchange of
stabilities is found valid for some boundary conditions
even with a nonlinear temperature profile in the
presence of a shear flow [49F]. The onset of instability
for a nonuniformly heated horizontal layer is more
sudden when there is a weak shear flow imposed on
it [101F]. Thermocapillary effects in a thin moving
liquid layer with local heating from above can be
quite large [83F].

NATURAL CONVECTION—EXTERNAL
FLOWS

The vertical flat plate geometry continues to receive
considerable attention. A similarity boundary-layer
solution for plates of prescribed variable surface
temperature or heat flux was presented [32FF].
Approximate solutions to the Navier-Stokes and
energy equations were obtained for small Grashof
number but large Prandtl number [29FF,52FF].
Experiments in water near 4°C and the use of asymp-
totic expansion theory were used to show the care
which must be used when employing the Boussinesq
approximation [16FF]. Experiments simulating the
melting of ice were conducted using a salt-stratified
fluid [6FF]. Similarity problems were reviewed for a
plate of constant wall temperature or uniform heat
flux immersed into a stratified fluid [SOFF]. Exper-
imental interferograms and finite-difference numerical
solutions of natural convection from a heated plate
partially in air, partially in water were presented
[42FF 43FF]. Reference [17FF] gives numerical
results which show the effect of variable fluid proper-
ties on the heat transfer. Solutions to the boundary-
layer equations were obtained using variable fluid
properties near the critical point of CO, [58FF]. A
review of existing data and heat transfer correlations
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was made for isothermal flat plates near the critical
point of CO, or H,0 [12FF]. Two extensive studies
on turbulent flow were published. In ref. [S1FF],
variable property effects were studied in turbulent
flow using air up to a Grashof number of 2 x 10'%
Reference [27FF] presented results for turbulent flow
in water adjacent to a uniform flux plate. Hydrogen
bubbles were used for flow visualization and liquid
crystals indicated the local plate temperature up to a
modified Rayleigh number of 6 x 10!%. A combi-
nation of matched asymptotic expansion and finite-
difference technique was used to solve the boundary-
layer equations for a step change in plate temperature
at low Prandtl number [41FF]. Similarity solutions
for a similar problem were obtained as were asymp-
totic solutions valid at long times after the initial
transient [22FF].

Inclined plates and vertical plates with localized
heating or insulated boundaries were also investi-
gated. Neutral stability curves were given for a heated,
inclined plate facing up [64FF]. Perturbation sol-
utions were given for inclined plates with [18FF] and
without [24FF] an unheated surface upstream. The
effects of an adiabatic wall parallel to [54FF] and
adjacent to the sides of [S5FF] a vertical flat plate
were studied. An extension of previous work on
the effects of localized heaters placed on a vertical
adiabatic wall was presented [23FF].

Heat transfer from horizontal surfaces has been
studied for heated strips or circular plates facing down
[49FF] and for a cooled strip facing upwards in a
porous medium [26FF]. Heat loss above a heated
plate covered with liquid potassium was studied
experimentally [60FF] as a function of potassium
layer thickness and evaporative cooling from the
upper free surface. A matched asymptotic expansion
technique was used to study heat transfer above a
heated horizontal plate [1FF]. A similar study was
presented for a heated circular disk [33FF] where the
curvature effects were found to be restricted near the
center of the disk.

Numerical solutions to heat transfer from an insu-
lated horizontal cylinder were obtained to determine
the critical radius of insulation under more realistic
conditions [56FF]. An approximate integral method
was developed for predicting laminar and turbulent
natural convection from curved surfaces with a hori-
zontal cylinder used as an example [35FF]. Exper-
imental studies of natural convection from horizontal
cylinder arrays include an interferometric study of
two vertically aligned cylinders [46FF] and a flow
visualization and mean heat transfer coefficient study
of two vertical arrays of cylinders bounded by two
vertical, adiabatic walls [47FF].

Several papers considered laminar natural convec-
tion from a variety of objects of small aspect ratio
including a numerical study of short vertical and
horizontal plates and prisms [34FF]. A spherical
segment [59FF] and a cone frustum [30FF] were
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also considered. Mean heat transfer coefficients from
cubes and spheres were measured in air with varying
pressure to change the Grashof number [7FF]. A
similar study in air and water was performed [57FF]
with the results correlated using a length parameter
defined as the surface area divided by the square root
of the horizontal projection.

A numerical study was presented for the stability
of a natural convection boundary layer adjacent to a
vertical flat plate with uniform blowing [11FF].
Theoretical and experimental studies were made on
a heated vertical flat plate with blowing or suction
through a permeable section at the bottom of the
plate [28FF]. Numerical solutions were obtained for
blowing or suction through a vertical permeable
cylinder surrounded by a standard porous medium
[19FF].

A comprehensive study of combined heat and mass
transfer from a vertical plate was given in ref. [38FF]
where regions of aiding and opposing flows were
delineated as a function of Lewis number and buoy-
ancy ratio. A numerical study of particle deposition
onto the surface of a vertical cooled plate was given
for both laminar and turbulent flow regimes [10FF].
Transient combined heat and mass transfer in air was
studied numerically in ref. [53FF]. A semi-analytical
approach was used to evaluate the rate of water
evaporation from a vertical plate of varying heat flux
[36FF]. Three papers by the same authors describe
analytical solutions to the combined heat and mass
transfer problem for mixed convection from a vertical
cone [13FF], and pure natural convection form a
horizontal cylinder [ 14FF] and a sphere [15FF].

Coupled conduction or radiation and natural con-
vection is receiving increased attention. Coupled con-
duction on a vertical flat plate was solved using
transformed boundary-layer equations and the
Blasius method [61FF]. Conjugate conduction—natu-
ral convection [21FF] and conduction-aiding mixed
convection [20FF] were solved numerically for a
heated downward facing circular pin fin. An exper-
imental study of coupled conduction-natural convec-
tion was performed for a horizontal cylinder with one
axial plate fin at various angles [63FF]. A local
nonsimilarity technique was used to obtain a solution
for natural convection in an optically thick, cold liquid
adjacent to a nonemitting, nonreflecting, radiation-
transmitting vertical flat plate [9FF].

Mixed convection studies include heat transfer from
a suddenly accelerated vertical flat plate [62FF].
Reference [8FF] considers an oscillating vertical
heated plate where the natural convective flow is
superimposed on the primary Rosenblat flow.
Measurements and analyses were made for steady
aiding or opposing mixed convection [44FF]} and
transient aiding flow [48FF] from a vertical flat plate.
Laminar aiding flow was studied theoretically for a
slender vertical cylinder [5FF] and experimental
measurements were made for cross flow [68FF]. The
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Navier—Stokes and energy equations were solved
for cross flow over a heated horizontal cylinder
[3FF,31FF]. A similar approach was used for aiding
or opposing flow from the cylinder [4FF]. Two
papers presented numerical studies of aiding mixed
convection from a point heat source [45FF,2FF]. An
experimental study produced three-dimensional flow
visualization and local surface heat transfer results
for mixed convection in a horizontal channel bounded
by two asymmetrically heated plates [40FF]. Linear
perturbation theory was used to determine the nature
of the flow above the downstream of a heated patch
[66FF]. Transverse or longitudinal roll cells were
formed depending on whether the flow Reynolds
number was above or below a critical value. Second-
ary mixed convective flows were obtained numerically
in fully developed flow in a horizontal annulus
[37FF].

A numerical study of a plume with positive or
negative buoyancy was given [67FF] which included
several tables and figures of velocity and temperature
profile information. The stability of a buoyant plume
above a line heat source was described with analytical
wave numbers compared with available experimental
data [65FF]. The morphology and ascent rate of a
buoyant plume in a homogeneous viscous fluid was
measured to predict the hot-spot volcanism activity
in the earth’s mantle [39FF]. Simple jet trajectory
models were used to determine the behavior of a
buoyant jet injected into fully developed pipe flow
[25FF7].

CONVECTION FROM ROTATING
SURFACES

Heat transfer from rotating surfaces has been
attracting considerable interest, especially in connec-
tion with rotary engines.

Studies of laminar heat transfer in a tube rotating
about an axis perpendicular to the tube axis show
that the secondary flow induced by the Coriolis terms
always tends to increase the heat transfer coefficient
[18G]. Studies of heat transfer enhancement from a
rotating cylinder show that with increasing rotating
Reynolds numbers, the heat flux increases also and
becomes more uniform [17G]. Numerical solutions
for the full Navier—Stokes equations in the nonlinear
range for axisymmetric compressible flow in a rotating
cylinder with axial convection are presented, and the
validity of the present approach is confirmed [23G].
Finite-difference solutions for laminar flow of air in
a rotating rectangular duct with aspect ratio 2/1,
where the duct wall is subjected to a uniform heat
flux, show the effect of rotation on the development of
the flow patterns, velocity and temperature variations
[13G]. Numerical studies of the effect of sidewall
heating in the pressure-driven laminar flow of an
incompressible viscous fluid through a rectangular
channel that is subjected to a spanwise rotation, show
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that an increase in the rotation speed leads to an
increase in the net heat transfer [22G]. Numerical
predictions of the influence of cylinder rotation on
turbulence and heat transfer in an annulus are in
excellent agreement with available experimental data
[1G].

Numerical predictions for the centrifugally driven
free convection in a sealed rotating cavity and for the
buoyancy-affected flow through a cavity with an inner
cylindrical source and an outer cylindrical sink are in
good agreement with experimental data [3G]. Finite-
difference solutions for forced laminar convection in
a rotating cylindrical cavity with radial outflow show
that the local Nusselt number changes from that of a
free disk near the center of the cavity to that for
Ekman layer flow at the larger radii, provided that
the fluid enters the cavity from a uniform radial source
[4G]. Studies of the source-sink flow inside of a
rotating cylindrical cavity using a ‘free disk’ model
for the outflow and a free vortex for the inflow case,
are in good agreement with available experimental
data [14G].

Studies of turbulent heat transfer in co-rotating
annular disks indicate that the disk rotation produces
a surge in the local Nusselt number of the near-exit
region and a substantial enhancement in the average
heat transfer performance [19G]. The thermal effect
on the transverse vibration of a high-speed rotating
disk is considered under steady-state heat conduction.
A new critical speed of disk rotation has been obtained
and this critical speed is found to depend on central
temperature, thermomechanical anisotropy, etc. [7G].
Studies of laminar cooling of two nonmixing liquids
are reported contained between two coaxial disks
rotating in opposite directions [15G].

The nature of small amplitude Rayleigh—Bénard
convection for a horizontal plane layer of fluid rotat-
ing about a vertical axis and heated from below is
considered. Steady-state and time-periodic solutions
of this system are derived and their stability is
discussed [21G]. The stability of a horizontal, visco-
elastic fluid layer heated from below is studied for the
case of a container rotating with uniform speed and
new threshold values for overstability are established
[9G]. Studies of the convective stability of a horizontal
layer of incompressible micropolar fluid heated from
below and rotating about a vertical axis show that the
rotation has a destabilizing effect which contradicts an
earlier assertion [2G]. The effects of compressible
work and frictional heating in axisymmetric swirling
flows have been clarified and formulae have been
provided for use in engineering calculations [5G].
Experimental studies of the behavior of transient
isolated convection in a rigidly rotating fluid revealed
an increase of the maximum temperature in the
thermal caps with increasing rotation and a more
rapid cooling of the buoyancy source [12G]. A unique
data base has been established for the assessment of
the effects of spin and mass addition on high-angle-
of-attack re-entry [11G].
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Analytical studies of mixed convection flows gener-
ated by a heated rotating sphere reveal interesting
flow patterns [6G]. Studies of viscous dissipation on
mixed convection about a rotating sphere show that
an increase of the viscous dissipation causes a decrease
of the heat transfer rate [16G]. A rotating condenser
with a scraper is considered as a new device for
promoting condensing heat transfer [24G]. The effect
of rotation on heat transfer in the channels of moving
turbine blades has been determined experimentally
with a loop system of cooling [8G].

Overall heat transfer coefficients to water and
silicone fluids in cans rotating in a steam retort have
been correlated with an analytical expression [20G].
A rotating, packed-drum reactor has been proposed
as an immobilized whole cell reactor and its perform-
ance for ethanol production has been studied with
yeast cells immobilized in a calcium alginate gel [10G].

COMBINED HEAT AND MASS TRANSFER

There has been considerable interest recently in
film cooling processes, primarily as they relate to
high-temperature gas turbine systems. In addition,
transpiration cooling and ablation cooling continue
to be studied to some extent as do a variety of
processes related to combined heat and mass transfer.

Many studies consider film cooling on a flat surface
with or without a pressure gradient along the surface.
The flow produced with injection into a mainstream
through a vertical slot has been analyzed for its
potential influence on film cooling [8H]. Mass transfer
from a swollen polymer along with a holographic
interferometer is used to measure film cooling on a
surface with zero pressure gradient [15H]J; a continu-
ation of that work shows little influence of an adverse
pressure gradient on film cooling, but a significant
effect when a favorable pressure gradient occurs along
the surface [16H]. The importance of free-stream
turbulence on film cooling downstream of a porous
section has been demonstrated experimentally [25H].
The results for film cooling performance with a large
temperature difference between the injected coolant
and the hot mainstream has been correlated; the
measurements were taken in a transient high-pressure
tunnel [23H]. Measurements of film cooling following
injection through two rows of cooling holes [18H]
shows good agreement with earlier studies. On a
highly roughened (but flat) surface to simulate actual
engine conditions, the film cooling effectiveness can
be higher or lower than that on an equivalent flat
plate, primarily depending on the magnitude of the
blowing parameter [14H]. A two-phase film cooling
heat transfer study has been performed [33H] over a
range of parameters.

Measurements conducted near the leading edge of a
turbine blade demonstrate the importance of different
parameters on heat transfer following film cooling
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[4H]. In a related study [SH], a significant decrease
in heat transfer is found with film cooling on the
suction side of a simulated turbine blade. In a con-
siderable region along the suction side of a blade near
its end wall, the film coolant is swept off the blade by
the passage vortex [13H]. Film cooling effectiveness
decreases with frequency and amplitude of vibration
of a turbine blade on its pressure side; on the suction
side, there is an increase in effectiveness upstream of
the separation point [21H]. An analysis of the flow
distribution through inserts used in gas turbine blades
provides information needed to predict film cooling
performance [31H]. The film cooling on turbine
blades using several sections of porous wall has been
calculated to provide a universal correlation [28H].
An analysis [3H] includes the influence of internal
convective cooling on the film cooling performance
on a turbine blade.

