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INTRODUCTION

THis REVIEW is concerned with research in the
field of heat transfer, the results of which have
been published during 1965. The total number of
papers in this field continues to be so large that
only a selection can be included. A more detailed
listing is contained in the ‘“Heat Transfer
Bibliographies” published periodically in this
Journal.

The 1965 Heat Transfer and Fluid Mechanics
Institute was held in June at the University of
California, Los Angeles. It was dedicated to
Dean L. M. K. Boelter on the occasion of his
retirement. Approximately two-thirds of the 22
papers presented at the meeting were connected
with heat transfer in the field of plasma tech-
nology, ablation, and radiation. Proceedings of
the conference are available at Stanford Univer-
sity Press. The 8th National Heat Transfer
Conference was held at Los Angeles, California,
in August 1965. Two invited lectures were given
by J. W. Westwater and E. Schmidt. The second
lecturer received, at the same meeting, the
Max Jakob Memorial Award. One-hundred and
five papers, a panel discussion on loss of coolant
accidents in nuclear reactors, and an open
forum completed the program of this conference.
The papers are, or will be, published in the
Journal of Heat Transfer or in the journals of
the American Institute of Chemical Engineers.
Several issues in the Chemical Engineering
Progress Series published in 1965 were concerned
with heat transfer. Number 57 contains the
papers sponsored by the ALCh.E. and pre-
sented at the 6th National Heat Transfer
Conference, and Number 59, those presented
at the 7th National Heat Transfer Conference.

Number 58 is devoted to selected topics in
transport phenomena.

Several books appeared on the market which
deal with fields related to heat transfer. They are
listed at the end of this paper.

The following areas of heat transfer found
special attention in 1965 as judged from the
number of publications. The instability limits in
free convection as well as the motions after
onset of flows were studied in a number of
papers. A numerical analysis, for instance,
described these motions in detail up to a
Rayleigh number of 10”. Heat transfer on rotat-
ing surfaces, with and without forced flow, and
with or without mass transfer, found attention
in an increasing number of papers. Analyses were
performed on energy exchange by thermal radia-
tion in absorbing and scattering media as well
as in enclosures with surfaces, the reflectances
of which were prescribed to vary directionally
and also in the degree of polarization. Tech-
niques and apparatuses for the measurements of
temperature and heat flux have been reported.
The large number of parameters influencing
heat transfer in packed and fluidized beds is
obviously the reason for the continuously large
number of experimental studies and of attempts
at correlations. A similar situation exists in the
field of boiling and dropwise condensation
where bubble or droplet formation, the in-
fluence of surface characteristics, and transition
between various regimes were investigated. The
large number of publications in the field of
thermodynamic properties made a strict selec-
tion necessary. Only properties with special
relevance to heat transfer are included in this
review.
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Transient state and moving boundaries with
phase exchange found special attention in the
field of conduction. The thermal entrance region
in channel flow, both for hydrodynamically
developed flow and for hydrodynamically de-
veloping flow was investigated. In the field of
boundary layers, a closer look is now being
taken into the details of chemical reaction,
dissociation, and ionization processes —their
dynamics and influence on heat transfer. Experi-
mental studies on ionized boundary layers
confirmed previously published information.
Thermal diffusion may influence heat transfer
by up to 20 per cent. Several investigations
studied the characteristics of thermal radiation
from heated gases in the plasma range. Thermal
accommodation coefficients and heat transfer
in channels were studied in the low density
field.

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 that category.

Conduction, A.

Channel flow, B.

Boundary-layer flow, C.

Flow with separated regions, D.
Transfer mechanisms, E.

Natural convection, F.

Convection with rotating surfaces. G.
Combined heat and mass transfer, H.
Change of phase, J.

Radiation, K.

Liquid metals, L.

Low-density heat transfer, M.
Measurement techniques, N.

Heat exchangers, P.

Aircraft and space vehicles, Q.
Thermodynamic and transport properties, R.

CONDUCTION

Transient heat conduction commands the
attention of a large number of investigators.
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Pratt [37A] presents exact solutions for heat
conduction through walls of cavity construc-
tion for isothermal boundary conditions on one
wall and sinusoidal or step variations of sur-
face temperature on the other. Halle [14A]
describes an exact solution of the simple, one-
dimensional, semi-infinite system problem with
variable thermal properties. Integral heat bal-
ance techniques are advocated by Thorsen
and Landis [48A] for direct attack on one-
dimensional systems having non-uniform initial
temperatures. By changing the parameters of
the published (graphical) data for infinite plates
exposed to a sudden change in environment
temperature, Bump [6A] replots the data to
establish conditions where thick plates (or those
subjected to short exposure times) may be
treated as semi-infinite solids. Lindholm et al.
[25A] supply pure radiant thermal energy
(1000 cal/cm? s) to generate temperature pro-
files matching theoretical predictions. Geometri-
cal considerations mark the studies of Palinski
[34A] who treats the hollow cylinder with
time-dependent ambient temperature and sur-
face heat supply, Phythian [36A] who considers
the heating of the cavity inside a spherical shell
satellite, and Raychaudhuri [38A] who deals
with the transient thermal response of enclo-
sures. Laura and Chi [21A] apply conformal
mapping to a three-dimensional, unsteady.
heat-conduction problem. For prescribed heat
flux on all boundaries of infinite regions of
arbitrary geometry, with time dependent {spa-
tially distributed) heat sources and arbitrary
initial conditions, Olger [33A] gives general
expressions for the temperature distribution.
Transient heat flow for composite systems
characterizes the work of Giere [11A] who
considers two layers in perfect thermal contact.
Bulavin and Kashcheev [SA] who work with
arbitrary heat sources in symmetrical, multi-
layered bodies, and Heasley [ 15A] who obtains
approximate solutions for the heat flow be-
tween contacting solids in terms of contact
geometry. Analogue procedures concern Stops
[42A] in his description of a novel iterative



HEAT TRANSFER—A REVIEW OF CURRENT LITERATURE

device to study one-dimensional heat conduc-
tion with various boundary conditions and
Zerkle and Sunderland [53A] who obtain the
temperature distribution in a slab subject to
thermal radiation by a thermal-electrical analog
computer. The application of control engineer-
ing principles is illustrated by Zermuehlen and
Harrison [52A] in their study of room tempera-
ture response to sudden heat inputs.

Moving boundaries are considered in a
variety of circumstances: freezing front motion
and heat transfer outside an infinite, isothermal
cylinder [46A], transient temperature in slender
moving bar comprised of composite materials
in intimate contact [54A], phase changes in
rods and infinite media arising from plane heat
sources [17A], and comments [2A, 3A] on a
pseudo-steady-state approximation for moving
boundary problems. Griffin and Coughanowr
[12A] analyse phase boundary motion in
diffusion-controlled processes by three general
methods.

Steady-state problems are represented by the
works of Peavy [35A] who analyses two-dimen-
sional heat conduction in an exposed exterior
column of rectangular cross-section, Vodicka
[49A] whbo considers the homogeneous, iso-
tropic, infinite solid bounded internally by a
circular cylinder, Rollinger [39A] who gives
one-dimensional temperature distribution in
convectively cooled thermoelements with vari-
able cross-sectional area, and Lebedev and
Skal’skaya [22A] who investigate heat conduc-
tion in wedge-shaped bodies. Mueller and
Malmuth [30A] consider the temperature dis-
tribution in thin shields subject to longitudinal
conduction in the presence of radiative exchange.

Fin efficiency for simultaneous heat and
mass (evaporation) transfer is considered by
O’Brien and Turner [31A]: Haley and West-
water[ 13A] photograph four distinct modes of
heat transfer occurring simultaneously from a
fin in a boiling liquid (see Fig. 1). The influence of
various physical effects on heat conduction is
described in papers by Lee and Richardson
[23A]: sonic effects on heat transfer from a
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horizontal cylinder, Beliakov et al. [1A]: colli-
sion of metal bodies and associated thermal
phenomena(aphotographicstudy), Svergunenko
[45A] solid body deformation under the joint
umuei‘ice of diffusion and heat COﬁuuChOﬁ, Sih
[40A]: temperature distribution in bodies con-
taining lines of discontinuity, and Sugiyama et al.
[44A]; effect of heat flow on crystal transforma-
tion. ThermoelasticconsiderationsconcernZaker
[S1A] in his study of stress-wave generation
in a linear thermoelastic solid by internal heat
addition and Ling and Mow [26A] in their
investigation of the surface displacement of a
convective elastic half-space under an arbi-
trarily distributed fast-moving heat source of
constant velocity.

Joulean heating in electrically conducting
solids is dealt with by Joseph [19A] in his
consideration of the effect of nonlinear depen-
dence of electrical resistance on the temperature
distribution and Strassacker [43A] as he con-
siders approximate solutions to the differential
equation for the stationary temperature in wires
of medium length.

Rather special circumstances distinguish the
studies by Libby and Chen [24A] on growth
(and temperature distribution) in a deposited
layer on a cold surface; Mikhailov [28A] on
heating of a two-layer plate; Stickler [41A] on
thermal response of a metal slab to a class of
radically dependent heat inputs; Horvay [16A]
on time variation of mean temperature and
slab thickness during the dipforming process;
Todoroff [47A] on evaluation of critical dia-
meter of pipe insulation (or thickness) for
maximum heat transfer to an insulated pipe;
and Masket [27A] on time reversal in heat
conduction.