With transpiration cooling, the surface or wall to
be protected is permeable with the coolant fluid
passing directly through this surface. A study of a low
Mach number mainstream with high blowing rate
transpiration cooling indicates a reduction in heat
transfer with transpiration up to the blow-off con-
dition [11H]. An interferometric study with a porous
cylinder demonstrates the major influence of blowing
on the heat and mass transfer particularly near the
separation point [26H]. Analysis indicates that the
instability of transpiration cooling from nonuniform
flow can lead to over-heating of a surface [19H].
Analysis shows the importance of thermophoresis on
the heat transfer to a transpiration cooled wall from
a particle-laden gas flowing over it [12H].

Experiments on transpiration cooling of a surface
with a supersonic turbulent boundary layer flowing
over it show the interaction of the coolant with an
incident shock and the influence of pressure gradient
[7H]. Analysis of the heat transfer for a re-entry
vehicle show that with large blowing rates in the
stagnation region the heat flux can be made very
small [29H].

An analytical technique has been developed to
predict the influence of a time varying heat flux on
an ablating surface [6H]. Perturbation that alters the
shape of an ablating body has been studied to see the
conditions under which the perturbation would be
amplified; generally it is damped [24H].

A turbulence model has been developed to predict
the heat transfer of an axisymmetric jet impinging on
a flat plate [1H]. The influence of ambient tempera-
ture on the heat transfer from a plane surface to an
impinging jet has been demonstrated [17H]. An
impinging jet has been used to cool the bottom of a
cylindrical enclosure [22H]. A flow distribution model
for an array of impinging jets helps predict the heat
transfer characteristics with nonuniform geometries
[9H].

Other studies on combined heat and mass transfer
include the development of a similarity solution for
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mass transfer to a thermally driven boundary layer
[20H]. Dehumidification of a flow of moist air over
a tube bank has been studied to determine the Nusselt
and Sherwood numbers [10H]. Approximations are
introduced to predict the influence of gas addition on
the transient heat transfer in a stirred liquid [27H].
Studies are reported on the heat transfer to micropolar
fluids in a channel with porous walls [2H] and passing
over a continuously moving porous plate [30H].

CHANGE OF PHASE—BOILING

Nucleate boiling

An exact analytical solution was presented [1J] for
the potential flow due to growth of a spherical bubble
at or near a solid wall, applicable to idealized nucleate
bubble departure size. A mechanism was proposed
[20]] for bubble growth in nucleate boiling within
thin falling superheated water films, capable of
explaining the much faster observed growth rate of
these bubbles than their counterparts in pool boiling.
Experimental evaluation of bubble dynamics in sub-
cooled nucleate pool boiling [48]] confirmed bubble
growth predictions but illustrated that the models for
bubble waiting period diverge from observed behavior
at greater subcooling. Transient and permanent
nucleation sites were studied by means of high-speed
infrared cinephotography [95]], displaying fluctu-
ations in bubble nucleation periods. It was proposed
[78J] that short-lived nucleation sites might be the
consequence of circulating microbubbles, small
enough to be dragged by superheated liquid
approaching the surface, but large enough to be
thermodynamically stable. Offered as a possible expla-
nation of certain hysteresis effects, this proposal
suggests that surface and pool geometry may play a
larger role than previously expected in nucleate boil-
ing. Nucleation sites were experimentally shown to
interact with one another [16J]; the nature of the
interaction appeared to be determined by the dimen-
sionless ratio of the separation distance to the bubble
departure diameter. The effect of surface orientation
on nucleate boiling, evident only at lower nucleate
boiling heat fluxes in some recent experiments, was
discussed as exemplary of the Moissis—Berenson tran-
sition from an isolated bubble regime to one of slugs
and columns: both are considered to be nucleate
boiling, but hydrodynamically they are quite distinct
[63]]. Two separate heat transfer correlations were
presented [11J] respectively for the ‘interference’ and
the ‘macrolayer’ regions of the nucleate boiling regime.
A one-dimensional transient model employing the
liquid macrolayer thickness was employed to investi-
gate the effect of heater wall thickness upon nucleate
pool boiling heat transfer [89J]. Boiling curves and
ebullition cycle periods were measured for sub-
atmospheric pressure pool boiling of potassium on a
horizontal surface, varying the height of the liquid
level above the heater surface [66]]. The period was
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found to increase as the level decreased, and liquid
levels less than 5mm seemed to suppress nucleate
boiling. Boiling heat transfer experiments with water
and organic liquids on microsurfaces, those with
dimensions less than a few bubble break-off diameters,
led to a correlation for correcting for differences
from large surface boiling behavior [58J]. Acoustic
phenomena in boiling; the acoustics of single bubbles,
acoustic interactions among bubbles, and the sound
associated with the approach to critical heat flux were
discussed [34J]. A numerical investigation of the one-
dimensional transient conduction during hardening
of a plate of steel [57J] predicted reasonably well the
duration of the nucleate boiling regime; for plate
thicknesses greater than a limiting value these dur-
ations were invariant with thickness.

Pool boiling

Metal-fiber porous coatings and vibration and
impact-machined surfaces were explored as enhance-
ments to boiling of refrigerant 113 at pressures of 1
and 2 atm [28]]; the machined surfaces were found
to be superior, while high porosity coated surfaces
proved to be less effective than smooth surfaces for
subcooled boiling. Pool boiling heat transfer rates
of ammonia and refrigerant 22 were shown to be
enhanced to considerably different extents by differing
enhancement techniques: small patches of thin Teflon
layers enhanced boiling of ammonia much more than
refrigerant 22, while a porous metallic layer showed
the reverse behavior [35J]. Quenching experiments
with samples of differing materials, surface rough-
nesses and surface energies (as indicated by contact
angle) illustrated that smaller contact angle had no
effect on nucleate boiling but raised both the critical
flux and minimum film boiling flux, improving heat
transfer throughout the transition regime [26J]. Sur-
face roughness enhanced nucleate boiling but had
much smaller effect upon transition boiling. The
influence of surface conditions on the pool boiling of
liquid metals was analyzed, and the thermal conduc-
tivity of the heating surface was shown to have a strong
effect on surface temperature distribution [38J]. Pool
boiling at atmospheric pressure at porous surfaces of
horizontal tubes in water, ethanol and refrigerant
113 exhibited small superheats at bubble initiation,
substantial increases in the critical heat flux, and a
transition, subject to hysteresis in thick porous layers,
from bubble generation near the external surface to
the penetration of a vapor film layer through the
porous layer [4J]. Preliminary design curves were
developed analytically for boiling of water, isopropyl
alcohol, and refrigerant 113 on surfaces with longi-
tudinal fins [12J]. Experiments with boiling of
refrigerant 113 on finned surfaces produced boiling
curves consistent, at near atmospheric pressures, with
predictions based upon the use of pool boiling curves
of smooth surfaces to prescribe the relationship
between heat flux and temperature along the surface
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of a one-dimensional fin [2J]. Poorer agreement at
lower pressures shed doubt on the general utility of
this predictive method.

A combined experimental and analytical investi-
gation of thermosyphon boiling of water in vertical
parallel-walled channels with uniform heat flux dem-
onstrated and explained smaller wall superheats with
closer spacing of the channel walls [8J]. Experiments
were described for natural convection on the heated
internal surface of a horizontal annulus [113J]. Heat
transfer coefficients and critical heat flux increased
markedly with the annular gap size up to a size at
which normal pool boiling correlations were appli-
cable. In another experimental investigation of boiling
in annuli, effects of fluid properties, pool subcooling,
crevice length and gap size were examined for both
concentric and eccentric annular crevices [47J].

The effects of subcooling and binary mixture com-
position were explored experimentally with focus
upon the density of boiling sites [46J]. Experiments
and analysis suggested that pool boiling heat transfer
coefficients for binary mixtures and pure liquids in
strong gravitational fields are reduced by reductions
in active nucleation sites [83J]. A monotonic decrease
in pool boiling heat transfer coefficients was reported
[6J] with increase in centrifugal field strength for
water/propanol mixtures at all propanol concen-
trations. Horizontal wire pool boiling experiments
were performed on mixtures of lubricating oils to
examine the effects of molecular weight distribution
[947]. Blended oils displayed higher maximum heat
transfer coefficients than those of the base oils and
typically exhibited two peaks in their boiling curves.
Wire superheat at the onset of nucleate boiling
increased linearly with increase in the molecular
weight of the base oils. Boiling curves were experimen-
tally determined for immiscible water/n-nonane mix-
tures on horizontal tube bundles in pool boiling [82J].
A matrix method was proposed [50J] for calculating
interphase flow rates of heat and mass in a multicom-
ponent vapor/liquid system.

Experiments of pool boiling of water and salt-water
solutions on smooth and rough horizontal copper
plates were performed at atmospheric and sub-
atmospheric pressures [108J]. The smooth surface
provided largest heat fluxes for a given superheat in
most cases. Results were presented from an experimen-
tal study of the effect of a stationary electric field on
the probability of boiling of superheated n-pentane
[120J]. Heat transfer to the horizontal bottom of a
volumetrically heated boiling pool was analyzed
[241]. The propagation rate and the width of the
front of changes in modes of boiling were investigated
and distinctions were made among the dynamic
behaviors expected dependent upon the shape of the
boiling curve [110]].

Experiments with short intense pulse heating of a
fine wire in a pool of water appeared to produce
spontaneous nucleation at temperatures consistently
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20°C below predicted homogeneous nucleation tem-
peratures [30J]. Heat fluxes up to 120 MW per square
meter were induced. Transient experiments were also
reported [85J] in closed narrow channels to validate
a simulation of behavior of waterlogged reactor fuel
elements.

Flow boiling

Subcooled flow boiling experiments using refriger-
ant 113 showed little influence of mass flux and
subcooling upon the incipient boiling wall superheats
and suggested a mechanism of departure from
nucleate boiling triggered by coalescence of bubbles
into larger voids, producing temporary liquid film
dryout [44], 45T]. The effect of turbulent forced flow
upon bubble behavior characteristics was developed
and compared with experimental findings [114J]. An
experimental technique was developed for measuring
volumetric vapor contents of forced two-phase
refrigerant flows through vertical and horizontal tubes
[64]]. Boiling of water in vertical and horizontal pipes
at low pressures was studied experimentally [118J].
Improvements in heat transfer coefficients and in
stability of the flow were found to result from lining
the pipe walls with metallic cloth. A new correlation
was proposed [9J] for predicting the onset of ‘inten-
sive evaporation’ marked by substantial presence of
vapor in subcooled flow boiling. Scaling laws for
coupled transient heat transfer and two-phase flow
were used to derive several scaling numbers applied
to investigation of a water cooled nuclear reactor
[10J]. Subcooled flow boiling at high heat flux was
studied experimentally and modeled [29J]: among
the conclusions were that very thin metallic heater
surfaces gave lower rates of heat transfer and that
microlayer evaporation contributed negligibly to the
heat flux. Friction and heat transfer relationships
in turbulent gas/liquid flow were developed and
employed to permit prediction of conditions which
would cause salt to be precipitated on the wall of a
steam generating channel [62J]. An improvement
was proposed to earlier predictions of pressure and
temperature fluctuations in a particular sodium boil-
ing test apparatus [41J], based upon a hypothesized
bubble breaking mechanism inferred from experimen-
tal data. A simple prediction method was proposed
for the critical mass flow rate of initially subcooled
liquid in long channels, built upon many empirical
relations but successfully demonstrated against exper-
imental data [18]].

A two-layer liquid film model combined with an
accounting of liquid droplet entrainment was pro-
posed for predicting heat traunsfer in annular two-
phase flow [33J]. A simplified model was developed
and demonstrated for prediction of void fraction in
this significant flow regime [106J]. The developing
region of two-component annular two-phase flow
was studied experimentally and theoretically with
emphasis upon the interfacial wave behavior [42]].



Heat transfer—a review of 1985 literature

A few reports dealt with flow boiling in other
geometric configurations. Experiments with bubbly
water/air mixtures in cross-flow over a horizontal
cylinder were described [107J]. The effects of tube
diameter and forced flow velocity were investigated
for cross-flow boiling on the outside of horizontal
tubes [13J]. While nucleate boiling during flow was
only mildly decreased with increasing diameter, the
peak heat flux decreased approximately as the 0.28
power of diameter. Falling film evaporation of water
over horizontal tubes was shown to be enhanced by
both axial grooves and circumferential grooves in
both boiling and nonboiling modes [43J]. Effects of
surface tension were examined in flow visualization
of two-phase flow in a channel with offset strip fins
and incorporated in determining the minimum value
of the boiling heat transfer coefficient in such a
geometry [17]].

A correlation was presented for heat transfer
coefficients for flow boiling of gasoline/ethanol mix-
tures in a vertical tube [59]]. Analysis of the effect of
oil in mixture with refrigerants upon their boiling
heat transfer coefficients was described [7J]. A semi-
empirical formula was developed anticipating a con-
centration gradient as an additional resistance to
vapor generation. Coefficients of heat transfer for
boiling mixtures of freon and nitrogen were deter-
mined to be lower than those of the pure components
while the variations of the coefficients with heat flux
were of the same form [98]]. Equations were presented
to describe the dynamics of evaporation of a multi-
component mixture flowing through extremely nar-
row channels [65J].

Film and transient boiling

Natural convection film boiling on a 10.3-cm-tall
vertical surface showed no dependence of heat transfer
coefficient on distance from the leading edge, and a
physical model was proposed consistent with the
expectation of laminar flow and the observed vapor/
liquid interface behavior [15J]. Asymptotic results for
film pool boiling on a vertical surface in a saturated
liquid were found using an integral boundary-layer
method under conditions of negligible inertia and
negligible convection within the vapor film [80J]. An
integral method was applied to a two-phase boundary
layer in laminar film boiling on a hot plate or cone
in a saturated pool, displaying excellent agreement
with exact solutions [81J]. Experiments with several
cryogenic fluids undergoing free convection film boil-
ing in transient and steady conditions showed sub-
stantially smaller heat transfer coefficients for spheres
compared with vertical cylinders at large superheats
[567].