Mathematical techniques useful for solution of
conduction problems appear in different con-
texts. Mitchell and Fairweather [29A] examine
two implicit difference methods for solving
two-dimensional, transient, heat conduction;
Gay [10A] evaluates the suitability of a num-
ber of approximate methods for solving transient
heat conduction with radiation boundary
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conditions; Winer [S50A] presents distinctive
solutions to the complete conduction heat-flow
equation; Lardner [20A] uses Biot’s principle
on one-dimensional problems with nonplanar
geometry, and Emery [9A] uses Biot’s varia-
tional technique to solve a class of heat conduc-
tion problems. Improved point-matching
techniques are described by Ojalvo and Linzer
[32A] and Churchill [8A] presents a scheme for
constructing general solutions for all ranges
of variables and parameters from solutions for
a few, limiting, special cases. Brogan [4A]
gives a simple numerical solution for heat
conduction in a solid with a receding surface.

Two works deal with conductive aspects of
measurements. Jones and Hunt [18A] use an
improved technique for obtaining quantitative
aerodynamic heat-transfer data with surface
coating materials. Chao [7A] analyses end wall
heat transfer in a rarefraction wave tube, with
results which appear to confirm the validity of
the thin thermal boundary layer assumption
used.

CHANNEL FLOW

Research on turbulent heat transfer in tubes
and ducts continues to be primarily experi-
mental in character; on the other hand, for
laminar flows, most of the published investiga-
tions are analytical. The forthcoming discussion
will first be concerned with turbulent flows and
later with laminar flows.

Large variations in the thermodynamic and
transport properties of a flowing fluid may be
caused both by large wall-to-bulk temperature
differences and by operation of the system near
the critical state. Experiments involving turbu-
lent gas flows in tubes at high ratios of wall-to-
bulk temperature have been concerned with
methods of correlating the resulting Nusselt
numbers. Studies making use of pre-cooled
helium and hydrogen have achieved wall-to-
bulk temperature ratios of 8 [58B]; the same
approach, but with nitrogen as the working
fluid, yielded a temperature ratio of 7-5 [44B].
Special consideration has also been given to
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large temperature ratios (but somewhat lower
than the aforementioned) in the downstream
region of a tube (i.e. beyond the entrance region)
with air, helium, and nitrogen as the flowing
fluids [37B]. The Nusselt number results, when
evaluated using bulk fluid properties, fell about
30 per cent below the Dittus--Boelter equation.
Experiments on the effects of temperature ratio
were also performed for a concentric annular
duct with heat transfer at the inner bounding
wall only [34B]. Turbulent flow studies near
the critical point were carried out using hydro-
gen [15B], water [56B], and Freon 12 [17B] as
working fluids. In the first two of these investiga-
tions, satisfactory correlation of the Nusselt
number is achieved by employing a modified
form of the Dittus—Boelter equation : however,
this type of correlation was found to be in-
adequate for the Freon data. Visual observa-
tions during the latter investigation suggested
the existence of a boiling-like process near the
critical state.

The periodic squashing of a tube wall leads
to an increase in the turbulent heat transfer.
with the most marked increase (a factor of 3)
occurring in the Reynolds number range from
2300 to 4000 [16B]. Artificial roughness, in-
troduced by threading the inside wall of a tube.
may also increase the heat-transfer coefficient.
but a penalty in pressure drop is sustained.
Information on the effect of such roughness is
provided by experiments involving air, water.
and a glycol [27B, 51B]. It is suggested that for
a high Prandtl number fluid, the heat transfer
per unit pressure drop for a rough tube is
higher than for a smooth tube [51B]. The
superposition of a resonant sound field upon a
steady through-flow in a tube may cause
spatially varying local heat-transfer coefficients
along the length of the tube [24B]. Ultrasonic
vibrations, induced by a transducer mounted on
the outer wall of an annular test section with
heated inner tube, gave rise to increases of up
to 40 per cent in the heat-transfer coefficient [ 3B].

Measured heat-transfer rates in a supersonic
parallel-walled diffuser were substantially higher



FiG. 1. Heat transfer from a 0-25-in. dia. copper fin to boiling isopropanol consists of four distinct modes of heat
transfer occurring simultaneously: film boiling at the hot end (right-hand side of photo), transition boiling next to
it, nucleate boiling in the center region, and free convection near the cold end [13A]

H.M., [ facing page 002
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than those predicted by standard pipe-flow
correlations [2B]. In a rectangular duct in
which one wall is heated and also moves
parallel to the flowing airstream, the minimum
value of the heat-transfer coefficient occurs
when the relative velocity of the wall and the
airstream is zero [36B]. New measurements are
reported of the energy separation and of the
velocity and temperature fields in a vortex
tube with air as the working fluid [57B]. A
sequence of publications provides information
on various aspects of heat transfer and fluid
flow in helical and spiral coils for both the
turbulent and the laminar regimes [20B-32B].
It is well established that heat-transfer coef-
ficients in the thermal entrance region exceed
those for the thermally developed region. A
correlation, based on experimental data, has
been devised for relating the average coef-
ficient for any length of duct to the fully de-
veloped coefficient [1B].

An analysis of turbulent heat transfer in
tubes at high Prandtl numbers employs a model
wherein all transverse transport processes for
heat are confined to the viscous sublayer
[26B]. For the Graetz problem in an annulus
having an isothermal inner wall and a uniformly
heated outer wall, the WK B method is employed
to determine the higher eigenvalues [65B]. The
method applies to laminar flow as well as to
turbulent flow. The effect of a transverse mass
transfer on fully developed heat transfer in a
parallel-plate channel (blowing and suction of
equal magnitudes at the opposite walls) was
correlated as a unique function involving the
dimensionless transverse velocity and the no-
blowing Stanton number [35B]. The transient
heat transfer for flows with quasi-steady heat-
transfer coefficients is analysed for various
degrees of refinement of the transient conduc-
tion problem in the tube wall [11B, 14B]. In the
latter study, both heat capacity and radial
conduction were accounted for.

For laminar flow, the effect of large differences
between the wall and bulk temperatures has also
been studied. Numerical finite-difference solu-
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tions, carried number—Graetz number relation-
ship is little affected by the property variations
provided that bulk properties are used in the
foregoing groupings [4B, 63B]. The latter
investigation is also concerned with the threshold
of free convective effects. Heating experiments
involving nitrogen and helium flowing in a
circular tube reaffirm the aforementioned find-
ings of analysis relevant to the variable property
effects [9B].

The Graetz problem, which is concerned with
the thermal development of an already hydro-
dynamically developed flow, continues to be of
interest in the laminar regime. The thermal
development in a tube corresponding to the
classical boundary conditions of uniform wall
temperature, uniform wall heat flux, and linearly
varying wall temperature has been re-solved,
this time by a finite-difference method [13B].
For the more general case in which the outside
surface of the tube loses heat to the surroundings,
the thermal entrance region is longer than that
for uniform wall temperature [49B]. The eigen-
values and eigenfunctions corresponding both
to Poiseuille flow and slug flow have been
computed for the case of a sinusoidal distribu-
tion of heat flux along the tube wall [19B].
Experiments involving a heat-generating fluid
(dilute aqueous sodium chloride) flowing in
rectangular ducts of aspect ratio 1:1, 4:1 and
8:1 were correlated with predictions for the
parallel-plate channel by using the half-length
of the short side as the characteristic dimension
[55B].

A mass-transfer problem with a first-order
chemical reaction within the fluid is similar in
form to a thermal Graetz problem wherein
there is an internal heat source in the fluid
[18B]. The Leveque model, applicable in the
region just downstream of the onset of heating,
has been applied to the uniform heat flux
problem [8B]. Two interesting generalizations
of the Graetz problem have been investigated.
In one case, the velocity field corresponds to a
Couette flow with a pressure gradient, ie. a
combination of a Couette flow and a plane
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Poiseuille flow [20B]. In the second case, heat
is exchanged between two countercurrently
flowing streams [42B].

More and more attention is being given to
problems wherein the velocity and temperature
fields experience a simultaneous development
along the length of the duct. For the circular
tube, solutions have been obtained by the
following methods: (a) The conservation equa-
tions are approximated by their integral forms
and the velocity and temperature profiles are
expressed as polynomials [45B]. (b) The velocity
field is locally approximated by a Levéque-type
straight-line representation, permitting the
energy equation to be solved analytically { 59B].
The solution is purported to be applicable to
high Prandtl number flows. (¢) The velocity
field is taken from the Langhaar solution and
the energy equation is solved by finite-differences
[61B, 62B]. Solutions of the simultaneously-
developing velocity and temperature fields in a
paraliei-plate channel have been obtained both
by finite differences [21B] and by an integral
method [41B]. The latter investigation also
took account of internal heat generation in the
fluid.

For a slug flow, the thermal development
within the fluid was solved simultaneously with
the heat-conduction problem in the wall [6B].
The slug flow model was also employed to
investigate the effects of axial conduction in the
fluid during a thermal transient [7B]. The
solutions demonstrate that the axial conduction
effect is smaller during the transient period than
in the steady state.

Attention is now directed to fully developed
laminar heat transfer. Complex variable methods
are shown to be applicable for solving rather
general duct cross sections when the axial
temperature gradient is linear [46B, 47B]. The
identity in form between the governing equations
for a simply supported, uniformly loaded plate
and the fully developed temperature field in a
duct is pointed out. It is then proposed that the
Moiré method. previously applied for the
former problem, now be also used for the latter
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[5B]. Results for Nusselt number, friction
factor, and incremental pressure drop for tri-
angular and circular sector ducts are graphically
presented and compared [538] It is demon-
strated that the Nusselt numbers for flow in
diverging and converging plane-wall passages
are respectively lower and higher than that for
a parallel-plate channel [ 54B]. A solution of the
energy equation for Stokes-type flow through a
conical passage has also been obtained [ 10B].

The temperature distribution in the heat-
generating walls of a rectangular duct bonding
a thermally developed laminar flow is studied
with a view to discerning the extent of the hot
spot temperature [48B. SOB]. It is shown both
analytically and experimentally that the laminar
heat-transfer coefficient for a curved pipe ex-
ceeds that for a straight pipe [40B]; this effect
is accentuated at higher Prandtl numbers. A
comparison between hydrogen and air as mass-
transfer coolants in a porous circulur tube
reveals that the former is far more cfiective
[43B]. The thermal boundary conditions con-
sistent with similarity solutions in logarithmic
spiral flows are delineated [64B].

Several papers are concerned specifically with
the effects of viscous dissipation. Finite-dif-
ference solutions are reported for both the
parallel-plate channel [22B] and the circular
tube [12B]. In the latter investigation. cor-
roborating experiments were performed, and
it was demonstrated that viscous heating could
significantly reduce the apparent viscosity
measured by a capillary viscosimeter. The effects
of viscous dissipation on measurements with a
cone-and-plate viscosimeter were modelled by
consideration of Couette flow; the analysis was
performed for a pair of non-Newtonian fluids
[60B]. The flow in a slider bearing was modclled
as a flow in a channel of varying height. The
temperature distribution across the flowing film
(generated by viscous dissipation) is shown to be
capable, through its effect on the viscosity. of
influencing the load capacity of the bcaring
[52B]. The conductions under which viscous
dissipation and variable viscosity preclude
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steady, fully developed laminar flow solutions
in channels and tubes are delineated [25B].

Several solutions for thermally developed
non-Newtonian flows have been carried out.
These include the Ellis fluid [39B], a visco-
elastic fluid [38B], a Bingham plastic [33B],
and a power-law fluid [23B]. The latter in-
vestigation was specifically concerned with the
response of the flow to arbitrary circum-
ferential variations of the thermal boundary
conditions.

BOUNDARY-LAYER FLOW

Boundary-layer theory and solutions

There is continuing interest in solution
methods for laminar and turbulent boundary-
layer flows. A computer-oriented solution
method for the laminar compressible boundary
layer with heat transfer employs a finite-dif-
ference representation for the streamwise deriva-
tives, thereby leaving ordinary differential
equations to be solved in the transverse direc-
tion [42C]. Generalized integral procedures
have been devised for solving the compressible
laminar [23C, 46C] and turbulent [46C] boun-
dary layers with heat transfer and variable
fluid properties. For flow along a flat plate,
methods are presented for finding the surface
temperature distribution corresponding to a
prescribed surface heat-flux distribution either
under laminar [22C, 43C] or turbulent condi-
tions [43C]. The formulation of reference [43C]
is employed in solving the problem of simul-
taneous convective and radiative heat transfer.
Various existing calculation methods are com-
pared with experimental results for heat transfer
to turbulent boundary layers with variable
free-stream velocity ; it is found that none of the
methods provides fully satisfactory predictions
[2C].

Laminar boundary layers have been subjected
to further study. A unified treatment of two-
dimensional forced and free convection flows
deduces the body shapes and allowable thermal
boundary conditions that are consistent with
similarity solutions [37C]. It is demonstrated
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that the well-known Crocco solution for the
compressible energy equation for Pr = 1 can
have an additive term proportional to the trans-
verse velocity gradient when fluid properties
are constant [28C]. The effect of a spatially
linearly accelerating or decelerating free-stream
velocity is to respectively increase or decrease
the local Nusselt number [5C]. Solutions are
reported for the case of distributed heat sources
(either uniform or temperature dependent) in
a flow adjacent to a flat plate with suction [35C,
36C]. Nusselt numbers for the laminar boundary
layer with large Peclet numbers and small or
moderate Reynolds numbers are derived as
first-order corrections to existing results [1C].

Some consideration has been accorded to
variable property effects. A pair of papers treat
the inviscid flow over a flat plate [19C, 39C]. In
the first of these, an approximate analytical
expression that can accommodate any variation
of the fluid properties is derived for the case of
the cold wall. The second is concerned with
density variations described by the perfect gas
law. The effects of deviations of Pr and w
(4 ~ T*) from unity on laminar and turbulent
skin friction have also been investigated [49C].

A study of unsteady stagnation-point heat
transfer shows that the time required to achieve
steady state following a step change varies
directly with Pr* and inversely with the free-
stream velocity [7C]. From a simultaneous
transient solution of the stagnation-point ther-
mal boundary layer and the heat conduction
in the adjacent wall, it is found that the time-
variation of the wall temperature is essentially
identical to that computed by using a quasi-
steady heat-transfer coefficient [26C]. Linearized
solutions of the unsteady boundary-layer energy
equation were obtained for cases where either
the wall temperature or the wall heat flux vary
with time [34C].

A cylindrical wall jet is formed by axial flow
along a cylinder located in an otherwise
quiescent environment. The heat transfer to such
a flow is analysed under the condition that the
boundary layer thickness is small compared



606

with the cylinder radius [40C]. A radial jet
may be defined as a radial outflow of a fluid
layer along a wall. Temperature solutions for
the radial jet were carried out for those condi-

tions which yield similar velocity solutions [8C].

Study is made of the downstream boundary
layer development of an initially parallel flow
bounded on one side by a plate and on the other
side by an outer flow in which there is an already
developed boundary layer (i.e. slot injection
of a gas). The existence of the already developed
outer boundary layer can have an important
effect on the downstream heat transfer at the
wall [38C].

The presence of a protuberance in a hyper-
sonic turbulent boundary layer can significantly
increase the heat-transfer coefficient in the
neighborhood of the protuberance [45C]. An
effect of blunting the tip of a cone in hypersonic
flow is to significantly decrease the local
boundary-layer heat transfer and skin friction

[l Fah
148 .

Dissociation, ionization, and chemical reactions
An analysis studies the effect of variable
transport properties on a dissociated self-
similar boundary layer with surface reaction
[17C]. For high altitude hypersonic flight, it
was found that the result of a calculation with an
accurate description of the transport properties
may differ from one with simplified relations
up to 60 per cent. A model using Lighthill’s
assumption, that the velocity is proportional to
the wall distance, gives the possibility to obtain
an analytic solution to the equations describing
a similar boundary layer with finite recombina-
tion rate at the wall [15C]. An analytic solution
by Freeman and Simpkin based again on
Lighthill’s assumption has been extended to
include a varying gas temperature and varying
surface properties [41C]. Correlations of solu-
tions describing heat transfer in near equilib-
rium stagnation point boundary layers are
offered for rapid calculations [44C]. A simplified
analysis to a multi-component laminar bound-
ary layer with frozen or equilibrium chemistry
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has been based on the local similarity assump-
tion [6C]. Measurements have been performed
on the gaseous system N,0,/2NQO dissociating
in the boundary layer on a horizontal tube in
free and forced convection [3C]. Heat-transfer
coefficients defined either with a total enthalpy
difference or with a heat conduction potential
difference are little influenced by the dissocia-
tion process. An analysis of heat transfer from
a non-equilibrium turbulent boundary layer
to a catalytic surface includes the effect of
thermal diffusion and of variable wall catalytic
effect [21C]. It was found that heat transfer
increases up to 150 per cent with a change of
the catalytic parameter by a factor 100. Inclusion
of thermal diffusion decreased heat transfer by
a maximum of 18 per cent.

Stagnation point convective heat transfer in
partially ionized air was measured in a hyper-
velocity free-flight facility at velocities of order
4 x 10° ft/s [IOC] The results agreed reasonably
Hoshizaki’s analysis. Heat transfer to
surfaces exposed to a partially ionized air
stream in a shock tube at simulated flight
velocities of order 50000 ft/s was also measured
with an infrared heat-transfer gage [33C]. The
resuits support previous measurements with
thin foil heat transfer gages and an analysis by
Fay and Kemp. Heat transfer to wires in a
partially ionized argon plasma, with up to
75 per cent ionization, heated by an electric
arc, is reasonably well described by relations
mentioned in the preceeding sentences [ 18C7.

Boundary layers were found to be near the
frozen state with electron temperatures possibly
somewhat higher than the gas temperatures.
Melting ablation on decelerating spherical
bodies of glassy material was studied analytic-
ally and experimentaliy [30C]. The measure-
ments were carried out in a vertical tunnel with
gravity replacing the deceleration forces.

Py N
Willl

Effect of magnetic and electric fields

The flow field on a flat surface exposed to a
uniform parallel stream and a uniform magnetic
field parallel to the stream can be subdivided
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into three regions: potential flow, an inviscid
layer with MDH effects, and a viscous sublayer.
The thermal boundary layer for such a flow is
studied for large magnetic Reynolds numbers,
small magnetic Prandtl numbers, and a flow
Prandt! number of order one [14C]. The same
flow and electric field geometry on an electric-
ally insulating surface has been analysed to
calculate recovery temperatures and heat trans-
fer. [32C]. The accuracy of integral methods to
analyse MDH boundary layers was investigated
[16C]. The method, when properly applied,
was found acceptable for laminar and turbulent
boundary layers. The integral method of Kar-
man—Pohlhausen has been applied to magneto-
hydrodynamic flow in the entrance section of a
channel with transverse magnetic field [12C].
Heat transfer was found to increase with Hart-
man number, especially at high Prandtl num-
bers. The treatment of one-dimensional mag-
netohydrodynamic flow can be simplified by the
use of thermodynamic state diagrams [24C].