Natural convection transition boiling on a vertical
surface during slow transient experiments produced
two distinct transition boiling curves, one for heating
and one for cooling [14J]. A micro thermocouple
surface probe was used to measure frequency and
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duration of liquid—solid contact in film and transition
boiling of atmospheric pressure water, with results
indicating that these contacts may be the dominant
mechanism of heat transfer in transition boiling [617].
In another experiment [32J] the extent of liquid—
solid contact during transition pool boiling was
measured by measuring the impedance across a thin
dielectric layer deposited on a test surface in water
and methanol. A model was proposed [53J] to explain
the early (high minimum temperature) transition from
film to transition boiling on surfaces insulated by thin
layers of low conductivity materials. Experiments
with Teflon coatings upon copper supported model
predictions to a greater extent than tests with more
conductive coatings.

A semi-empirical model was developed for turbu-
lent forced convection film boiling of a subcooled
liquid on a flat plate, hypothesizing a vapor—liquid
mixing layer between the vapor film and the bulk
liquid [116J]. Vapor thickness was analyzed [39]] at
the stagnation point during forced convection film
boiling on a solid sphere, including the effect of the
liquid viscosity which was shown to be important.

An alternately advancing and retreating quench
front was assumed in a transition flow boiling model
which predicts the proper magnitude of oscillations
of wall temperatures [51J]. Using a slow reflood
quenching process, nonequilibrium vapor tempera-
ture and wall temperature were measured downstream
of the quench front in upflow of water in a vertical
tube [37J]. Comparison with existing models demon-
strated that the models predict wall temperatures
reasonably well but fail at predicting the vapor
temperatures. Experiments with a large rod bundle
provided data on dispersed flow film boiling with
which empirical correlations were compared [74]].
Spacer grids caused large rod surface temperature
reductions.

Critical heat flux

Theory and experiments were presented [115J] to
suggest that the boiling crisis occurs when a maximum
superheat is attained in a system, that temperature
for which one viable nucleus is generated per second
in each cubic centimeter of the liquid. A correlation
was developed for pool boiling peak heat flux based
upon the principle of corresponding states and
employing a function of geometry which is thus
applicable to all except extremely low boiling tempera-
ture liquids, and which can be extended to flow
boiling [97J]. Extensive tables of data supporting the
hydrodynamic analogy between nucleate boiling and
the bubbling of gas into a liquid at a porous boundary
were published [60J], having been presented in
implicit form over several years. Although various
heater materials and thicknesses of given heater
materials altered the critical heat flux of helium on a
flat horizontal surface, the film boiling heat transfer
coefficient was experimentally shown to be indepen-
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dent of these variations [88J]. Critical heat fluxes for
helium in natural circulation in vertical channels of
circular and rectangular cross-section were measured
and contrasted with the magnitudes of forced convec-
tion critical heat fluxes [87J]. In another geometry,
the pool boiling crisis of nitrogen in an annular
channel was examined with various orientations and
gap sizes [54J]. Small, externally induced flows were
part of a steady state model presented for predicting
tube wall temperatures and potential dryout on the
heated inner tube of an eccentric annulus with line
contact [112J]. This approximated the conditions of
pressurized water reactor steam generator tubes at
their support locations. Critical heat flux was also
part of the concerns of previously mentioned reports
on boiling in annular spaces [477, 1137].

Critical heat flux and flow instabilities were
explored in both upflow and downflow of water in a
vertical tube at atmospheric pressures at low flow
rates [69F]. Departure from nucleate boiling heat flux
[105)] and critical heat flux [68F] were measured in
upflow and downflow in vertical rectangular channels.
The latter experiments, performed at atmospheric
pressure, demonstrated that the critical heat flux at
low flow rates can be much lower than that for pool
boiling and that the direction of flow is significant.
Thermally induced flow instabilities in boiling chan-
nels were considered with the mclusion of fluid inertia
effects, leading to the conclusion that linear stability
boundaries may be inadequate for design of related
systems [3J]. Forced convection boiling heat transfer
coefficients and critical heat fluxes were experimen-
tally investigated for refrigerant 12 on a locally heated
16-mm-diameter surface mounted flush with a channel
wall [119J]. Variations of critical heat fluxes in
annular channels with changes in surface structure
were reported [111J]. Greater heat fluxes were found
possible with most turbulence-promoting roughness
geometries, with greatest increases, relative to smooth
walls, attained in emulsion and dispersed annular
flows. A new correlation of existing data for critical
heat flux in the impinging-jet-on-disk configuration
was presented [96]]. It is expected to be valid when
viscosity and gravity have little influence. Another
such correlation was presented [71J] with emphasis
on accuracy at moderately low pressures achieved by
better accounting for the effect of the liquid/vapor
density ratio. The critical heat flux for liquid films in
rotating channels was measured experimentally [75]]
and modeled as being limited by droplet departure.
Increased pressure and rotational speed were both
found to increase the critical flux.

Several investigations dealt with hydrodynamics
and thermal aspects of reflood, most with application
to nuclear reactor safety. A predictive method for
determining countercurrent gas/liquid flow in parallel
channels was developed and compared with exper-
imental observations [77J]. Experimental wall tem-
peratures and vapor film thicknesses were reported
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for the inverted annular (liquid core, vapor film)
boiling for liquid upflow in a vertical tube [36J]. A
true quench temperature was defined as the quench
temperature at the onset of rewetting in a flow
channel, wherever the rewetting begins, and in the
absence of axial conduction [25J]. Experiments were
performed so as to measure this temperature rather
than apparent quench temperatures, which are always
higher. In a one-dimensional analysis, the effects of
temperature dependent properties of the solid upon
the quench front velocity were shown to be small
relative to the uncertainties of rewetting temperature
and heat transfer coefficients [86J]. Experimental
findings on critical heat flux in closed-bottomed
vertical channels were reported for several channel
geometries [99J]. Results were reported for exper-
iments with bottom reflooding of a vertical channel
including void fraction, quench time, and quench
front quality [31J]. Quench promotion and quench
delay were both observed, related to high and low
reflood velocities, respectively, as a consequence of
large scale blockage in reflood tests of the Slab Core
Test Facility [100J]. Flow regimes, void fractions,
and heat transfer characteristics were reported for
upward reflooding with both steady and controlled
oscillatory injection of coolant [52J]. Other exper-
iments were performed [5J, 76J, 79J], to validate
safety-evaluation codes relating to reflood conditions.

Droplet evaporation

Evaporation rate and heat flux were evaluated for
a droplet in a rarefied vapor using kinetic theory
analysis [102J, 103J7]. Drag coefficients for evaporat-
ing and condensing droplets were evaluated numeri-
cally [277], yielding results which compared favorably
with experimental data of another investigation. The
use of surfactant additives or the presence of traces
of surfactant impurities appeared not to significantly
alter the electroconvective enhancements predicted
for heat and mass transfer from drops and bubbles
in electric fields [22J]. Thermocapillary forces acting
on a droplet due to its chemical reaction with its
surroundings were analyzed [93J], suggesting that
conditions could result in either drag or thrust acting
on the droplet. Rates of droplet evaporation were
modeled in the extremely high temperature medium of
a thermal plasma [55)]. Comparison of experimental
measurements of evaporating spray characteristics
with several models emphasized the importance of
finite rates of interphase transport and drop dispersion
[104]]. Transient temperatures were measured and
modeled for the response of hot metal cylinders to
the impingement of a water droplet [73J]. Boiling
curves were experimentally obtained for single drops
of water 4mm in diameter impinging on a solid
surface at temperatures corresponding to the transient
regime of pool boiling [49J]. The maximum heat flux
of the boiling curves thus determined was found to
lie on an extension of the nucleate boiling segment
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of the pool boiling curve. Equilibrium and phase-
changing configurations of two-phase vapor/liquid
bubbles in an immiscible liquid were described and
categorized [727J]. Single drops of refrigerant 113 were
allowed to fall upon a hotter, less dense, and less
volatile liquid and the consequent motions and evap-
oration times were observed [84J]. Five vaporization
modes were observed, including submerged film boil-
ing. A model was developed for evaporation of
droplets in direct contact heat exchangers incorporat-
ing the effects of sloshing, which was deemed signifi-
cant for droplets larger than 2 mm diameter [92J].

Flashing and other evaporative processes

The production of bubble nuclei by electrolysis
upstream of a nozzle was shown to strongly enhance
the evaporation rate and approach to liquid/vapor
equilibrium of spray flash evaporation [ 70J]. Flashing
nozzle flows were experimentally found to produce
substantially fewer bubbles which are larger and grow
at faster rates than predictive models currently suggest
[67]]. Heterogeneous nucleation was not observed in
the bulk flow; bubble generation appeared exclusively
at the wall. Bubble growth, with interaction of sur-
rounding bubbles, was analyzed by a method of
matched asymptotic expansions [21J].

Kinetic theory analyses of evaporation were pre-
sented [101J, 109F]. The paradoxical inverted tem-
perature profile between opposing evaporating and
condensing surfaces was shown to be stable [19]].
Evaporation in the contact line region of thin films
of hexane and hexane with small amounts of octane
were studied with an optical interference method
[117]]. Small changes in the bulk composition had
large influence upon the transport processes near the
contact line. The net heat flux and evaporative heat
flux crossing the air/water interface of a heated body
of water were measured and compared unfavorably
with existing correlations [23J]. A two-dimensional
analysis was presented for heat and mass transfer in
the region of the vapor—gas front of a gas-regulable
heat pipe [40J]. Steady evaporation of volatile liquid
from a partially filled, open-topped adiabatic con-
tainer was shown analytically to proceed at substan-
tially lower rates than those predicted by the Stefan
(isothermal) model since interface temperatures are
depressed [90J]. In a related effort, experiments and
numerical modeling with a composite rectangular and
circular grid addressed the evaporation of liquid from
a thin slot cavity by a fully developed laminar flow
over the top of the cavity [91J]. The distribution of
local evaporation rate at the liquid surface resembled
that in a conventional boundary-layer flow.

CHANGE OF PHASE—CONDENSATION

A general integral solution procedure was presented
for laminar and turbulent film condensation on an
isothermal surface, for bodies of arbitrary geometry
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[21]]], and a uniform method of analysis for film
flow with superposition of various effects (laminar or
turbulent transport, gravity and frictional forces,
phase transition and variation of film temperature)
was developed [101J].

Heat transfer with film condensation on horizontal
cylinders received considerable attention. Experimen-
tal results for a vapor flowing over a single cylinder
indicated that the heat transfer by condensation
depends substantially on the magnitude of the cross
flow [183J]. An analytical/numerical study of film
condensation over a horizontal cylinder with com-
bined gravity and laminar forced flow was presented,
including solutions in the merging flow region con-
trolied by both driving forces [7JJ]. Film conden-
sation heat transfer on horizontal tube banks was
investigated experimentally for both the case of a
flowing vapor [17JJ] and that of a stationary vapor
with variable condensate flow rate [16]J]; the ranges
of dimensionless parameters were determined within
which heat transfer was essentially governed by either
the condensate flow rate, the vapor velocity, or the
combined action of both factors. Experimental data
were obtained for heat transfer with condensation of
steam on horizontal wire-wrapped tubes; these results
were compared to the performance of smooth tubes
[24]J]. The effects of surface tension were considered
in an analysis of heat transfer in laminar film conden-
sation on a horizontal cylinder [15JJ] and in film
condensation on tubes with finely fluted fins [1JJ].

Flow pattern data during forced convection con-
densation of refrigerants R-12 and R-22 inside a
horizontal tube were presented [26]J], as were data
on the heat transfer coefficients for these substances
flowing through an annulus passage [28JJ]. Exper-
imental results were presented for the flow patterns
of condensing steam inside horizontal tubes [22JJ].
All of the horizontal flow pattern correlations tested
failed in predicting the wavy-slug transition; the
results of adiabatic (gas-liquid) flow in upwardly
inclined tubes appear to provide some explanation
for this behavior.

The dynamic behavior of a boundary layer (either
laminar or turbulent) with condensation along a flat
plate was studied both experimentally and numeri-
cally [19J]]; the results were compared to those for
the somewhat analogous case of a boundary layer
with wall suction. Experiments on laminar film con-
densation heat transfer on several kinds of downward-
facing horizontal surfaces were reported [29JJ]; these
results have application to electric devices containing
a volatile liquid in a casing.

An approximate relation for the heat transfer
coefficient for a fully turbulent falling film at high
Prandtl number was derived [4JJ], as was a nonlinear
two-wave equation for long waves on the surface of
vertical falling films [3JJ]; these waves can exert a
significant influence on the heat transfer. Modeling
and experimental results were presented for film
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condensation heat transfer on a general cylindrical
surface in the presence of a nonuniform electrostatic
field [11JJ]. The problem of simultaneous transient
condensation and melting of a vertical surface was
investigated using a Nusselt-type analysis [9J]].

Condensation from multicomponent mixtures to
surfaces was analyzed for the case where the mixture
included a small amount of noncondensable gas
[19J1] and for the specific case of isopropanol-water
mixtures [8JJ].

Dropwise condensation curves were measured for
the condensation of propylene glycol on a PTFE-
coated surface [27JJ]. The values of the heat transfer
coefficient were found to be much smaller than for
steam condensing on an oleic acid-promoted copper
surface, and the transition mode from dropwise to
film-type condensation was quite different.

When a superheated stream flows over a subcooled
surface, a sufficiently high supersaturation ratio may
initiate homogeneous nucleation in the boundary
layer. An analysis for this case was presented [2JJ];
it was found that boundary-layer nucleation always
reduces vapor mass transfer to the wall. In laminar
flow this deficit is more than compensated by depo-
sition on the wall of nucleated particles, whereas in
turbulent flow the net mass transfer decreases, in part
because of the diffusion of once-nucleated particles
across the boundary layer. Numerical solutions for
heat and mass transfer to a free droplet growing
through condensation were obtained for droplet
Reynolds numbers of about 100 [25]J]. The effect on
transport mechanisms of a condensing droplet subject
to contamination with insoluble monolayer surfac-
tants was examined theoretically [SJJ]. The ‘mono-
phase boundary-layer approximation’ (an alternative
approach to classical nucleation theory) was used to
analyze the irreversible condensation of a vapor in a
binary mixture (the dominant component being inert),
free-convective, laminar boundary layer [23JJ]; the
findings were applied to an air-water vapor mixture in
contact with a vertical isothermal surface at cryogenic
temperature.