The radiative flux from a shock-heated argon
plasma to the stagnation point of a blunt body
was measured and found to agree with semi-
empirical predictions [4C]. The spectral charac-
teristics of the radiation were found to be very
complex and more experiments will be necessary
to gain a complete understanding. The radiant
energy loss from a plasma seeded with 0-1 per
cent cesium at 1 atm and 2000°K was carefully
analysed [25C]. It was found that consideration
of two principal resonance lines only can
approximate the result satisfactorily. An electric
arc between a rod-shaped cathode and a plane
wall serving as anode with superimposed flow
parallel to the wall exhibits rapid fluctuations
under certain conditions [31C]. The onset of
these fluctuations is essentially determined by
a critical Reynolds number or Péclet number.
The temperature field in a free-burning arc with
transpiration-cooled anode was determined
spectroscopically [11C].

Experimental studies
Experiments on heat transfer to a turbulent
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boundary layer with varying free-stream velocity
and varying surface temperature established the
fact that acceleration suppresses turbulence and
decreases heat transfer [29C]. The local Stan-
ton number St in accelerated flow to the
Stanton number St, in a corresponding boun-
dary layer with constant velocity is described by
the relation

St

K
2 = 1-165—K
Sto St

v du,
u dx

Measured stagnation point heat-transfer coef-
ficients on ellipsoids of revolution were found
to agree with the theory by Felderman and
Fellinger [13C]. A technical note reports on
measurements of convective heat transfer on
various models (sphere cylinder, blunted cone,
re-entry shapes) exposed to air, nitrogen, carbon
dioxide and argon in a combustion-driven shock
tunnel at 3300 to 5400 Btu/1b gas enthalpy [27C].
The results agreed with analytical relations with
argon producing heat transfer by approximately
30 per cent higher than the other gases. Heat
transfer and recovery temperature were
measured on a thin plate in hypersonic flow at
small Reynolds numbers [20C]. A similar study
was concerned with heat transfer over an 80 deg
swept delta wing in hypersonic flow at a Mach
number 9-6 [47C].- The local heat flux to a

water film flowing down a vertical surface was

investigated experimentally [9C].

FLOW WITH SEPARATED REGIONS

Single bodies

A previous relation describing heat transfer
to cylinders in cross flow has been extended to
low Reynolds numbers [23D]. The relation

Nu = 0-3737 + 037 Re? + 0057 Re?

was found to describe heat transfer in the
Reynolds number range from 1 to 10°. It is
conjectured that the term with Ret describes
heat transfer to the laminar boundary layer and
the term with Re* expresses heat transfer to the
downstream portion of the sphere. Similar
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relations have been found to describe the
results of measurements of heat transfer from a
cylinder to water in cross flow [10D]. Fluctua-
tions in the velocity of an air stream can increase
heat transfer to a perpendicular cylinder up to
a factor 2-2, depending on frequency and ampli-
tude [22D]. Experiments indicate that heat
transfer between air and a cylinder in cross flow
at Reynolds numbers between 0-02 and 10°, and
Mach numbers larger than 0-2 exhibits a smooth
transition from continuum flow in which it is
proportional to the square root of the Reynolds
number to free molecular flow with a Nusselt
number proportional to Reynolds number [8D].
Heat transfer was measured on small wires
located within the boundary layer surrounding
a cylinder [7D]. It appears that the temperature
gradient normal to the wire has no significant
effect on this heat transfer.

The results of measurements of heat and
mass transfer from a single sphere to a fluid
could be described for Reynolds numbers
between 20 and 2000 by the equation [24D]

Nu = 2 + B Pr* Re?

For mass transfer, the Sherwood number Sh
replaces the Nusselt number Nu, and the
Schmidt number Sc replaces the Prandtl num-
ber Pr. The constant B has the value 0-69 for
air and 079 for water. Comments to the
preceeding studies are made in reference [17D].
Heat transfer from a free stream flowing over a
transverse rectangular notch at velocities be-
tween 160 and 600 ft/s was found to be propor-
tional to the product freestream density times
free-stream velocity to the power 0-8 and to the
ratio of notch length to notch height to the
power —0-2 [11D]. Measurements on the same
configuration emphasized the influence of the
free shear layer on the heat transfer to the
notch surface [25D]. Convective heat transfer
was also measured in flow normal to banks of
tubes [1D]. Local heat transfer on a surface
exposed to an impinging jet was correlated to
the local turbulence intensity [13D]. The tur-

bulent wake behind a heated cylinder was
investigated [ 14D].

Packed and fluidized beds

Effective conductivities and wall film heat-
transfer coefficients were measured for a packed
bed with a fluid filling the empty spaces [21D].
The bed was arranged between an upper
steam-heated and a lower water-cooled wall.
From a review of previous experiments, it was
concluded that the turbulent heat conductivity
in flow direction has a strong influence on heat
transmission between a wire gauze and a gas
flowing through it [4D]. Measurements of heat
transfer and pressure drop for hydrogen and
nitrogen, flowing through a tungsten wire
mesh with 6472 per cent porosity, at tempera-
tures to 5200°R, were investigated [26D] be-
cause of the applicability to nuclear rocket
developments. Experimental results on heat
transfer between air and spherical or cubical
particles forming a packed bed could be pre-
sented in an illustrative diagram which included
also heat transfer for laminar boundary-layer
flow over a flat plate and for laminar tube flow
[18D]. The characteristic length contained in
the Nusselt and the Péclet numbers has to be
specified appropriately for each configuration,
the characteristic velocity is the actual velocity
through the free spaces. Concurrent gas and
liquid flow through packed beds experiences,
under certain conditions, pulsations of the gas
which increase radial heat transfer through the
bed up to 400 per cent [28D]. Condensation
and adsorption in gas condensate mixtures
flowing through porous media can reduce the

permeability increasingly with increasing pre-

sure [9D]. Equations developed for mass and
heat transfer in a porous medium by Luikov
and Mikhailov have been modified to include
molar (hydrodynamic) transfer [19D]. An ex-
tensive review of the literature on heat transfer
in packed beds, including 244 references, points
out that there is still a lack of data in many
areas [2D].

A similar review including 242 references
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FiG. 2. Nusselt numbers for single bodies, for ducts, and for packed beds [18D].
Nu = hd/k, Pe = vd/o, h based on entrance conditions, d hydraulic diameter, v velocity in
smallest cross-section, / length of object measured along surface in flow direction, each layer
is considered separately in packed beds. A complete temperature equalization, B laminar
boundary layer, flat plate, C laminar tube flow.

treats heat transfer in fluidized beds [3D].
Charts illustrating the results exhibit an ex-
tensive scatter of the data obtained by various
investigators, indicating the complexity and
our limited understanding of this process. The
results of measurements on particle-to-liquid
heat transfer in a water-fluidized system with
stainless steel or lead spherical particles, heated
by induction, could be represented by the
following equation for Reynolds numbers be-
Nu, = 128 x 1073 (Re,F)* Pr® ®7

tween 240 and 14000 [15D]
05 2 0-83
() G )
Dp pp Ho

F indicates a velocity correction factor as a

function of porosity, D denotes the diameter.
The index T refers to the tube, p to the particles,
and fto the fluid. An analytic model to describe
the mechanism of wall-to-fluid heat transfer
in fluidized beds was based on particle velocities
and on the radial temperature profile [27D].
Combining experimental results with this model,
it was concluded that particle convective heat
transfer contributes 5060 per cent to the total
heat transfer when the thermal resistance of the
particles is small relative to the resistance of
the fluid film, and 30-40 per cent when both are
of the same order of magnitude. Effective thermal
conductivities describing lateral heat transfer in
a fluidized bed were measured in reference
[12D] and relations for the thermal diffusivity
were established [6D]. Wall-to-bed heat
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transfer was also experimentally determined as
a function of Reynolds number for hematites
and pyrites fluidized in air [SD]. The effective
thermal conductivity for a fluidized system
moving through a packed bed was up to four
times larger for cylindric bodies than for spheres
forming the packing [29D]. The packing was
made up of copper, glass, or steel particles. The
fluidized system consisted of glass beads in air.
The pressure drop for flow of a gas solid
mixture can be calculated with an analytic
model which uses a modified eddy diffusivity
related essentially to the total gas and solid mass
flow [16D]. Fundamental relations for heat
-transfer of fine dispersion flows have been
reported [20D].

TRANSFER MECHANISMS

Experiments established the influence of
Jlocal surface roughness and of free-stream
turbulence on boundary layer transition in
supersonic flow over a cone [15E]. The rough-
ness consisted of a lateral row of spheres. It is
also shown that a small increase in the plasticity
of a non-Newtonian fluid delays transition
significantly. A surface hot film probe was used
to detect transition in the boundary layer at
Mach numbers between 1-3 and 4 [8E]. With
increasing Mach number, it became increasingly
difficult to fix the transition point by a distribu-
ted roughness. No transition reversal was
observed in a hypersonic highly cooled boundary
layer at Ma = 10 and T,/T, = 075 to 0365
[11E]. Laminar and turbulent heat transfer
could be represented by incompressible relations
with properties at a reference enthalpy.