Other studies of condensation heat transfer
included a review of recent results pertaining to
nuclear reactor transients [12JJ]; a discussion of
condensation in vacuum systems [20JJ]; experimental
results on frost formation in finned air coolers [6JJ];
and an experimental investigation of heat transfer
from steam/air mixtures to a retort pouch laminate,
with particular application to packaging food prod-
ucts [13J]].

CHANGE OF PHASE—FREEZING
AND MELTING

New solution methods continue to be developed for
freezing phase change problems. Conformal mapping
methods were used to construct explicit solutions for
a general Stefan moving-boundary problem [22TM].
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An integral approach was found to agree with exact
solutions to one-dimensional phase-change problems
when Ste = 5 [29JM]. Reference [47JM] included
crystal growth kinetics. A solution method was
developed in which the solution for one phase was
obtained using an inverse analysis providing the
solution for the other phase was known [12JM].
The effects of isotropic and anisotropic radiation
scattering were determined with results given for
sapphire [38JM]. Two approximate analytic solutions
were obtained for one-dimensional solidification with
Newton cooling [19JM]. An approximate solution
valid for small Stefan numbers combines the heat
balance integral method and time dependent pertur-
bation theory [SJIM]. A numerical procedure was
developed to model freezing of a liquid phase-change
material around a suddenly immersed solid such as
a cylinder, sphere or slab [39JM]. Reference [21JM]
discussed the conservation laws obeyed by systems
containing point defects, dislocations and domain
boundaries. Reference [53JM] remarked on the for-
mulation and qualitative behavior or hyperbolic Ste-
fan problems.

Freezing in binary solutions was considered by refs.
[55IM, 56IJM] in which linear stability analysis was
applied to determine the time of first marginal insta-
bility as a function of cooling rate for a sodium
chloride solution. Reference [26JM] analyzed a simi-
lar problem. Analysis and experiments were presented
in ref. [23JM] in which the fastest solid growth
rate was found to occur when the sodium chloride
concentration was 0.9%. Numerical solutions and
experiments were performed to evaluate the effective-
ness of freezing out one component of a mixture on
a rotating, scraped drum [16JM]. A macroscopic
numerical model was demonstrated to be especially
convenient as it does not require tracking of the
interface [1JM]. The theory of binary solid interface
motion was used to show that vapor phase transport
governs the problem [34JM].

Solidification in forced convective flows included
an analytical and experimental study of frost growth
on a flat plate with various droplet wetting angles
[49IM]. Reference [46JM] described the appropriate
dimensionless parameters to use in similar problems.
A perturbation solution was used to analyze the
freezing and remelting of a liquid flowing parallel to
a cool flat plate [8JM]. Experimental results for water
freezing inside a pipe showed that the ice layer
forms a periodic pattern [20JM]. A numerical study
illustrated the shape of the solid layer formed on a
cold cylinder in crossflow [7JM]. A simple model and
some experimental measurements showed that growth
around a single tube is nearly identical to growth
around the tubes in an array until 80% of the flow
area is blocked by solid [27JM].

Three experimental papers considered the effect of
natural convection on the freezing process. The effects
on microstructural defects were examined for cad-
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mium-—copper alloys [42JM]. Freezing paraffin in a
rotating cylinder redistributed the voids and acceler-
ated the freezing process [33JM]. The effect of axisym-
metric rotation on the freezing of aluminum-—copper
alloys was also investigated [41JM].

Solidification in Cartesian, cylindrical or spherical
castings was analyzed subject to convective—radiative
boundaries [6JM]. A new embedding technique was
used to study the solidification within a long cylindri-
cal mold [17JM, 18IM]. A finite element method was
applied to a two-dimensional freezing problem that
does not include natural convection found in corre-
sponding experiments [ 35JM]. Another finite-element
method was applied to the solidification of magnesium
alloy castings [52JM]. Numerical models were
employed to simulate the solidification in continuous
cast round or square cross-section billets [S0OJM].

Crystal growth was characterized by reviewing the
relevant heat and mass transfer processes governing
the transport [4JM]. An analytical model was used
to describe the growth of silicon crystals [28JM] and
a two-dimensional finite-element model was
developed to simulate the growth of gallium arsenide
crystals [9TM].

Rapid solidification by melt spinning was investi-
gated experimentally by several investigators to deter-
mine the thermal history during ribbon formation
[24JM], to measure surface heat flux using a photo-
calorimetric technique [15JM] and to determine the
effect of air jets [3JM]. An experimental study of the
freezing of aerosolized aluminum-lead alloy melts
was conducted in a nitrogen gas environment [S1JM].

Melting adjacent to a heated surface was investi-
gated experimentally in refs. [13JM, 14JM] where
gallium was melted and solidified on a horizontal
plate. An experimental and numerical study was
reported in which natural convection in the melt
governed the interface around a heated vertical cylin-
der [37JM]. Reference [25JM] measured heat transfer
enhancements of a factor of five when longitudinal
fins were attached to a heated vertical cylinder.
A Afinite-difference numerical study investigated the
melting process around a horizontal cylinder where
solid subcooling was found to have a significant effect
of the melting rate [40JM]. A quasi-three-dimensional
solution was obtained for a variable temperature pipe
buried in a semi-infinite solid phase-change material
[57IM].

Melting inside a vertical rectangular cavity was
investigated experimentally and numerically for n-
octadecane [2JM]. Melting within a horizontal cylin-
der was measured [43JM] and the effect of the liquid
film between the solid and the wall was analyzed
using a two-dimensional numerical model [44JM].
An extension of these studies evaluated the effect
of internal geometry on the heat removal of an
encapsulated phase-change material [45JM]. An
experimental study of melting in an inclined cylinder
with an aspect ratio near four showed that the
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horizontal position was best and that the results did
not change appreciably until the cylinder axis was
within 15° of vertical [54IJM].

A hot body melting its way through a solid has
been observed using a horizontal heated cylinder and
n-octadecane [31JM, 32JM]. The fluid motion in the
cavity was driven more by the movement of the
cylinder than by natural convection currents. An
immiscible liquid melting its way through a solid
was considered theoretically as an approximation
to molten iron melting through the earth’s mantle
[36IM].

Melting caused by microwave heating of a dielectric
material was solved as a boundary value problem
[30JM]. Argon-ion laser cutting through silicon was
investigated where the propagation of the melt front
was controlled by the scan speed, not the laser power
[48IM]. A numerical solution was obtained for laser
welding which described the size, geometry and
motion of the liquid pool [10JM]. Carbon dioxide
and YAG lasers were used to cut and weld carbon
and stainless-steels and the differences between pen-
etration welding and conduction welding were
described [11JM].

RADIATION IN PARTICIPATION MEDIA
AND SURFACE RADIATION

In this review, the research in the area of radiation
in participating media is described first, followed by
the papers on surface radiation. There are a number
of papers which are of common interest to both areas.
These and other related studies are included at the
end. Some attempt is made to include the works
dealing with the radiative properties, e.g. nongray
gas absorption, anisotropic scattering, and surface
properties, but only a small sample of the information
that is available is included. There are also many
related research fields in which radiative transfer is
studied, e.g. atmospheric sciences, aerosol research,
remote sensing, combustion diagnostics. Since the
intent here is not to review all of radiative transfer
research, the focus is toward those works that deal
with radiation heat transfer, although exceptions are
made where appropriate.

Radiation in participating media

The research papers have been grouped into the
following topics for the purposes of the review: one-
dimensional media studies, studies in multidimen-
sions, radiation combined with other modes of heat
transfer, flame radiation, gas radiation, and scattering
media.

(a) One-dimensional media studies. A wide variety of
solution methods is chosen to study the radiative
transfer in one-dimensional media. Unless otherwise
noted, all the papers deal with one-dimensional, plane
parallel media. The Galerkin method is used to obtain
the heat flux, the intensity distribution, and the
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divergence of radiative heat flux in an absorbing,
emitting, isotropically scattering sphere with diffuse
reflecting, and emitting boundaries [117K]. The
Galerkin method is used again to consider a sphere
with space-dependent albedo [118K]. Modifications
to the matrix operator method for solving the equa-
tion of transfer in planar media are proposed. An
algorithm for calculating the reflection operator in a
semi-infinite medium is developed and used for other
optical depths also, reducing the computation time
[68K7]. Matrix-vector relationships for computing
the internal intensity field in emitting and multiply
scattering medium are formulated [125K7]. Two sca-
ling relations (one for scattering with highly forward
peak, and the other for those cases when the scattering
is not so peaked) are presented for the Monte Carlo
method, to reduce the computation time [9K]. The
Fy method is discussed [56K] and modified to solve
some benchwork problems [39K]. Results for isotrop-
ically scattering spheres and cylinders are given, using
the integral transformation techniques and the Fy
method [104K]. A p-flux method, which uses a
power series approach to deal with the directional
dependence of radiation, is presented and rec-
ommended for its possibility of choosing n indepen-
dent of the overall dimensions [60K]. Comparisons
of the biangular reflectance of an absorbing and
isotropically scattering medium, obtained with a dis-
crete ordinate method and the actual data, are pre-
sented [94K].

A number of other solution methods is also utilized.
A modified diffusion approximation is used to obtain
the radiation characteristics of a plane layer of
strongly scattering medium [111K]. Improvement on
the accuracy of the diffusion approximation for the
optically thin problems, is proposed by including the
exact formulation of the integrated intensity at the
interfaces [5K]. The finite analytical method, used to
reduce the nonlinearity in fluid flow and convection
calculations, is applied to radiation in absorbing,
emitting, and gray medium with good accuracy
[105K]. An anisotropically scattering layer with posit-
ion-dependent albedo is analyzed by expanding the
albedo in a Legendre polynomial series [21K]. Two
sets of experimental data on attenuation in water, are
compared with the solutions obtained using a finite-
difference scheme similar to the S, method [49K].
Numerical results for the radiation transfer by a finite,
inhomogeneously emitting layer [97K ], and reflection
from scattered radiation in dispersive media [127K],
are obtained by using the Padé approximation. A
spherical harmonics formulation, which can be used
for extreme forward-peaked scattering, is developed
for a slab [129K]. In studying the effect of boundary
reflection on the resulting temperature distribution
and the heat flux, ref. [109K] uses the projection
method, for which convergence is guaranteed. A linear
systems method is used to solve some radiative
transfer problems in a plane parallel layer [43K]. For
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the integrals arising in the solution of radiative
transfer, involving an exponential integral function
and exponentials, ref. [116K] presents numerical
techniques and expressions for improved accuracy.
To study the unsteady radiation field in an optically
thick medium, ref. [38K] uses the Laplace time
transform of the intensity in a conservative-unsteady
problem and the intensity in the corresponding non-
conservative-steady problem. Unsteady heat propa-
gation by radiation is considered, and the solution is
shown to be self-similar [89K].

The following papers seek to solve the integral
equation resulting from radiative transfer in one-
dimensional layers. The integral equation for a gray,
emitting, absorbing and scattering layer with reflect-
ing boundaries, is solved by a collocation method,
using Chebyshev polynomials as basis functions
[110K]. A mathematical consideration of an infinite,
purely scattering layer (isotropic), looks at the Neu-
mann solution with the theory of singular integrals
of the Cauchy type [96K]. The searchlight problem
in radiative transfer is considered by removing the
singular components before numerically taking the
inverse Fourier transforms [103K]. Results in a
finite layer are also obtained by using the integral
transformation technique and the Fy method [34K].
Singularity subtractton and the Gauss quadrature are
used to obtain a system of linear equations to solve
the singular Fredholm integral equation, describing
the transfer in isotropically scattering layer {28K7]. A
two-step method to solve the Fredholm integral
equation of the second kind, requires taking the first-
order Taylor series expansion of the Kernel, and then
using the collocation method [22K7].

The next four papers consider the radiative transfer
in one-dimensional media to obtain radiation prop-
erty data, by using the solutions in conjuction with
experimental data. The extinction coefficient and the
solid thermal conductivities of glass fiber insulations
are obtained from calorimetric measurements [92K 7.
The four-flux model solution of radiative transfer and
the classical theory of lattice vibration, are combined
with reflectance measurements of ceramic materials
to yield the thermal radiation properties [67K]. Study
of the sensitivity on the measurement errors, when
using the multiple-scattering inversion methods to
obtain the properties, shows that the method can be
ill conditioned [82K]. Reference [51K] numerically
tests another inverse method, this one using pulsed
multiple-scattering experiments with the azimuth- and
time-dependent one-dimensional solution, and shows
that the scattering albedo, and the asymmetry factor,
and perhaps a third parameter, could be obtained
from as little as three azimuth angle measurements.

(b) Studies in multidimensions. Some of the papers
on multidimensional radiative transfer also consider
other modes of heat transfer. Such works are then
included in the following section. Investigations in
two-dimensional radiative transfer are reviewed first,
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followed by three-dimensional transfer in the next
paragraph. Reference [40K] presents numerical sol-
utions for two-dimensional, azimuthally symmetric,
steady-state equation of transfer. Collimated laser
incidence into a finite thickness, linear anisotropically
scattering, cylindrical medium, is considered [27K];
numerical results are presented for the source function,
heat flux, and the intensity at the boundaries. Refer-
ence [29K] models a uniform collimated incidence
into a two-dimensional rectangular medium. A
numerical solution is obtained by solving a set of
algebraic equations resulting from singularity subtrac-
tion and quadrature formula. The results show that
a one-dimensional solution is a good approximation
except near the wall. Another study in two-dimen-
sional rectangular geometry considers an enclosure
of gray medium with internal heat generation [131K].
The solution obtained from a point allocation tech-
nique, shows that both the optical thickness and the
enclosure geometry affect the resulting temperature
distribution, while the average heat transfer to the
boundaries is primarily affected by the enclosure
geometry. Limiting expressions for the scattering
contribution to the geometric-mean transmittance in
a multi-dimensional absorbing and anisotropically
scattering medium are presented [130K]; by using the
kernel substitution technique, closed form expressions
for selected two-dimensional geometries are also pre-
sented.

Three-dimensional radiative transfer is considered
in the following four papers. Exact expressions for
the radiative flux density and the energy source term
are developed for absorbing, emitting medium in a
box-shaped enclosure [101K]. The resulting numeri-
cal results are compared with data from a large scale
experimental furnace. Alternative, but equivalent,
exchange factors for the zonal analysis are developed
in ref. [61K]. The advantage with the new formulation
is that these exchange factors can be experimentally
measured for different geometries. Scattering medium
in a planar geometry, with inhomogeneities in the x,
yand z directions is considered [69K]. For the general
problem of intensity field incident from above and a
surface below, the technique proposed in ref. [69K]
uses the spatial Fourier transforms and extends the
matrix-operator theory developed for one-dimen-
sional planar layer analysis. Reference [77K] con-
siders inhomogeneous, anisotropically scattering
media in a three-dimensional rectangular enclosure,
by the first and the third spherical harmonics approxi-
mation. The purpose is to be able to model furnaces,
and the numerical results are compared with those
based on the Hottel’s zone method.