A fluctuating flexible wall was placed into a
low turbulence wind tunnel to investigate
whether instability waves within a boundary
layer could be damped by the vibration of the
wall [16E]. Drastic reductions of the velocity
fluctuations in the boundary layer could be
achieved when the wall vibrated in phase with
the velocity fluctuations. Flow visualization
with suspended metallic particles gave qualita-
tive as well as quantitative information on
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transition in circular Couette flow [3E]. An
analysis demonstrates that vortices in a two-
dimensional stagnation flow amplify by stretch-
ing when the vorticity scale is sufficiently large.
They increase in this way the heat transfer
whereas the wall shear s little affected [13E].

The following single equation is found to
describe the universal turbulent velocity profile
well up to y* = 1000 [2E].

vi=ut 4+ (ut/874)

u" and y* denote velocity and wall distance
made dimensioniess with the wall-shear velocity.
An expression for the turbulent diffusivity was
established as a function of the fundamental
frequency and the intensity of the turbulent
fluctuations for flow through very rough tubes
at Reynolds numbers between 10000 and
135000 [14E]. The results of new measurc-
ments were compared with the velocity defect
law derived by Mickley and by Stevenson [ 10E].
A hot film probe was used to measure Fulerian
turbulence parameters for water flowing through
a pipe [9E]. The obtained parameters were
correlated with Reynolds number. eddy dif-
fusivity, and Lagrangian turbulence parameters.
Conditions that the eddy diffusivity concept and
turbulent velocity profile expressions impose on
one another were analysed and 13 such con-
straining conditions were established [12E].
Measurements determined how the turbulent
diffusivity varies radially in a compressible
turbulent jet exhausting into a stream with
uniform velocity [17E]. Measurements also
established the local eddy diffusivity for momen-
tum and heat in the wake behind heated two-
dimensional objects [1E]. Transport processes
in the wake of a sphere at Reynolds numbers
smaller than 410 were found to be similar to
stagnation point flow [7E]. Statistical analysis
applied to uniform shear flow established
relations between the turbulent statistical cor-
relations and the empirical transfer parameters
[4E, 6E]. The complete system of non-dimen-
sional similarity parameters for flow and heat
transfer was tabulated and discussed [SE].
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NATURAL CONVECTION

Research activity continues at a lively pace in
a wide range of problem areas involving
natural convection. In particular, problems of
convective instability and the consequent fluid
motions and heat transfer have elicited interest
among investigators from many branches of
engineering and applied science:

Attention is first turned to boundary-layer
theory. The effect of appending the longitudinal
conduction term to the boundary-layer energy
equation for a heated vertical plate is to produce
an upstream (i.e. downward) transport of heat
at the leading edge; this gives rise to a sign
reversal in the wall heat flux [48F]. When a
vertical plate or cylinder undergoes a spatially
uniform timewise change in wall temperature
or wall heat flux, a finite time elapses before a
regime of purely conductive heat transfer in the
adjacent fluid gives way to a convective regime.
The duration of the conduction regime is related
to the time required for fluid to move from the
leading edge to the point of interest [26F].
Solutions for the vertical cone [30F] and the
horizontal cylinder [32F] with power-law sur-
face temperature variations have been added
to the store of boundary-layer solutions; in the
latter case, similarity does not exist and a series
method is employed. It is also demonstrated
that similarity solutions cannot be attained for
a power-law non-Newtonian fluid adjacent to a
heated vertical plate with a power-law tempera-
ture variation [ 56F ]. In the case of the horizontal
plate, natural convection boundary-layer solu-
tions are possible for a heated plate facing
upward and a cooled plate facing downward
[23F]. Combined natural convection and forced
convection boundary-layer flows on vertical
and horizontal plates [29F ] and on wedges of
various opening angles [27F] have been solved
by series expansion methods.

Among various heated gases that were in-
jected at the surface of a vertical flat plate into
an air environment, the effects of variable fluid
properties were most strongly manifested with
helium and hydrogen [22F]. Solutions have

also been obtained for time-dependent suction
at the surface of a doubly-infinite heated vertical
surface [S5F] and for steady-state, spatially
uniform blowing or suction in a vertical,
flat-plate boundary layer [8F].

Several problems involving confined natural
convection flows have been subjected to analysis.
Among these is the fully developed flow of an
electrically conducting fluid in a vertical parallel-
plate channel subjected to a horizontal magnetic
field [54F, 58F, 63F]. The first of these analyses
pertains to transient conditions and the latter
two to steady-state conditions. A study of the
natural convection flow of a Bingham plastic
in a vertical channel focuses attention on the
effects of the rheological properties of the fluid
on the velocity field [62F]. A finite-difference
method is employed in solving the problem of
natural convection in the annular space between
two horizontal cylinders maintained at different
temperatures [ 1F]. An open thermosyphon is a
heated vertical tube, closed at the bottom and
open at the top to a reservoir of cool fluid ; the
Rayleigh number—Prandtl number relationship
marking the condition where convection begins
to affect the pure conduction heat-transfer
results has been derived [39F]. A method for
calculating the non-steady regimes of natural
convection in multi-loop piping circuits was
formulated, with special reference to nuclear
reactor transients [2F]. Research in natural
convection performed since 1946 by G. A.
Ostroumov at Perm, U.S.S.R. is surveyed and
113 references are cited [43F].

Natural convection in confined spaces has
also been studied experimentally. An investiga-
tion of the heat-transfer capabilities of open
thermosyphons of various cross-section shapes
reveals that the circular tube is the most efficient
in the laminar regime ; however, in the turbulent
regime, the relative capabilities of the different
cross-sections depend on the magnitude of the
Rayleigh number [37F]. The closed thermo-
syphon is defined as a closed vertical tube, the
lower portion of which is heated and the upper
portion of which is cooled. This configuration
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has been subjected to a wide-ranging experi-
mental study in which various flow regimes were
identified and Nusselt number results were
obtained [4F]. The closed thermosyphon con-

fiouration wac alen utilized in studvine transnart
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processes in carbon dioxide near its critical
state; tests were additionally carried out at
various angles of tube inclination. As the critical
state was approached, the effective thermal
conductivity achieved values as high as 10000
times that of copper [28F] Heat-transfer
experiments across plane fluid layers, oriented
either vertically, horizontally, and at various
angles of inclination, provided results covering
the Prandtl number range from 0-02 to 30000
[13F, 16F]. A correlation has been devised which
takes account of both the influence of natural
convection and of variable fluid properties on
laminar forced convection heat transfer in a
horizontal isothermal-walled tube [50F].

Some experiments relating to external flows
are also reperteu When humid air fills the Space
adjacent to a cryosurface, simultaneous natural
convection heat and mass transfer occurs, and
frost forms on the surface. It has been demon-
strated that the effect of the simultaneous mass
transfer has a very small effect on the heat-
transfer coefficients [ 3F]. Experiments involving
a non-Newtonian power-law fluid adjacent to a
heated vertical plate provide heat-transfer re-
sults that are in excellent agreement with theory
[46F]. From tests involving an ensemble of
vertically oriented fins of rectangular profile,
it was found that the heat-transfer coefficients
are lower than those for a corresponding
vertical plate [61F]. An electrically heated
horizontal wire was immersed in the non-
equilibrium gaseous system 2NO, = 2NO +
O,. Temperature differences of several hundred
degrees centrigrade were required in order to
affect an increase in heat transfer owing to the
energy of the reaction [6F].

Several investigations have been concerned
with the effects of acoustic fields and mechanical
vibrations on natural convection. A standing
sound field affects local natural convection

E. R. G. ECKERT, E. M. SPARROW. W. E.

IBELE and R. J. GOLDSTEIN

heat-transfer coefficients for a horizontal heated
cylinder at sound intensity levels considerably
lower than that required to significantly in-
fluence the overall coefficient [44F]. A correla-
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horizontal cylinder in the presence of a standing
sound field is devised which spans a wide range
of sound intensities [34F]: it is suggested that
the two participating processes arc natural
convection and convection due to acoustic
streaming [45F]. Acoustically induced cavita-
tion is also believed to play an important role
[ 18F]. Vertical oscillations of a heated horizon-
tal cylinder immersed either in water or in
aqueous glycerine gave rise to significant -
creases in the natural convection heat-transfer
coefficient [ 35F |. On the other hand, oscillations
of a heated vertical plate in its own plane are
found to have a small effect on laminar heat
transfer [ 17F].

As was pointed out at the bcginning of this
St‘:CtiOi‘l p[UUlClTlS lilVUlVlng L()IIVL&UVL H)bld—
bilities have attracted wide attention. In the main,
the research in this area is analytical; however,
experimental investigations are also beginning
to appear.

Among the experiments. an interferometer
was employed to visualize the temperature for
three distinct flow regimes in an air layer
contained between horizontal parallel plates
heated from below [25F]. For the same geo-
metrical configuration, a combined experi-
mental-analytical investigation concerned itself
with the effect of two-dimensionality in sup-
pressing turbulent convection (Rayleigh num-
bers from 10° to 107) [12F]. When a horizontal
layer of fluid is cooled from above. as by
surface evaporation, a nonlinear, time-depen-
dent vertical temperature distribution is induced
which may be subject to convective instability :
this situation is studied both experimentally
[ 19F J and analytically [20F]. Detailed measure-
ments of the temperature field within a horizon-
tal rotating layer of mercury, heated from
below and cooled from above, provide insights
into the nature of the flow field at various
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Taylor numbers [24F]. For a vertical layer
whose walls are maintained at different tempera-
tures, velocity and temperature distributions
for a variety of laminar flow regimes (including
secondary flows) are measured and interpreted
[14F]. In an extension of the aforementioned
investigation, the wave motion - leading to
turbulence are described and measurements of
the mean and fluctuating temperature field are
carried out [15F].

There are a large number of analytical papers
that deal with the conditions marking the onset
of convective motion in various configurations
that are heated from below. These include the
spherical cavity [7F], the rectangular cavity
with superposed vertical magnetic field [33F],
the plane layer with a nonlinear basic tempera-
ture profile [60F], and with a time-dependent
basic temperature profile [36F], the plane
layer with a superposed magnetic field [53F],
and the coreless induction furnace [10F]. For
very thin plane layers that are heated from
below, the convective motipn is brought about
by surface tension rather than by buoyancy.
In such cases, surface active agents exert a
strong stabilizing effect [SF]. When a layer of
cold pure water rests on top of a layer of hot
salty water, the system as a whole may be
unstable even though the differences in density
due to salinity are far greater than those due to
temperature [ 59F].

Recent analytical papers have also treated
nonlinear stability problems. A new method
of ‘studying the stability of general buoyant
flows is based on energy considerations and
accommodates nonlinear and time-dependent
disturbances. It is found that there are no
subcritical instabilities (i.e. instability at Ray-
leigh numbers lower than that of linear theory)
for the plane layer problem with a basic linear
temperature distribution [31F]. A conclusion
similar to the foregoing was arrived at by em-
ploying alternative analytical methods [47F].
A necessary condition is deduced for the
stability of steady-state solutions for the horizon-
tal layer with vertical density gradient (opposite
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to gravity) vertical magnetic field and other
vertical conservative forces [38F]. After in-
stability sets in, a successive approximation
method is employed in determining the finite-
amplitude solutions for the flow field [49F].
An alternate approach to finding the motions
after the onset of instability is to solve the
governing (nonlinear) equations by a finite-
difference method; this approach has been
employed to provide details of the velocity and
temperature fields in the range of Rayleigh
numbers from the critical value to 107 [21F].
Further insights have been gained in explaining
the tendency toward a hexagonal cellular
pattern in the convective motion [51F, 52F].

The effect of externally forced motions on
convective instability has also been considered,
both in the case in which the entire fluid layer
rotates [42F] and in which only the top bound-
ing surface moves parallel to its own plane
[11F]. For the laminar boundary-layer flow
adjacent to a heated vertical plate, it is found
that for Prandtl numbers in excess of five, the
Grashof number marking the onset of instability
varies as the third power of the Prandtl number
[57F].

Buoyant motions are also of great interest in
studies of air movement in the atmosphere.
The effect of a constant source of heat, inserted
at the base of a buoyant element, on the time-
wise development of the element is studied by
numerical integration [41F]. Radiative transfer
in a turbulent buoyant plume reinforces a
stable lapse rate in causing the plume to die out
at a lesser height [40F]. The buoyant motion
within a hot gas plume in a horizontal wind
has also been investigated [9F].

CONVECTION FROM ROTATING SURFACES

A number of research papers has appeared
encompassing rotating flows both without and
with superposed forced convection.

It is demonstrated that bodies of revolution
rotating about an axis of symmetry in an
otherwise quiescent environment possess simi-
larity solutions when the radius of revolution
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is expressed as a power of the streamwise
coordinate [7G]. The energy equation also
has similar solutions for power-law wall tem-
perature variations. A somewhat parallel analy-
tical treatment additionally considers internal
heat generation in the fluid, but for simpler
thermal boundary conditions [3G]. The exact
solutions generated in reference [3G] were
employed in constructing an approximate
method for treating arbitrarily shaped bodies.
Temperature distributions, including the effects
of viscous dissipation, were derived for (a) a
vortes flow normal to a plane surface, (b) a
rotating disk in a fluid at rest, and (c)a solid-body
rotation of a fluid above a fixed plane surface
[12G].

For the rotating disk, series expansion
methods are employed for solving the energy
equation with and without viscous dissipation
over a wide range of Prandtl number [17G].
A transient solution for an isothermal disk
rotating in a low Prandtl number fluid shows
that the time required to achieve steady state
following an abrupt change in surface tempera-
ture varies as 1/Pr [2G]. The relative merits of
various computation methods for turbulent
heat transfer on a nonisothermal rotating disk
are established by comparison with available
experimental data [ 6G]. Laminar and turbulent
heat-transfer predictions for the nonisothermal
rotating cone arc supported by experiments
involving the sublimation of naphthalene [ 20G .

Simultaneous rotation and forced convection
has been studied in a variety of configurations.
Experiments involving the sublimation of naph-
thalene on a rotating disk with a normal
approach flow suggest a computation model
wherein transfer coefficients are predicted by
a simple combination of the coefficients for
stagnation-point flow and for pure rotation
[10G]. Similar experiments performed with a
rotating cone provide transfer coefficients in
both the laminar and the turbulent ranges:
a smoke technique is employed to visualize
the flow field [18G]. Heat transfer from a
rotating cone with a superposed axial free-
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stream flow has also been subjected to analysis
by employing perturbation series for the limiting
cases of slow and rapid rotation [21G].

On the basis of a turbulent boundary-layer
model, Nusselt numbers are derived for flow
passing from the center to the periphery
between two rotating disks: various conditions
of flow entry into the space are investigated
[8G]. The reverse situation of radial inward
flow has been studied both experimentally and
analytically for the case where one disk is
stationary, but satisfactory agreement was not
achieved [13G]. Analytical consideration 1s
given to a vertical tube, rotating about an axis
parallel to itself, through which a fluid is pumped.
The rotation induces a secondary flow in the
plane of the cross-section, with a consequent
increase of the Nusselt number [14G]. In
another internal flow problem, an apparatus was
constructed wherein a rotating tube separates
two axially flowing fluids, one hot and the other
cold [15G]. It was found that the heat-transfer
coefficients were more affected by changes in
rotation than by changes in the axial flow rate.

An analytical solution for a rapid. two-
component chemical reaction on a rotating
disk has been confirmed by experiments in-
volving the neutralization of benzoic acid with
sodium hydroxide [11G]. Heat-transfer rates
from a rotating cylinder to decomposing nitro-
gen dioxide were measured; this reaction
is characterized by a finite reaction rate [1G].

In an experiment involving a vertical rotating
annulus of water with heating at the inner
surface, the opposing effects of rotation and
free convection lead at a minimum in the
effective thermal conductivity [ 11G]. The effects
of free convection on the stability of rotating
flows has been investigated both experimentally
and analytically. In a Taylor instability appara-
tus, ie. a vertical annulus with inner {and
perhaps, outer) rotating wall, the secondary
motion at the onset of instability is not charac-
terized by tordial vortices when radial tempera-
ture gradients are present [9G, 19G]. For a
Couette flow with a lower heated plate, 1t is
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demonstrated that the principle of exchange of
stabilities does not hold [5G].

When a vertical rotating annulus of liquid is
subjected to a horizontal temperature gradient,
several distinct flow regimes are possible. The
transition between as axisymmetric and a non-
axisymmetric mode has been investigated ex-
perimentally, with particular emphasis on the
effect of viscosity [4G]. An analysis of the
finite-gap Taylor instability problem with a
radial temperature gradient employs a buoyancy
force based on the centrifugal force field
(gravity is neglected). A positive radial gradient
is found to be destabilizing and a negative
gradient stabilizing [22G].

COMBINED HEAT AND MASS TRANSFER

Subsonic film cooling using gas injection
into a turbulent boundary layer on a flat plate
is the concern of several studies. An extension
of the assumption that the secondary fluid
should be considered simply as a heat source
(or sink) in the boundary layer indicates the
parameters of importance in film cooling studies
[15H]. A similar study includes a semi-empirical
correlation for high tangential injection rates
when the secondary gas acts somewhat like a
wall jet [10H]. Experimental studies of film
cooling with air as both the primary and injected
gas indicate, over the range studied, that film
cooling with injection through a porous section
along the surface gives results similar to those
obtained with tangential injection of the second-
ary gas [2H]. Film cooling with a high tempera-
ture mainstream of air and near tangential
injection of secondary air has also been studied
[7H].

The sublimation of graphite at hypersonic
speeds [9H] and the effect of non-Newtonian
flow in the liquid boundary of an ablating body’s
stagnation region [ 14H] are analysed. Measure-
ments, with low speed flow, of the sublimation
of carbon dioxide at an axisymmetric stagna-
tion point do not agree well with theory [11H].

Two recent papers report results of analytical
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studies on laminar boundary layers with trans-
piration cooling, but neglect thermal diffu-
sion effects. One [4H] concerns wall friction and
heat transfer with variable free-stream velocity
and compressible flow, while the other [18H]
shows that effects of curvature cannot be neg-
lected for axial flow over a porous cylinder.
Analysis predicts the effect of suction on heat
transfer in the stagnation region with heatsources
or sinks present [8H]. The concept of the law
of the wall and a velocity defect law are found
useful in a study of turbulent boundary layers
with wall suction or blowing [16H].