(¢) Radiation combined with other modes of heat
transfer. In many heat transfer applications, one often
finds more than one mode of heat transfer; phase
changes may also be taking place. Since such situ-
ations arise in a variety of applications, it is likely
that the review of research papers in this section is
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not complete. This section is organized to deal with
radiation/conduction with possible phase change first,
followed by radiation coupled with forced convection,
and lastly the coupling with natural convection.

Transient response by combined conduction and
radiation heat transfer in porous, highly scattering,
semitransparent, high temperature material to intense
solar irradiation is studied [72K] using the two-flux
method. The numerical results show that the radiation
is an important component even for optically thick
layers (optical depth > 100). It is in fact, the dominant
mode of heat transfer in the front third of a layer,
and the location of the maximum temperature is in
the interior of the layer. Analysis of the combined
conduction/radiation in a gas within a cylindrical
enclosure with reflecting boundaries, uses the zone
method and the weighted sum of gray gases model,
to include the radiation [57K]. The axial and the
radial gas temperature distribution, and the wall heat
flux and temperatures, are then presented for either
the temperature specified or the heat flux specified
boundary condition. Thermal conductive/radiative
modeling of one- and two-dimensional structural
elements is the subject of ref. [4K]. Apparent thermal
conductivity of evacuated SiO,—aerogel tiles is deter-
mined by guarded hot plate measurements [99K].
Combined radiation/conduction through multilayer
insulation, with spacers that scatter or absorb, is
studied both numerically and experimentally [78K].
The next two papers deal with the unsteady response
of liquid layers exposed to incident radiation. Refer-
ence [53K] shows that the absorption of the liquid
is a more important factor than whether the incident
radiation is collimated or diffuse. Reference [52K]
considers collimated incidence onto a liquid layer
seeded with fine particles and shows that for the
conditions under study, scattering is negligible. Refer-
ences [86K, 88K] consider phase changes associated
with radiative transfer. The effect of anisotropic scat-
tering on the melting of semi-infinite, semi-transparent
media is such that a forward scattering fosters melting
while backward scattering retards it [86K]. Theory
of evaporation of water droplets suspended in air
when there is radiation incident, including the infrared
participation of the evaporated water, is discussed in
ref. [88K].

Radiation coupled with forced convection also
received much attention. A very thorough experimen-
tal and numerical study of the thermal conditions in
an irradiated, slowly moving liquid layer, is presented
in ref. [S0K]. A one-dimensional planar radiation
model is coupled with laminar three-dimensional
convection. The experimental and the numerical
models both show a stably stratified upper layer, a
core region of roughly uniform temperature, and a
thin bottom layer of large, unstable temperature
gradient. Similar geometry of a liquid layer in
motion—molten salt in a gravity-driven flow—is
analyzed [128K]; an optical depth of two is rec-
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ommended for optimum solar collector efficiency.
Process fluid in mixed channel flow (forced and free
convection) is irradiated through an upper enclosure
which holds a transparent fluid [18K]; the velocity
and the temperature fields of both the fluids are
numerically obtained. The results show that the
lower flow section is strongly affected by the optical
thickness of the absorbing fluid. Reference [106K]
considers fully developed laminar and turbulent flow
of real gases in a cylindrical enclosure where the
radiation is included by the zone method. Experimen-
tal and theoretical studies of the thermal radiation
in two-phase flow show that the condensed phase
radiation is dominant, compared to the gaseous
component [59K]. The calculation of radiative—con-
vective heat exchange in hypersonic flow about a
body is examined [93K]. In particular, the effect of
using several models of optical properties of the
gaseous medium in a compressed layer, is estimated.
Reference [65K] obtains a modified local heat transfer
coefficient of a plate fin which transfers heat to the
surrounding fluid by radiation and convection.

Radiation coupled with natural convection is the
topic of the next papers. References [31K, 7K] are
concerned with stability analysis which includes scat-
tering and natural convection. Reference [31K] seeks
a realistic base flow solution in a vertically stratified
layer for stability analysis; the first order spherical
harmonics (P — 1) approximation is used to include
the radiation. Reference [7K] considers the effect of
anisotropic scattering on the stabilizing influence of
thermal radiation. The scattering is included by using
an extended Eddington approximation, and the
results show that the critical Rayleigh number and
wave number are reduced. Reference [ 108K ] presents
experimental heat transfer results of convective-radi-
ative transfer from a horizontal finned tube with
sidewall/floor interactions. The effect on the heat
transfer is the greatest with the sidewall/floor interac-
tion, and the reduction can be up to 40%.

{(d) Flame radiation. Since it would be difficult to
review all the papers in the area of combustion
research, only those which explicitly deal with radi-
ation heat transfer in or from flames, are mentioned.
Since flames often include scattering particles as well
as participating nongray gases, some related papers
may also be found in the following two sections.
References [123K, 124K] utilize a three-dimensional
formulation to determine the incident radiant heat
flux on a cylinder that is engulfed in flames. Reference
[126K] inverts the infrared emission measurements
from a flame to determine the spatial temperature
distribution. Reference [83K] presents results from
instantaneous, monochromatic infrared radiation
measurements from combustion flames of a 4-stroked,
direct injection, no swirl diesel engine. The measure-
ments show a continuous thermal emission by the
soot and gas bands at 1.9, 2.9, and 4.2 um. References
[48K, 76K] both consider obtaining radiation prop-
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erties of soot radiation in flames. Noting that the
thermal radiation intensity from flares is more accu-
rately modeled when the flame source is considered
as a surface, ref. [30K] considers the jet diffusion
flame from flare stacks. Reference [23K] reports on
total and spectral flame radiation measurements made
in a tubular-can combustor. Reference [87K] reports
on using yttrium—beryllium oxide thermocouple coat-
ings for flame temperature measurements.

(&) Gas radiation. Radiative exchange in gaseous
media is characterized by the highly spectral nature
of gaseous absorption. Of the many papers that deal
with the properties of nongray gases, only the ones
that deal with common combustion gases are con-
sidered here. Reference [115K] presents a semi-
empirical, total line shape model for water vapor.
References [17K, 46K] present measurements and
calculations for the bandstrength and the linewidths
of CO. For the CO, 4.3 um band, ref. [24K] presents
measured absorptivity in a O,-methane flame at
2900 K; refs. [63K, 25K] report on the temperature
dependence of the absorption in the far wing of the
band; ref. [19K] considers the spectral line shapes for
the band from experimental measurements. CO, line
positions and the strengths in the 1200-1430cm™!
region are also reported [119K]. References
{16K, 15K] report narrow band parameters based
on the Elsasser model as well as the correlations for
Edwards wide band model for acetylene and methane.

With the nongray gas properties, heat transfer
analyses can be performed. Reference [107K] tests
the validity of the narrow band models and the
random statistical models for CO, and H,O when
calculating the temperature and the heat flux distri-
bution for coupled radiation and conduction. Refer-
ence [47K] applics the total transmittance nonhomo-
geneous radiation model to methane combustion, and
shows that this method is about 500 times faster than
using a narrow band model and still is within 10%
accuracy. Reference [54K] reports on modification
of the expressions relating the surface temperature
and the heat fluxes in an enclosure with isothermal
gas, to obtain direct expressions for the heat flux
which can be numerically calculated. In different
applications ref. [90K] recommends a solar energy
receiver—thruster with a rocket propellent of H,
gas with alkali metal vapors for volumetric gas
absorption.

(f) Scattering media. Many of the papers already
reviewed, consider radiative transfer analysis in scat-
tering media. This section includes the studies on
scatterings separate from a heat transfer analysis.
Since scattering is such a widely studied subject, only
a small selection of the works dealing with scattering is
included here. Notably, some of the detailed scattering
analyses and the size distribution retrieval work are
not included. Reference [26K] examines the Dirac
delta approximation to the Mie calculations of large
dielectric spheres. Reference [75K] recommends an
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experimental procedure to determine the scattering
similarity parameter from in situ measurements within
a cloud. It is not possible to distinguish experimentally
between the forward scattering component and the
transmitted beam, but for spherical particles Mie
theory can be used to calculate a correction. Reference
[13K] considers the correction for nonspherical par-
ticles, and finds that although oblate spheroids are
similar to equal-area spheres, the correction factor
for prolate spheroids can be as much as 20% less
then the equal-area spheres. Reference [1K] reports
on the calculations and experimental data on scatter-
ing from large dielectric cylinders. Reference [6K]
finds that for large conducting spheres with rough
surface, the scattering cross section calculated can be
significantly different than if the surface is smooth.
Reference [44K]] presents a simple analytical method
to approximating Mie scattering, which is an exten-
sion of the Rayleigh—Debye approximation. A theor-
etical method for predicting scattering from random
aggregates is tested on latex spheres [62K]. Optical
constants of soots in the 0.5-0.75um range are
obtained from polarized angular reflectance measure-
ments [8K]. Reference [S5K] presents the single
scattering properties of sodium mist from Mie calcu-
lations. Anisotropic scattering in insulations made
from randomly oriented fibers is investigated theoret-
ically, and used to optimize the fiber for minimum heat
flux [20K]. Reference [2K] considers the regularity of
the radiation from two-phase media, e.g. gas—particle
systems, bounded by reflecting surfaces.

Surface radiation

The research papers dealing with view factor calcu-
lations are presented first, followed by the papers
on surface exchange. Reference [35K] describes an
algorithm for calculating the view factor, by using
Hottel’s crossed string method, in an enclosure
bounded by arbitrary polygons in the plane. Reference
[71K] considers the same kind of boundaries, but
looks at the computational savings from transforming
the surface integrals into line integrals. Reference
[102K] compares three computer algorithms used to
compute view factors. Reference [36K] considers
calculating the view factors for large, sparse structures
when curved surfaces may be present. With the
appropriate view factors, energy exchange between
surfaces can be calculated, but some ambiguities may
need to be cleared up [112K]. A transparent enclosure
with diffuse and collimated incidence is analyzed to
study the absorption of solar energy in a building
space [74K]. Reference [80K] considers convection
shields for radiative cooling which have high transmit-
tance in the 8-13 um wavelength range. Reference
[66K] evaluates the effect of radiant transfer to the
walls and cetlings, from hot stove and chimney pipes,
in simulated overfire conditions.

A number of papers concern the surface exchange
in cavities and screens. Reference [58K] presents an
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exact, closed-form reconstruction algorithm for the
temperature distribution of a blackbody from spectral
measurements. Reference [84K] numerically com-
putes the bandlimited effective emissivity of noniso-
thermal diffuse radiators, and shows that the noniso-
thermality causes only a small deviation of integrated
emissivity for a detector a little distance away from
the cavity. Reference [10K] considers the emissivities
of isothermal and nonisothermal cylindro-inner-
cones. Reference [122K] obtains a single equation for
the spherical cavity radiation conductivity with a
general specular-diffuse surface. Reference [91K] con-
siders the transient temperature field of a cavity with
cooled walls and an aperture that is permeable to
radiation, to model a receiver of thermal solar tower
plant. Reference [95K] utilizes optico-geometric func-
tions to compute heat losses through a system of
finite screens. Reference [121K] proposes the con-
struction of a photoelectric apparatus for light model
ing, to determine the geometric and the radiation
properties of semitransparent screens.

Other related studies

There are a number of papers that discuss the
instrumentation needed for experimentation. Refer-
ence [85K] shows that the resolution, in photodiode
array Fourier transfrom spectroscopes, can be
improved by adding dispersing optical elements. The
integrating sphere is the topic of the next three papers
[113K, 37K, 41K]. Reference [113K] discusses the
possibility of increasing the detector signal by adding
elliptic flux concentrators, when the field of view is
limited. Reference [37K] discusses possible misinter-
pretations when using an integrating sphere. Refer-
ence [41K] uses an integrating sphere with a Fourier
transform infrared spectroscope to make reflection
and emission measurements. The radiation detector
1s the topic of the next three papers [100K, 32K, 12K].
Reference [100K] discusses using sodium salicylate as
a combined fluorescent and reflective coating on a
photomultiplier tube to extend the range of the
detector into the near infrared. Reference [32K]
discusses the signal to noise advantage of a resonant
bolometer. Reference [12K] considers the ideal coat-
ing for radiometric detectors—low reflectance, inde-
pendent of wavelength and direction—and shows
that the coating thickness is a critical parameter.
Reference [45K] is a general paper that discusses the
theory and implications of an integrating nephel-
ometer which is used to make scattering measure-
ments. Reference [70K] analyzes a transient calori-
meter used to measure the total hemispherical emitt-
ance, and shows the importance of rigorously evaluat-
ing the heat loss through the thermocouple leads.

This last group of papers includes radiation in
combination with various other effects, mostly as a
boundary condition. References [ 14K, 3K, 79K ] deal
with radiation effects encountered while measuring
thermal properties. Reference [14K] accounts for the
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radiant energy penetration when finding the thermal
diffusivity of layered and porous polymers by the
flash technique. Reference [3K] discusses a similar
experimental setup for determining the thermal diffu-
sivity of liquids, by heating the front surface of a cell
with radiation. Reference [79K] is a summary article
of the discussions in a workshop during the 9th
Thermophysical Properties Conference, on the topic
of the effect of radiation on thermal transport
measurements. Reference [11K] discusses an appli-
cation where one can achieve refrigeration by using
reverse-biased semiconductor diodes. Reference
[73K] predicts an improved performance when liquid
droplets, rather than solid surfaces are used as radi-
ators for cooling in space; an experimental evaluation
of the properties of Dow 705 fluid shows that the
weight would be about 10 times less when the tempera-
ture range is 275-335 K. Reference [64K] studies the
transient response of water subject to intense, focused
laser pulses of nanosecond duration. Reference [33K]
considers the transient response of the temperature
distribution of a sphere, with directed heat flux
and radiative cooling boundary conditions. Reference
[98K] considers the same type of boundary conditions
on a rotating hollow cylinder, and shows that quasi-
steady temperatures are achieved within one revol-
ution. Reference [42K] numerically solves the heat
conduction in a semi-infinite layer with boundary
heating and radiative cooling. Reference [81K] con-
siders the application of infrared radiation to drying
films, and shows that the internal heating due to the
penetration of radiation has significant effects on the
drying rate and the temperatures. Reference [120K]
considers the response of transluscent materials to
high energy radiation fluxes, and concludes that
the heat exchange process depends on whether the
external radiation is diffuse or collimated. Reference
[114K] considers the temperature rise of a surface
subject to moving heat sources, radiative cooling
to the environment, and convective cooling to the
lubricating oil, and concludes that the effect of radi-
ation is negligible.