A number of studies, both analytical and
experimental, treat binary boundary layers
produced by transpiration through a porous
surface. Experimental friction factors and heat-
transfer results are determined in experiments in
which various gases are injected into the turbu-
lent boundary layer on a cone [6H], the main-
stream Mach number varying up to 4-35. An
analysis of a reacting laminar boundary layer
with hydrogen injection indicates that earlier
studies failing to include all the diffusional effects
may be in' error [5SH]. Experiments show
thermal diffusion significantly affects natural
convection heat transfer when foreign gases
are injected into the boundary layer [13H].
A recent review [12H] treats thermal diffusion
effects in stagnation flow heat transfer with
transpiration cooling. A significant series of
experiments on free jets of nitrogen and helium,
closely related to the above studies, indicate
that thermal diffusion effects are considerably
more important in a laminar shear layer than in
a turbulent shear layer [17H].

A recent survey and annotated bibliography
on mass transfer includes many works on
combined heat and mass transfer [1H]. The
similarity of the heat transfer when a gas is
injected through a heated porous wall in con-
tact with a liquid to boiling heat transfer is
re-examined [3H].

CHANGE OF PHASE

Supplementing the many experimental
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programs investigating the various aspects of
phase change are an increasing number of
attempts to interpret these observations through
appropriate models of the mechanisms.

Kato [39J] analyses critically the relationship
between heat fluxes and nucleate boiling para-
meters on open surfaces obtained by various
authors. Further pool boiling studies include a
contribution involving a photographic investiga-
tion of three distinct regimes occurring on a
horizontal surface, leading Gaertner [18J] to
question the validity of any model based on a
single mechanism; Turton’s concept [75]J] of
geometrical similarity; use of a microthermo-
couple probe to measure temperature profiles
within the superheated boundary layer above
and adjacent to a horizontal surface in saturated
nucleate boiling [50J]; Madejski’s [47]] three-
component heat flux (columns of bubbles,
liquid molecular heat conduction, eddy con-
vection) theory; a two-part study by Han and
Griffith [27J, 28J] establishing criteria for
bubble initiation, growth, and departure and
the application to predict a heat flux-tempera-
ture difference relation in good agreement with
experiment. Borishanskiy and Fokin [4J] use
mean vapor film thickness to correlate heat
transfer data in stable film boiling on vertical
surfaces. Rauber [64J] considers subcooled
boiling of water flowing upward in annuli:
Lapin et al. consider boiling nitrogen and neon
in narrow annuli [42J]. Sideman and Barsky
[70J] treat the effect of turbulence on heat
transfer between an evaporating volatile liquid
in direct contact with an immiscible liquid
medium. Griffin and Coughanowr [24J] apply
three previously developed methods to evapora-
tion from a flat surface into an infinite depth
vapor phase. In a two-part experimental study.
Bankoff and co-workers [60J. 79J] treat film
boiling of nitrogen with suction on an clectric-
ally heated porous plate. Noting the limited use
of temperature to distinguish the boundary
between nucleate and film boiling. Styrikovich
et al. [71J] use deposits from a saturated salt
solution to illuminate the mechanism. Meyer

IBELE and R. J. GOLDSTEIN

and Reinhard [53J] offer improvements in the
numerical technique for boiling analysis.

Kutateladze and colleagues [40J] liken heat
transfer during nucleate boiling to that occurring
to a fluid in the neighborhood of a stagnanon
point. A series of studies considers aspects of
nucleate boiling for several substances: Drayer
[12)] compares predictions of eleven correla-
tions with experimental data for liquid hydrogen :
Lyon et al. [46]] consider peak nucleation
fluxes for liquid oxygen at accclerations less
than standard; Bobrovich and Mamontova
[3J] photograph the boiling mechanism at
high heat fluxes for water and alcohol : Wayner
and Kesten [80J] study suction nucleate boiling
on & porous heat source: Markels and Durfee
[517] deal with electrical field effects yielding
fluxes twice that of normal nuicleate boiling.

Burnout or critical heat flux s considered m
a variety of situations: Duke [13J] obtains
correlations for once-through superheat at low
flow with an exponential source: Hewitt et al.
[30J] study the behavior of a climbing water
film on the heated central rod of an annular
test section: Alekseev and co-workers | 1]
measure heat fluxes in annular channels heated
from both sides; Malenkov [48J] considers
aspects of the critical phenomena in bubbling
and boiling processes.

The following describe boiling heat transfer
under rather special circumstances. Gambill
[19J] tests the power density increase possible
using twisted, electrical, heating tapes for the
subcooled swirl-flow boiling process. Critical
heat fluxes fall between 93 and 122 per cend
of the flat tape values. Beckman and Merte
[2J] photograph the pool boiling process in
distilled and degassed water from normal to
100 wmes normal acceleration. The effect of
pulsed heating during liquid boiling is reported
by Pavlov and Skripov [62J]. The association of
noise with boiling is investigated by Schwartz
and Siler [697] for possible relations between
rate of heat transfer and uolse parameters
Hughmark [35J] cites linntations on the as
sumption of a constant slip factor in predicting
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pressure drop during forced circulating boiling
of water. Charwat [8]] couples the behavior of
the laminar boundary layer (with blowing) to
the kinetic evaporation-rate law of the surface
material.

Evaporation studies include heat- and mass-
transfer rates of organic liquids and water into
still air [72)], the asymptotic concentration
distribution of an involatile solute in an evapora-
ting drop [20J], and the use of monolayers to
suppress evaporation [10J, 41J]. Martin and
Edwards [52]] correlate latent heats of evapora-
tion and Parisse and Klosner [61J] treat the
ablation process for a hollow sphere.

Investigations on bubbles include their
mechanics and dynamics in tubes [5J, 6J],
formation dynamics at liquid boiling point
[63]], growth mechanics of collapse [16J,
58J], and growth and rise in nucleate pool
boiling [26J, 77J].

Condensation experiments on surface phe-
nomena show no film larger than a mono-
molecular thickness exists on the area between
drops. Surface imperfections are considered to
be most probable nucleationssites [ 76J]. Rucken-
stein and Metiu [65]] consider two mechanisms
by which dropwise condensation may occur:
small undercooling is associated with a few
active sites, large undercooling involves so
many active sites that a continuous film forms,
reaches critical thickness, and breaks into drops
which grow, especially through coalescences.
The latter mechanism is studied in detail. A
series of investigations are concerned with
condensation promoters [38J, 43J, 74J], surface
characteristics [ 73], and the effect of noncon-
densible gas concentration [68]]. Edwards and
Doolittle [14J] note a 16-30 per cent increase
in heat transfer rate over film condensation,
using a thin Teflon film. Under the special
conditions or system specified, condensation
heat transfer is studied : a vibrating tube [297],
a porous horizontal tube with uniform suction
velocity [17]], a vertical plate with transverse
electrostatic field [787], a cold cylinder rotating
at variable speed in a steam atmosphere [33]],
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from a system of mixed vapors [15J], and on a
variable acceleration field [97].

Mouradian and Sunderland [55J, 56]] ana-
lyse the velocity and temperature distribution
in a liquid film on a flat surface. Related change
of phase investigations study supercooling of
water [7J], rate of ice formation on a cylindrical
pipe [45]], ice crystal growth from its vapor
[257], and the tension field created by a spherical
nucleus [327].

Two-phase flow heat transfer of gas-liquid
mixtures [air-water, air—ethylene] is correlated
by the same relationship. Hughmark [34J]
applies an earlier method of estimating heat-
transfer coefficients in horizontal, annular, gas—
liquid flow to the vertical upward configuration
(average deviation: 25 per cent compared to
steam-water experimental data). Holman et al.
[31J] use induction heating of stainless steel
and lead spheres fluidized in water to verify
results of earlier particle-fluid studies. Aspects
of two-phase gas-liquid flows consider the
mechanisms of formation and maintenance of
the annular regime in horizontal pipes [66J],
an analysis of the annular liquid film flow [11]],
and a comprehensive experimental study of
upward annular flow of the air-water system
[21)]. A two-part study by Ishigai and co-
workers [36J, 37J] measure component flows
in vertical two-phase flow by a pressure fluctua-
tion technique.

Zuber and Findlay [81]] derive a general
expression for predicting average volumetric
concentration in two-phase flow systems. The
major types of instabilities which can alter a
given two-phase flow pattern and stability
criteria correlating these is presented by Ostrach
and Koestel [59J]. Malewski [49]] also ex-
periments with a falling liquid film to determine
the influence of waves in the CO,—H,O system.
Other two-phase flow works related to heat
transfer considerations include an experimental
method for the direct measure of wall friction
[237], experiments of the vertical flow of R-12
[67]] prediction of two-phase critical flow [44]],
a model for predicting maximum flow rate of a
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single component, two-phase mixture [54J].
and a consideration of the pressure gradients
in the approach region to critical flow [57J].
Govier [22J] describes the developmentsleading
to better understanding of vertical, two-phase
flow in the R. S. Jane Memorial Award Lecture.

RADIATION

The number of thermal radiation studies
continues to multiply rapidly. In general. one
may differentiate between studies made on
radiant heat transfer through absorbing
materials (sometimes including one or more of
the following effects: scattering, thermal con-
duction, and convection), and radiant heat
transfer between solid surfaces through a trans-
parent medium.