NUMERICAL METHODS

The use of numerical methods for heat transfer is
very common. In general, the papers dealing with the
application of a numerical technique to a particular
problem are reviewed in the appropriate application
category. The papers mentioned in this section are
primarily concerned with the numerical method rather
than with the application used to illustrate it.

A literature survey of numerical heat transfer for
198283 has been published [SON]. The progress of
numerical heat transfer has been reviewed in ref.
[51N], where some suggestions for future work are
offered.

Heat conduction still continues to be the main
testing ground for new formulations. Nine different
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numerical methods for the solution of three-dimen-
sional heat conduction have been compared in the
respect of their performance on a common problem
[53N1]. A finite-difference scheme has been proposed
for the heat conduction equation [33N]. Reference
[4N] describes a new explicit scheme for heat conduc-
tion. Some numerical algorithms for one-dimensional
heat conduction are compared in ref. [28N]. A
control-volume finite-element method using a nine-
node quadratic element is developed [46N]. A collo-
cation technique is described for the solution of the
Laplace equation [7N]; it is suitable for implemen-
tation on a personal computer.

Unsteady heat conduction problems have been
solved by the use of boundary-fitted coordinates for
multiconnected arbitrary-shaped domains [S4N7]. The
question of numerically solving hyperbolic heat con-
duction is discussed in ref. [21N]. The use of direct
and indirect boundary integral methods is evaluated
in refs. [3N, 2N7]. The boundary element method is
discussed in ref. [S7TN]. The effect of stringent bound-
ary conditions on the solution of heat conduction is
investigated in ref. [10N]. Numerical modeling of
heat conduction in sand castings has been studied in
refs. [11N, 12N]. Reference [22N] describes a new
self-adaptive grid method.

A two-dimensional inverse conduction problem is
solved by the method of dynamic programming [8N].
A finite-element formulation for the inverse problem
is given in ref. [56N]. The Stefan problem with
multiple free boundaries is solved in ref. [14N], while
ref. [45N] presents a new implicit solution procedure
for the problem. An efficient algorithm has been
developed for problems with melting and solidifi-
cation [27N7]. An unconditionally stable finite-differ-
ence scheme has been proposed for conduction with
phase change [39N]. Multidimensional moving
boundary problems have been treated by coordinate
transformation [23N]. Reference [24N] describes a
stochastic modeling of transient heat flow through
walls.

Considerable research effort has been directed
towards the formulation of convection and diffusion
so as to produce an accurate and stable numerical
scheme. A streamline-upwind finite-element method
for convection-dominated flows has been developed
and applied [35N, 36N]. A monotone streamline-
upwind method has been proposed [47N]. Reference
[15N] proposes a generalized Galerkin method for
convection—diffusion problems. Finite-difference and
Galerkin techniques have been compared by applying
them to the combined convection—diffusion problem
resulting from the propagation of pollutants from a
line source [49N]. A potential and stream function
analysis has been presented for the convection—
diffusion problem [55N]. Reference [52N] describes
a solution scheme for the convection—diffusion equa-
tion, while ref. [37N] presents exact and approximate
solutions for the equation. The problem of convection
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and diffusion has been solved by the boundary element
technique [26N]. A new explicit scheme has been
proposed for the problem [18N]. Reference [43N]
introduces a control-volume finite-element method
using quadrilateral elements, while ref. [40N] employs
the multigrid technique for the convection—diffusion
equation. The flux-corrected transport method has
been compared with other schemes in ref. [34N7].
Reference [ 38N] presents a critical evaluation of seven
discretization schemes for the convection—diffusion
problem.

Prediction of convective heat transfer requires the
calculation of the underlying fluid flow. A significant
part of the literature is devoted to the numerical
methods for the calculation of fluid flow. An adaptive
grid technique has been developed for parabolic
flow problems [1N]. For compressible gas flow with
chemical reaction, an optimized implicit scheme for
the gas flow has been proposed [13N]. Reference
[41N] describes a multilevel multigrid technique
for recirculating flow. A coupled strongly implicit
procedure has been formulated for the calculation of
velocity and pressure [S8N]. Further performance
characteristics of marching methods for elliptic equa-
tions have been described [48N7]. For laminar forced
convection, a boundary integral equation method has
been presented [44N].

A new cubic spline alternating direction implicit
method has been employed to predict natural convec-
tion in a cavity [31N7]. A formulation for the Navier—
Stokes equations using a coupled solution of velocity
and vorticity has been described [19N]. Reference
[32N] uses velocity and vorticity as variables for
solving mass transfer equations. A residual method
of finite differencing has been presented for the
solution of elliptic fluid flow [SN]. A control-volume
finite-element method has been developed for the
solution of the Navier—Stokes equations [42N]; the
method uses equal-order interpolation for velocity
and pressure. Reference [9IN] describes continuation
techniques for a penalty approximation for fluid flow.
A family of stable algorithms has been developed for
the solution of the generalized Boussinesq equation
by a finite-element approximation [20N].

Matters concerning boundary conditions are dealt
with in some papers. Reference [25N] describes a
finite-element procedure for buoyancy driven flows
with cyclic boundary conditions. A new type of
boundary condition in convective heat transfer prob-
lems has been proposed in ref. [17N]. Reference
[16N] discusses errors arising in convective heat
transfer problems in connection with boundary con-
ditions of the third kind.

Comparisons of different methods provide useful
guidance in selection of an appropriate method.
A comparative analysis of numerical methods for
hypersonic re-entry flows has been presented [6N].
Reference [30N] gives the results of a comparison of
pressure—velocity coupling solution algorithms. A
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comparative study has been made of various grid
generation techniques in connection with a parabol-
ized Navier—Stokes code [29N1].

TRANSPORT PROPERTIES

Research in heat transfer properties includes precise
scientific measurements and the expeditious deter-
mination of engineering values for industrial appli-
cation or special materials.

For thermal conductivity and diffusivity a number
of new experimental techniques are described. A
new design [12P] simultaneously measures thermal
conductivity and diffusivity of unconsolidated
materials by the transient hot-wire method. For
liquids, a novel precision resistance-measuring scheme
yieids absolute conductivities [ 36P]; for thin films, ref.
[15P] presents results obtained by an AC calorimetric
method and [19P] a new technique for simultaneously
measuring thermal conductivity and heat capacity.
Fibers are the focus of two studies. The first [32P]
examines carbon fibers in the range 3-300K; the
second [16P] the effect of misoriented short fibers
upon the thermal conductivity of a composite. A
dispersion of fully penetrable spheres is examined for
effective thermal conductivity [SOP], and ref. [43P]
reports thermal diffusivity information of partially
crystalline polymers. Continuing the study of special-
ized materials, ref. [41P] reports apparent thermal
conductivity of evacuated SiO,—aerogel tiles under
variation of radiative boundary conditions; ref. [25P]
gives results for iron-titanium powders; ref. [22P]
indicates the variation of thermal conductivity with
density for polyurethane foam using a guarded hot-
plate; and ref. [28P] records the thermal conductivity
of multicomponent saturated refrigerants.

For gases at high pressure, ref. [37P] employs
a Pitzer-type generalized correlation for predicting
thermal conductivities. For liquid and vapor hydro-
carbon systems (pentanes and heavier) at low press-
ures the normal boiling point and specific gravity
correlate the thermal conductivity [38P]. For multi-
component dense gas mixtures, ref. [47P] obtains
an approximate formula for computing the heat
conduction coefficient. Additional studies examine
the thermal conductivity of specific systems: a semi-
theoretical equation relates conductivity to volumetric
foam density [24P]; an extended correlation technique
allows thermal conductivity predictions to be made
for coal-derived liquids and petroleum fractions [4P7;
ref. [13P] examines the effective thermal conductivity
of a suspension; and ref. [31P] measures the thermal
conductivity of alumina and silicon carbide in the
range 4-300K.

Diffusion coefficients are calculated in two works:
ref. [S1P] considers certain dilute binary gaseous
systems and employing several asymmetric potentials
predicts, for the temperature range 195-400K,
diffusion and thermal diffusion factors; ref. [3P]
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calculates the coefficient of self diffusion for steam
over the pressure range 0.07-27 bar using a theoretical
model. A technique for simultaneously determining
solute diffusion coefficient and partial pressure is
described in ref. [54P]

For electrical conductors, ref. [53P] describes a
pulse-heating method for measuring heat capacities
from room temperature to 1300K and gives results
for zirconium. For amorphous metal in the range 1.5—
10K, ref. [23P] also uses a pulse technique requiring
a small sample and yielding results for copper within
+ percent. The specific heat of ultrafine particles of
silver, prepared by the gas evaporation technique,
appears in ref. [34P].

A concern with systems undergoing pliable change
during heat transfer leads to the consideration of the
molar latent entropy change as a more fundamental
rationale for the thermodynamic generalizations
employed in two-phase heat transfer [44P]. The need
to predict the thermal regime in arctic offshore
structures led to an investigation of the latent heat of
frozen saline coarse-grained soil [52P].

Precise viscosity measurements continue to flow
from well-known sources. Results are reported for
sulphur hexafluoride up to 100 bar using a capillary-
flow viscometer [18P] and for light and heavy water
and their mixtures by the oscillating viscometer [20P].
An empirical correlation using available experimental
saturated liquid viscosity data is presented for 10
refrigerants [45P]. For measuring liquid viscosities a
vibrating sphere yields density as well [14P], while
ref. [7P] utilizes an automated falling-cylinder, high-
pressure laser-Doppler viscometer.

Velocity of sound measurements are reported for
argon gas up to 10° bar [21P] and in reactive liquids
at high pressure and temperature [42P].

A number of papers are focused sharply upon
the needs of certain technical endeavors. Thus the
calculation of transport properties of mixtures en-
countered in synthetic fuels process design are dis-
cussed in ref. [49P] and mass/heat transfer aspects of
anaerobic reactor [33P]. Nuclear engineering activi-
ties provide the impetus to consider the thermal
conductivity of simulated radioactive waste glass
[40P], the measurement of the thermal conductivity
of liquid urania [ 11P] and lithivm-containing ceramic
breeder material [48P], the thermal properties of
stabilized zirconia [9, 29P], and the role of organic
coolants for nuclear reactors [39P]. In the textile and
fiber areas a comparison is made of the heat and mass
(water) transport through cotton and polypropylene
[10P]. The thermal insulation properties of 12 fabrics
in high-intensity heat exposure were tested in ref
[5P] and the effect of free water in fibrous insulating
materials on thermal and physical properties exam-
ined in ref. [30P]. Rocket propulsion systems cause
the thermal transport properties of ammonium per-
chlorate to be examined [46P]. The efficacy of metal-
lized plastic sheeting in providing thermal protection
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is studied in ref. [8P]. The influence of soil tillage on
its thermal properties is measured as having a 20%
effect on the thermal conductivity using the line source
heat-probe method [35P].

In the area of building materials in sity measure-
ments of u-values for a built structure are obtained
by recording heat flows and temperature differences
over a period of days and calculating the u-value as
the quotient of means [27P]. For insulated sandwich
panels penetrated by structural members a simple
method is presented of calculating the theoretical u-
value to account for the losses caused [26P].

Measurements on several special systems involve a
radiant heat flux apparatus for measuring the thermal
response of polymeric materials to high temperatures
[17P]. The thermal conductivity of several evacuated
load-bearing porous insulations at temperatures
between 300 and 650K [6P], and the analysis of
heat transfer during freezing of slab-shaped food
commodities [2P]. An inverse method of thermophys-
ical properties and heat fluxes is given in ref. [1P].

HEAT TRANSFER APPLICATIONS—HEAT
PIPES AND HEAT EXCHANGERS

Heat transfer applications range widely across a
variety of technical fields embracing analysis and
testing, modeling and design, heat exchange enhance-
ment and optimization, including individual influ-
ences as well as overall performance. Considerable
interest continues to be shown toward extended
surfaces for improving heat transfer and the heat pipe.

Computer technigues are used to analyze shell-
and-tube exchangers [ 72Q]; multipass heat exchanger
networks [64Q]; transient, three-dimensional single-
phase flow in nuclear reactor rod bundles [18Q]; the
dynamics of transient states of the counterflow heat
regenerator [110Q7; and the optimization of heat
transfer equipment [66Q].

The electrical enhancement of heat transfer is con-
sidered [17Q] for a gas—solid suspension heat ex-
changer utilizing such a field and in ref. [51Q] where
resonant oscillation of drops is induced. For an
extended surface, ref. [102QQ] determines its tempera-
ture distribution for a nonuniform heat transfer
coefficient. With optimization as the goal, a number
of studies consider specific systems: annular fins
with variable thermal parameters [68Q]; arrays of
longitudinal, rectangular fins in convective heat trans-
fer [10Q]; choking and optimization of extended
surface arrays [56Q]; natural convection and radi-
ation heat transfer from highly populated pin fin
arrays [92Q]; and longitudinally-finned cross-flow
tube banks and their hydrothermal characteristics
{90Q]. A combined analysis and optimization of
extended heat transfer surfaces is given in ref. [48Q].
For rectangular fins protruding from a vertical rec-
tangular base, a three-part study [60Q, 61Q, 62Q]
reports the optimal fin separation and thermal per-
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formance for this configuration. For compact heat
exchangers, ref. [86Q] considers the effect of contact
resistance in the composite construction used in
semiconductor cooling systems; ref. [52Q] treats the
efficacy of turbulence promoters; and ref. [95Q]
models an offset-strip-fin type exchanger for use at
low Reynolds number. In a two-part study [32Q,
33Q] the hydro-thermal performance of finned tube
bundles and typical air cooler finned tubes are exam-
ined.

The use of finned surfaces for systems undergoing
phase change receives consideration by a number
of investigators. An analytical model for predicting
condensate retention on horizontal integral-fin tubes
is presented in ref. [82Q]; the effect of fin spacing on
the performance of such a configuration in condenser
service is covered in ref. [111Q] and the prediction
of the condensation coefficient in ref. [108Q]. Other
investigations explore condensation enhancement of
vertical spiral double fin tubes with drainage gutters
[97Q] and heat transfer coefficients for a vertical
fluted-plate refrigerant condenser [101Q]. Two boil-
ing papers consider the optimum use of longitudinal
fins of rectangular profiles in boiling liquids [14Q],
and surface tension effects on convective boiling in
compact heat exchangers with offset strip fins [23Q].

The fouling of heat exchangers is the focus of some
investigators. Estimating friction factors in a fouled
annulus [67Q7]; the causes and effects of sedimentation
in condensers and heat exchangers [100Q]; a simul-
ation procedure for chemical reaction fouling in heat
exchangers [35Q]; a high-intensity ultrasonic method
of scale and deposit removal [75Q]; and a general
discussion of the problem [16Q] all address this
aspect of heat transfer equipment.

For heat exchangers, ref. [80Q] considers the
transient response of the parallel flow type, ref.
[113Q] calculates the temperature fields in cross-flow
including the effects of inlet non-uniformities and ref.
[57Q] seeks to characterize the ‘thermo-hydraulically
efficient’ exchanger surface. Specific influences on
exchanger performance are considered by ref.
[76Q]—viscosity induced non-uniform flow in lami-
nar flow; ref. [50Q]—turbulators in fire tube boilers;
ref. [3Q]—unsteady-state transfer and mixing due to
flow twisting; ref. [40Q]—the effect of manufacturing
inaccuracies and deformation of tube bundles; and ref.
[27Q]—two-phase flow in exchangers and pipelines.
For compact heat exchangers, single-blow transient
testing of surfaces is discussed [63Q], construction of
and measurements with extremely compact, cross-
flow types is described [96Q] and the general nature
and purpose of such devices [52Q].

For plate exchangers, ref. [11Q] discusses the
temperature distribution in parallel channels; ref.
[12Q] the temperature distribution in a four channel
exchanger; and ref. [34Q] the effect of corrugation
inclination angle on exchanger performance. To evalu-
ate and coordinate experimental studies of such
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exchangers, ref. [46Q] proposes a mathematical
model. The design of a plate-type evaporator for heat
pumps is described by ref. [45Q].

The use of porous materials joins three studies. In
a two-part investigation, refs. [37Q, 38Q] examine
the improvement in efficiency by the use of such
material in a shell and tube design and a single tube-
shell and tube exchanger; ref. [22Q] considers the
effect of a porous layer on the hydrodynamic behavior
of the coolant.

The design of exchangers receives consideration
[55Q] through a mathematical analysis governed by
a single similitude criterion. Other papers stressing
design are directed toward specific applications:
refrigerant exchanger [93Q] and steam generator
[13Q].

Solid—gas exchangers are investigated in the form
of ‘raining bed’ exchangers for high temperatures
[19Q] and an experimental study of the high tempera-
ture performance of a pebble bed exchanger [112Q].

Studies stressing the chemical aspects of exchangers
include the modeling of an exchanger in which phase
changes are possible in both multicomponent streams
[106Q]; a novel processing technique combining
separation of a mixture into its components with
heat transfer [59Q]; the thermal character of a heat
exchanger—chemical reactor with coolant in cross-
flow [47Q]; and a single fluid, multi-pass exchanger
and combustor for low-heating-value gas [28Q].

Specialized exchangers are studied for nuclear reac-
tors: very high-temperature gas-cooled reactor in
cross-flow [98Q]; and heat removal in fast reactor
cores [114Q]. Oil is the medium of interest in ref.
[107Q]—optimum exchanger design for crude oil
stabilization; and ref. [83Q]—experimental perform-
ance of an oil-air exchanger. Evaporative cooling
exchangers are considered by simulation [109Q]
analyzed for the packed bed, recirculated-liquid gas
cooler—humidifier [S8Q]. Air—molten salt direct-con-
tact exchange is examined in ref. [15QJ; a scraper to
augment condensation heat transfer is reported [65Q]
and the role of the exchanger in power systems is
generally discussed in ref. [39Q].

Research on the heat-pipe or thermosyphon con-
tinues to attract a high level of interest. The modeling
of such a system is considered by ref [42Q] for a
closed-loop type including the Soret effect and by ref.
[24Q] for the transient operating characteristics of a
low-temperature device. A method of analysis is given
for exchangers involving the principle by ref. [49Q];
a variable area one- and two-phase steady-state loop
in ref. [77Q]; and a heat-pipe thermodynamic cycle
in ref. [53Q]. Mixed boundary conditions for the loop
syphon is considered by ref. [43Q].

The stability of these systems is treated in a number
of studies. Steady-state behavior and stability thresh-
olds for a closed two-phase type is investigated in ref.
[29Q7; oscillatory instability in closed-loops by ref.
[25Q]; complex oscillations in ref. [44Q]; and
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throughflow effects and the effect of motion onset in
refs. [118Q, 117Q], respectively. Measurements of
working fluid distribution within the wick are
reported [87Q] and natural convection in the concen-
tric tube system is treated by ref. [94Q]. The toroidal
configuration is the focus of ref. [81Q] for high Graetz
and Grashof numbers; ref. [84Q] for the inclined
device and the steady-state velocity; and ref. [85Q]
for known heat flux. Discrete influences or special
circumstances mark the following works: improving
maximum heat transfer for axially grooved pipes
{9Q]; two-phase operation for fluid near the critical
point [41Q]; double-wall artery, high capacity pipe
[74Q]; effect of liquid plug in vapor channel [78Q7;
design of air-water, co-axial exchanger [5Q}; and
a water—air, gravity assisted exchanger [4Q]; low-
temperature systems [ 105Q7; and use in a metallurgi-
cal furnace [26Q]. The device is reviewed from its
inception in 1973 to the present with its many applied
forms [79Q].

Regenerator performance is predicted using a non-
linear analogy method [7Q, 8Q] and the Galerkin
method applied to solve the symmetric and balanced
counter-flow problem [6Q]. Experiments are perfor-
med [69Q] in order to determine the thermal stage
performance for the device in semi-continuous oper-
ation. Quick design and evaluation [31Q], approxi-
mate methods for evaluation efficiency in periodic
operation [30Q], and the effect of flow-through
capacity on the hydro-thermal performance of a
Stirling engine type [71Q] conclude the work on this
device.

For heat transfer in tubes, attention is directed
toward the augmentation of laminar flow exchange by
wire coil inserts [104Q], correlations for oscillations in
long, sodium-heated, steam-generating tubes [103Q],
impedance heating [54Q], and the measurement of
heat and mass transfer from humid air to a horizontal
tube in a false bank [36Q]. Tube assemblies are
examined for the influence of surface roughness on
heat flow and drag for crossflow [116Q]; for con-
ditions of laminar axial, transverse and inclined flow
[2Q7; and under conditions of turbulent inclined flow
[1Q]. Correlations for heat flow and pressure drop
for in-line and staggered banks are suggested [115Q].
Proper selection, inspection, maintenance, and failure
analysis for HVAC heat transfer coils are discussed
in ref. [88Q]. A review of North American usage for
estimating refrigerant-side heat transfer and pressure
drop for direct expansion coils is given [99Q] and a
cost-estimating method provided for double-pipe and
multi-tube exchangers with bare tubes and external-
longitudinally-finned tubes [73Q].

Shell and tube exchangers are treated in a review
on current practice for shell-side two-phase heat
transfer [89Q], a prediction method for pressure drop
in the instance of roughened tubes and smooth shell
surface [20Q7], and the determination of shell-side heat
transfer coefficients by the naphthalene sublimation
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technique [70Q, 91Q]. The characteristics of dry
cooling towers for condensate cooling are considered

by ref. [21Q].

HEAT TRANSFER APPLICATIONS—
GENERAL

A large number of papers has been published on
heat transfer occurring in specific areas of engineering
activity. They are scattered in many journals. Approxi-
mately one-half of those known to us have been
included in this section of the review and are discussed
with the aim of providing a feeling for the various
fields of engineering activity in which heat transfer is
encountered.

A considerable number of papers deal with metal
and polymer processing. A good fraction of them are
analytical. The temperature fields are calculated for
the heating [54S] and cooling [62S] of steel casting
because of the pronounced effect which it has on
the microstructure of the steel. Friction welding is
modeled [27S] and unipolar induction heating is
considered [58S] as well as electromagnetic turbulent
stirring in furnaces [61S] and impedance pipe heating
[38S]. Models for the analysis [45S] and experimental
results [18S] are reported for polymer molding.
Differences up to 30°C in the cavity surface tempera-
ture have been observed in cyclic injection moldings
[2S]. Several models describing the effect of heat
transfer on the spinning of glass fibers were examined
[44S] and experiments established heat transfer in
the heating of molten glass banks agitated by jets
[9S].

Heat transfer in chemical processing is discussed
in a number of papers dealing with topics like
mathematical modeling used in the scaling of fixed-
bed [24S] and agitated [41S] reactors. The pen-
etration theory is used to study heat transfer in stirred
reactors [408, 4287 with immersed heating elements.
Heat transfer in boiling of contaminated sulphuric
acid [65S] is discussed and a number of papers [49S,
56S] deals with heating and devolatilation and with
freezing of coal.

Ground heat transfer studies included methods to
calculate the daily soil heat flux [31S] and the
subsurface temperature distribution [468] and pro-
vide a model to calculate shallow soil heat extraction
[438] as well as the use of geologic formations for
seasonal thermal energy storage [64S]. Greenhouse
heating by underground pipes has been analyzed
[4S]. Surface heat flow measurements at hot spots of
the Kilauea volcano in Hawaii [22S] were used to
locate magma deposits. The growth and decay of ice
on the Lawrence river [30S] and the undulation of
water on an icy Siberean surface [295] were modeled
and described as well as flow and temperature distri-
bution in aquifers [538] and in wells [5S].

Modeling results of heat transfer in buildings were
compared with experimental results for two Dutch
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dwellings [1S] and included the effects of wind
direction on the energy consumption [12S]. Building
envelopes using new energy efficient materials were
optimized [34S] for heating and cooling load. The
effect of phase-change component materials in thermal
storage walls on their thermal performance is investi-
gated [13S] by a time-dependent analysis. The use of
transparent films to transmit solar and reflect infrared
radiation in greenhouses is discussed [6S].

Several papers deal with heat transfer in nuclear
power plants and some for coal-fired power plants. A
survey compares results of computer codes with
experiments and plant operation to study natural
circulation cooling in pressurized water reactors
{7aS]. Heat transfer from a partially uncovered reac-
tor core was modeled [63S]. The temperature distri-
bution in fuel rods [59S] and scaling criteria in
nuclear reactors [35S] were also considered. An
analysis studied the performance of coal-fired power
plant spray-cooling systems [52S].

The spreading of fire in buildings and in nature
was studied by analysis and experiments for a fire
plume impinging on a ceiling [68S] or moving through
several rooms [33S]. The spread of forest fires [37,
2087 was analyzed. The onset of a firestorm [118] is
postulated to require the pre-existence of a swirl.

Experiments and analysis in bicengineering con-
sidered the temperature distribution in the heart [35]
and in the head [51S] caused by blood flow.

Thermal insulation of garments was measured dur-
ing wear trials [32S] and during burning [50S].

Survey papers described the pioneering contri-
butions of Luikov [488] and of Sherwood [15S, 175]
to heat and mass transfer research in drying. Other
contributions deal with wood [35S, 218], fibrous
sheet material {37S], paper [19S] and humid sand-
stone [66S].

Three papers are examples of studies on heat
transfer in combustion engines. Two [67S, 258] deal
with diesel engines and one [57S] with gas turbines.

Fusion power plants will experience extreme con-
ditions for heat transfer. These are discussed in papers
like [8S, 108, 26S].

A mathematical model for simulation of industrial
refrigeration plants is tested against experimental data
[57S].

Papers concerned with aerospace applications
include computer results for the Knudsen layer of a
highly cooled blunt body in rarified flow at Mach
number 26 [14S] which differ markedly from previous
calculations and a detailed heat transfer analysis
[59S] to determine the temperature limitations for
the thermal control system of a space shuttle payload.

Examples of papers in the field of electrical engineer-
ing describe experiments on a rotating test rotor
simulating superconducting generator cooling [23S],
on heat loading of components in multi-megawatt
ion sources [47S] and on turbulent convective heat

1805

transfer in forced cooled underground electric trans-
missions using oil [285].

SOLAR ENERGY

The energy loss mechanisms are analyzed for a
parabolic dish/cavity receiver configuration and it
was found that varying the concentrator rim angle
and cavity geometry can greatly affect the cavity
power profile without a large effect on system
efficiency [18T]. A semi-empirical equation was
developed for the heat loss factor for a tubular
absorber with a concentric glass cover, employed as
the target of a linear solar concentrator [6T]. A
study of the interaction between concentrated solar
radiation and a honeycomb matrix or a bed of
particles cooled by a gas shows evidence of overheat-
ing of the solid near the irradiated surface [31T]. A
thermal analysis of a V-trough solar concentrator
shows that this design is more efficient and provides
higher temperatures than a flat-plate collector [1T].
A 1.5 x CPC type collector described and tested in
detail exhibits an optical and thermal behavior which
make it an excellent candidate for thermal appli-
cations up to 100°C [10T].

Testing of a set of Sanyo STC-CU 250 evacuated
tubular collectors and subsequent data reduction
demonstrated that large variations in thermal per-
formance characteristics can result among a collector
type taken from a production batch [32T]. An investi-
gation is reported of heat transfer between the glass
absorber tubes of an all-glass evacuated collector and
fluid-in-metal manifolds designed for heat extraction
from the tubes [39T].

The performance of a flat-plate solar collector
combining a selective surface on the absorber plate
and a plastic honeycomb in the air gap can be
improved by leaving an air gap of about 10mm
between the plate and the honeycomb [19T]. A
theoretical analysis of the regimes of convective heat
transfer in a horizontal solar converter shows that
beehive-type designs can minimize convective losses
by maintaining a conductive regime at Rayleigh
numbers as high as 10° [14T].

Analytical approximations of the temperatures
within a flat-plate collector at a moment t =0, are
derived. They are expressed as functions of the time-
varying behavior of the solar flux, the ambient tem-
perature and the fluid outlet and inlet temperatures
[24T]. A discrete-gradient algorithm is used to identify
the parameters in a one-node and two-node capaci-
tance model of a flat-plate collector {20T]. An analyti-
cal solution is presented of a matrix differential
equation for heat removal from an absorber plate with
a serpentine tube [38T]. The effects of noncontinuous
bonding of the energy removal tube to the absorber
plate of a flat-plate collector are analyzed [11T]. An
analytical study of the laminar heat transfer in the
ducts of a solar collector indicates that the use of
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an average Nusselt number for the constant wall
temperature boundary condition in a radially lumped
solution predicts efficiency factors that are within 6%
of those obtained using a more detailed calculation
procedure [37T]. It is shown that the multiple-pass
air heater performs well for low flow rates and large
plate lengths but for small plate lengths and high flow
rates, the addition of cover plates does not affect the
performance of two- or three-pass air heaters [15T].

An interferometric technique was used to study
coupled convective heat transfer for an inclined solar
collector [25T]. An experimental study provides data
for convective heat transfer coefficients on the front
surface of a free-standing array of solar collectors
mounted on a flat roof and exposed to the wind
[28T7]. Studies of collectors operating in a wind tunnel
indicate that recent empirical relations for calculating
top losses provide good estimates at low wind speeds
but underestimate the top loss for wind speeds greater
than about 1ms™* [13T].

A simplified simulation method for solar thermo-
syphon collectors was developed using the Hottel-
Bliss—Whillier theory for the absorber, Close’s model
of a thermally stratified tank, and a newly defined
loop resistance relation [21T]. A numerical simulation
model for thermosyphon solar water heaters has been
developed and used to study the characteristics of
vertical and horizontal tank thermosyphon systems
[30T]. In a side-by-side comparison of a pressurized
and a nonpressurized solar water heating thermo-
syphon system, it was found that the nonpressurized
system had the higher daily average efficiency [35T].
An integral compact solar water heater proved to have
high collection efficiency. However, it also proved to
have high losses during the period when there was
no incident solar flux [36T7].

Steady-state calculations prove that only little
sophistication in design and technology of solar
collectors is required with favorable weather con-
ditions but that unfavorable weather conditions
require collectors with technological refinements
[17T]. A study implies that the sophistication and
expense involved in a searching for and implementing
optimal variable collector flow rate strategies for
single-pass, open-loop solar thermal energy systems
may not be worth the effort [16T]. The benefits
of using phasechange slurries as enhanced heat
transfer/storage working fluids in solar energy and
waste heat utilization systems are investigated [26T].
Numerical simulation and experimental measurement
are used to examine the performance of a greenhouse-
type solar timber dryer that dries about 5 m? of timber
from green to equilibrium in about three weeks
[34T]. A thermodynamic analysis of a solar zeolite
refrigeration system showed that the system perform-
ance depends primarily on the solar collector type
and the zeolite absorption properties [8T].

An analytical and numerical study of the thermal
and fluid flow effects of heat rejection to the surface
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layer of a salt-gradient solar pond, by means of a
recirculating thermal discharge, is carried out [23T].
The use of an empirical transmittance function in the
modeling of a solar pond was found to improve the
results of the modeling [2T]. An analytic solution is
presented that calculates the heat loss from the bottom
of a solar pond to a soil that contains a moving water
table [22T]).

Measurements performed for the 1981-1982 heat-
ing season showed that the solar collection efficiency
was 64% and the solar fraction was 0.40 for a passive
solar modular house located in Knoxville, Tennessee
[33T]. The thermal performance of three walls, a 40-
cm-thick concrete wall, an 8-cm-thick hard paraffin
wall and an 8-cm-thick soft paraffin wall, was moni-
tored for a three-year period [5T]. A quantitative
assessment is presented of the extent to which massive
building envelopes can increase solar heating fractions
by moderating the storage and the release of solar
gain [12T]. A computer model of a general integral
collection—storage passive solar component was cre-
ated to be compatible with the transient system
program TRNSYS and was used to develop and
verify the simpler monthly performance prediction
method [40T]. An efficient method is presented for
the computer analysis in the frequency domain of
multizone passive solar buildings [3T7].

The transient thermal response of a rock bed
with no net fluid flow is examined following all-
day charging and the results indicate that natural
convection may occur in the upper regions of the
bed [4T]. A three-dimensional numerical model for
seasonal heat storage in the ground using vertical
heat exchanger pipes is presented [29T7]. An analytical
and numerical study demonstrates that the harvesting
of solar energy by a solar collector installation with
temporary storage can be maximized by the proper
selection of the daily regime of operation [9T].

Analytical and experimental studies were performed
for night sky radiators as a function of power dissi-
pation, surface properties and water vapor pressure
{27T]. Three models of spectral direct irradiance of
the sun at groundlevel are found to be in satisfactory
agreement with experimental measurements, although
their behavior is quite different in the absorption
bands [7T].

PLASMA HEAT TRANSFER AND MHD

Papers in plasma heat transfer are primarily con-
cerned with heat transfer in arcs and applications
such as thermal plasma processing of materials.

The results of a two-dimensional analysis of free
burning arcs in argon {100-400 A) show good agree-
ment with experimental data. The importance of
energy transfer due to electron convection currents is
demonstrated [28U7]. Radial temperature profiles in
radiation-dominated, wall-stabilized arcs are calcu-
lated by using equations derived from the first two
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moments of the radiative transfer equation for deter-
mining radiation losses [31U]. A transient two-
dimensional analysis of forced convection-stabilized
arcs (gas-blast circuit breakers) shows good agreement
with experiments for the upstream region of steady-
state arcs in nitrogen and hexafluoride [34U7]. A
previously described method for computing radial
temperature distributions in wall-stabilized arcs is
applied to the treatment of D-line emission from
a sodium arc lamp [32U]. Different methods for
measuring electron densities in a SF¢ arc are in good
agreement indicating departures from LTE due to a
demixing effect [48U]. Experimental data indicate
that the gas dynamics of vortex-stabilized plasma guns
control their energy transfer, electric performance, and
service life [40U7]. The presence of metal vapor in an
argon arc plasma at the p =1 atom leads in the
anode region to a temperature decrease, a significant
reduction of the electric field, and a large increase of
the electrical conductivity [9U].

An improved relaxation method for measuring gas
temperatures in arc plasmas is described, based on
different relaxation times of density and electron
temperature after arc interruption [41U]. Based on a
numerical solution of the radiation transfer equation,
temperature determination in high-pressure plasmas
is possible in cases where no optically thin lines are
available [47U]. A new procedure has been developed
for determining the line broadening at the axis of an
optically thick arc discharge, and the influence of the
radial variation of the line broadening on the plasma
temperature is determined for the case of symmetric
self-reversal [22U]. Temperature measurements in
nitrogen seeded, nonequilibrium argon plasmas, using
the intensity distributions of the N first negative
bands, show that at lower pressures, the rotational
temperatures are much lower than the vibrational
and electron temperatures. At higher pressures they
assume the same values since LTE is attained [42U].
By combining the technique of statistical spectroscopy
with a probabilistic theory of radiative transport, a
new method has been developed for evaluating the
radiative power emitted from a thermal plasma by
spectral lines [12U]. A new, simple elliptical Abel
inversion is described for calculating spatial distri-
butions of electron densities in elliptically shaped
plasmas [20U].

Thermodynamic and transport properties of hydro-
gen and copper plasmas are reported for temperatures
from 5000 to 60,000 K and pressures from 1 to 10* atm
[27U]. Measurements of the thermal conductivity of
hydrogen above 4500 K with electric arcs must take
deviations from LTE into account [38U]. Simple and
accurate expressions for the electrical conductivity in
steady-state weakly and highly ionized plasmas are
in good agreement with exact numerical calculations
[30U]. Computer models are introduced for calculat-
ing the ambipolar diffusion coefficient and the reactive
thermal conductivity of a two-temperature argon
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plasma containing higher ionized species [7U]. The
nonlinear heat conductivities of a dilute plasma in a
magnetic field deviate markedly from the linear theory
prediction as the Debye length increases [17U]. A
theoretical investigation of plasmas contaminated by
various metal vapors shows the importance of the
first ionization of these contaminants on the plasma
properties [2U]. The theory of thermal diffusion in
ionized gases is reconsidered taking into account
quantal effects and effects caused by dynamic shielding
[35U].

In connection with heat and mass transfer studies
of particles injected into thermal plasmas, a new
integral mean diffusivity is introduced for calculating
mass transfer rates from such particles [43U]. The
ambipolar diffusion coefficients in a nitrogen thermal
plasma for 4000 < T< 15,000K depend on actual
population number densities encountered and not
only on temperature [4U]. The electrical conductivity
of partially ionized monatomic gases has been calcu-
lated for a wide range of electron temperatures and
degrees of ionization. Knowledge of the electrical
conductivity allows for easy determination of electron
mobility and diffusion coefficients in plasmas [16U].

The average cooling energy of electrons emitted
from an arc cathode root and the effective work
function are strongly dependent on the temperature
and the electric field at the location of electron
emission [29U]. Studies of the effect of anode vapor
(Cu) on the anode region of a high-intensity argon arc
show a flattening of the current density distribution
which will also affect the heat flux distribution at the
anode [15U]. Modeling of the transport phenomena
in the anode region of high-intensity arcs indicates
that nitrogen arcs tend to form highly constricted
anode arc roots in contrast to argon arcs [52U]. An
improved heat conduction model is proposed which
provides better predictions of the anode voltage drops
for electric discharges in dielectric liquids, as for
example, in EDM machining [6U]. Cooling of the
expanding metal plasma emitted from the cathode
spot of a vacuum arc leads to a strong variation of the
electrical conductivity across the thermal boundary
layer [13U].

At the boundary between a hot and cold plasma,
a double layer structure is formed on the hot-plasma
side with a potential difference given approximately by
¢pL ~ T.n/2e where T4 is the hot electron temperature
and e the elementary charge [21U]. Experimental
studies of heat and mass transfer between a plasma
jet and a permeable wall cooled by injection of a two-
phase flow show that the temperature of the wall
undergoes self-induced oscillation due to a shift of
the vaporization zone [1U]. A numerical analysis of
thermal plasma flow in a pipe indicates that the
velocity and energy fields are different from ordinary
pipe flow and vary characteristically depending on
the state in the pipe and the initial conditions [23U,
24U]. The heat flux to the wall of a water-cooled tube
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carrying a thermal argon plasma flow changes little
with cold gas injection upstream of the location
where heat flux measurement were taken [25U]. A
correlation for heat transfer between a hydrogen
plasma jet and the walls of a cylindrical channel
represents the data within 22% [54U].

Computer experiments show the relative import-
ance of various effects on the motion and on heat and
mass transfer of a particle injected into a thermal
plasma [44U]. The motion of a small spherical
particle injected into a thermal plasma may be affected
by a number of effects which are not present in an
ordinary gas [45U]. The results of heat and mass
transfer studies of particles in thermal plasma flows
indicate that convective heat transfer coeflicients have
to be modified due to strongly varying transport
properties. In addition, particle heat transfer under
noncontinuum conditions is governed by individual
contributions from the species in the plasma and
by particle charging effects [33U]. Plasma-particle
interactions in r.f. induction plasmas are considered
using argon at p = 1 atm as the plasma gas interacting
with copper and alumina particles. Substantial local
cooling rates are found for high particle injection
rates [46U]. Heat transfer to a copper particle
immersed into an argon plasma is substantially affec-
ted by the change of the transport coefficients due to
copper vapor, except for cases of very high plasma
temperatures [10U7]. Heat transfer to particles injected
into plasmas at reduced pressures (p < latm) is
severely reduced due to the Knudsen effect [11U].

Theoretical studies of the plasma-activated chemi-
cal vapor deposition (PCVD) process, used for the
preparation of optical fibers, indicate that the static
deposition profile of silica can be computed by
considering convection, radiation and diffusion pro-
cesses inside the glass tube [51U]. Investigations of
the pyrolytic decomposition of methane in a plasma
indicate that an excess of hydrogen causes a decrease
in the overall rate constants for the methane decompo-
sition [14U]. Natural phosphate may be dissociated
in a thermal plasma and in this way concentrated
phosphorus fertilizer may be produced [36U]. Plasma
heat transfer and chemical reactivity are important
for an understanding of the surface effects on solids
and liquids for refining, nitriding, etc. [3U]. Modeling
of plasmas, calculation of plasma transport propertics,
and mixing of plasmas with cold gases are discussed
in the context of plasma-—particle momentum and
heat transfer. In addition, experimental data are
presented and compared with analytical results [19U].
The successful generation and processing of fine
powders in thermal plasmas is directly linked to the
understanding of heat and mass transfer processes
[55U].

Two different numerical approaches are used for
modeling the flow and temperature fields in an
inductively coupled plasma. The results show that the
method may have a substantial influence on the
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stability and the convergence of the solution [37U].
Investigations of the phenomenon of exploding wires
indicate that for energies E > E, (E, is the energy
density required for complete vaporization), explosive
vaporization occurs, resulting in a high-temperature
plasma [50U]. During the explosion phase, plasma
temperatures may exceed 10eV. A super high density
(n. = 5 x 1022cm~3), high temperature (T, =~ 400eV)
plasma can be produced by an aluminum wire
explosion [18U]. The gas heating of the neutral
molecules in a glow to spark transition in air and
nitrogen gives rise to a neutral depopulation in
the core of the discharge [SU]. The heat transfer
coefficient from a flowing hydrogen microwave
plasma to the plasma discharge tube wall increases
with increasing flow rate and pressure and is indepen-
dent of the absorbed power of the mircowave plasma
[8U]. A heated three-chamber pneumatic shock tube
is a convenient instrument for investigating a dense
plasma composed of various chemical elements over
a wide range of parameters [26U].

Low Prandtl number MHD convection studies
about a heated semi-infinite horizontal flat plate
reveal downstream of the leading edge an unusual
structure [53U7]. Studies of the spectral emission from
MHD combustion gas mixed with pulverized coal
(0.38 < A < 2.7 um) revealed many lines of K, Li, Na,
Rb, and Ca, but no emission from coal-ash particles
was observed [39U]. The combined effects of free
forced convection on the flow of an incompressible
conducting visco-elastic fluid between two horizontal
insulated parallel walls are considered with linear
axial temperature variation under the influence of a
uniform transverse magnetic field [49U].
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