The error introduced by assuming local
thermodynamic equilibrium when calculating
radiation transport in an optically thin medium
is found to be small [SOK]. The possibility of
introducing a potential in calculating the radiant
heat flux through an absorbing gas is noted in
reference [10K]. The emittance of a sphere of
an isothermal gray gas is calculated [31K].
The radiant heat transfer through a layer of
gray gas between two plates, one of which is
black, is little affected by whether the other
plate reflects either diffusely or specularly [8K].
An approximation of the radiative transport
between two non-opaque walls is presented
[19K]. Ananalysis [ 37K | studies the approxima-
tions introduced by assuming a particular
angular distribution of radiation when calcu-
lating the radiation transfer in an absorbing
medium.

The accuracy of existing methods for deter-
mining the heat transfer through a layer of
radiating gas between two parallel plates is
evaluated [20K]. Calculations for the heat
transfer in a conducting and absorbing fluid
are presented for slug flow between parallel
plates [55K], for Couette flow [16K]. and for
plane Poiseuille flow [17K]. The dependence of
radiant heat transfer on flow patterns in a
furnace is noted [27K]. The significance of

radiation absorption in turbulent flow in the
entrance region of an annulus is examined
[38K]. The effect of radiant absorption on
liquid thermal conductivity wmeasurements
[42K ] and on transient conduction in a semi-
infinite medium [32K] are presented. A simpli-
fied method is derived for calculating the thermal
radiation from solid-propellent rocket exhausts
[15K]. Experimental results {or the combined
radiation and convection heat transfer to a gas
and powder mixture at high temperatures
compare favorably with analysis [ 7K ].

The heat transfer through a conducting
material which scatters and absorbs radiation
{(as does a porous body) has been analysed
[54K]. The influence of scattering. including
multiple scattering, on radiative transfer in a
homogeneous medium [21K. 36K ] and the
effect of anisotropic scattering on radiant heat
transfer [ 35K ] are studied. The radiant transfer
from a cylindrical source in an infinite slab of
non-absorbing anisotropic scattering material
is calculated [9K]. An analysis [ 13K ]| considers
the reflection and transmission of radiation
falling obliquely on an absorbing, anisotropic-
ally scattering material.

Several studies are concerned with the effects
of radiation heat transfer from shock layers.
Including radiation absorption in a shock layer
strongly affects the calculation of the inviscid
flow and temperature distribution [S1K]. The
radiation from a plane shock layer in an infinite
gray gas, including viscous and thermal con-
duction effects, is also analysed [ 53K ]. Another
analysis [40K] demonstrates the perturbation
due to radiation absorption and emission on the
flow field for normal and oblique shocks. An
integral method predicts the surface heat trans-
fer with a viscous, radiating, but non-absorbing
shock layer [25K]. The shock layer with
radiation emission, but no absorption, on a
blunt ablating body is calculated (26K . Radia-
tion from a one-dimensional unsteady shock is
found to affect the density and temperature
fields, but has little effect on the pressure and
velocity fields [56K]. Experiments on the
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radiative heating of cones in a hypersonic flow
indicate an increase in heat transfer if an
ablating material is used due to the radiation
from the heated products of ablation [11K].

A review of the radiation properties of solid
surfaces, including reciprocity relations, is pre-
sented [39K]. In calculating the radiation
emitted from a solid surface, the index of
refraction of the contiguous transparent medium
must be considered [14K]. Analyses are pre-
sented on using an integrating sphere for
studying either diffuse or specular solid surfaces
[23K] or an absorbing scattering medium
[43K]. Reciprocity relations show the effect
of a non-diffuse surface in an integrating sphere
[24K].

Approximations have been developed for
calculating radiant heat transfer between the
walls of an enclosure whose surfaces have
directionally dependent’ radiation properties
[4K] and whose surfaces are diffuse [47K]. The
effect of polarization on reflection and absorp-
tion properties of a solid surface is examined
[12K]. Shape factors are available for the
radiation interchange between two spheres
[28K] and between parallel finite and infinitely
long cylindrical surfaces [44K]. Spectral emit-
tance data is used to calculate the net heat
transfer between parallel plates of polished
refractory metals [6K]. Other calculations
appear on radiation fins with convection [3K]
and on radiation transfer between two concen-
tric cylinders, the inner one having a number of
perforations [49K ].

Experiments - [30K] on the emittance of
cavities with diffuse walls tend to confirm
analytical predictions. Recent analyses on the
radiant transfer to and from cavities [29K,
33K], particularly cylindrical and conical ones,
include temperature variations along the cavity
wall [46K]. As the cavity surface is varied from
completely diffuse to completely specular, the
effective emittance of the cavity increases [34K,
48K]. A Monte Carlo technique calculates the
directional reflectance and emittance of right
circular cones with diffuse surfaces [41K].
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Measurements of the reflection of a mono-
chromatic pencil of radiation from a metal
surface indicate that the surface effectively
changes from diffuse to specular as the ratio
of the wave length to surface roughness in-
creases [ 5K]. Similar effects occur with electric
nonconductors [52K]. The index of refraction
and absorption coefficient of thin gold films
are found to be independent of the direction
of incident radiation [18K]. The emissivity of
anisotropic materials (as exemplified by pyroly-
tic graphite) is strongly dependent on the
crystal orientation [1K]. Measurements [45K ]
of the emissivities of iron, nickel, and platinum
agree well with theoretical predictions. The
infrared reflectances of evaporated films of
silver and gold are found [2K] to be higher than
previously reported values. The ratio of absorp-
tance to emittance of selectively absorbing
surfaces has been calculated [22K].

TEMATTIT: RATT AT Q

LIQUID VIE1IALD

The addition of controlled amounts of oxygen
to turbulent flow of liquid sodium in a tube is
shown to cause an increase in the thermal
contact resistance between the fluid and the
wall [3L]. Experimentally determined laminar
Nusselt numbers lower than the theoretical
limit (48/11 for flow in a uniformly heated tube)
may be caused by the unwarranted use of a
bulk temperature inferred from a straight line
between the measured inlet and exit values [6L].
Additional heat-transfer data have been col-
lected for sodium and mercury in logitudinal
flow through a rod bundle [2L, 9L] and for
NaK flowing in a circular tube with uniform
wall heat flux [10L].

Predictions of turbulent heat transfer are
made for liquid metal flows in annuli and in
parallel plate channels for various heating
conditions at the two bounding walls [5L, 4L].
An inviscid flow model is employed in analysing
the liquid metal heat transfer from spheres and
elliptic rods [7L].

Tests performed at one-g and zero-g with
mercury vapor flowing and condensing in a
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horizontal circular tube show significant de-
partures from the Lockhart--Martinelli two-
phase flow pressure drop correlation. especially
at low qualities [1L]. Another study using
mercury at ordinary gravity leads to @ similar
conclusion [8L 1.

LOW-DENSITY HEAT TRANSFER

An excellent overview of the mechanics of
highly rarefied gases is given by Patterson [ 7M ]
in the form of the 28th Wright Brothers Lecture.
The unified panorama is outlined as well as the
procedure to be followed for solving problems
in the field. Theoretical studies occur through
the work of Vallander [17M] who seeks a
probabilistic description of the random pro-
cesses in rarefied gas motion, and Grad’s [3M ]
proof that for a general form of linear Boltz-
mann equation, with appropriate boundary
conditions, all solutions approach equilibrium.
Su [14M] considers linearized near-free mole-
cule Couette flow in an attempt to explain the
non-analytic nature of the correction term to
macroscopic velocity.

A series of studies considers heat conduction
under rarefied conditions for enclosures of
various geometry. Springer and Tsai [12M]
consider a monatomic or diatomic gas at rest
between two concentric spheres and compare
three methods (temperature-jump, free mole-
cule, and mean-free-path) for calculating con-
duction heat transfer. Springer and Ratonyi
[11M] work with concentric cylinders, calculat-
ing conduction heat transfer by extending the
method of Lees and Liu to include the case
where incomplete thermal accommodation
exists at surface of inner cylinder. Willis [19M ]
considers heat transfer (and shear) between
coaxial cylinders for large Knudsen numbers.

Lees [SM] re-examines von Kdrman's con-
tention that temperature jump arises naturally
from the two-sidedness of the velocity distribu-
tion function. as he secks a kinetic theory
description of rarefied gas flow. Stupochenko’s
[13M] concern is also with temperature jump
as he considers this effect in polyatomic gases.
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Sone [ 10M ] discusses the response of a rarefied
gas to an abrupt change of temperature of 1he
bonding wall. Numerical values of the tempers-
ture jump are obtained.

Accommodation  coefficient
attract the attention of veriois investigators
Morrison and Tuzi [6M ] describe a new incthod
used to obtain translational thermal accomoda-
tion coefficients for various vapers at 4 glass
surface. Wachman [ 18M ] cutlines a precedurs
for determining accommodation
from data in the temperaturejump runpe
without applying temperaturc-jumyp theors The
effect of absorbed particles at u gas sold mrer
face is found by Shin [9M 1 1o huve a signifiand
influence on the accommodation couftivient L
surface coverage as low s cie per vent. Triched
and Gosse [ 16M ] repoit nuincncal salues of the
coefficient for several gases onavlean meialwy o

Fried and Atkins [2M] opoct the wosule o
a primarily experimenta siads o the wterfas
thermal contact conductance beiween metals
ina vacuum. A new model for predicting thermud
contact resistance in a vacuum environment
proposed by Clausing ard <“hao [ 1M ] Magr.-
scopie  constriction  is have
commanding influence for surfaces and materials
encountered in engineering praciicy.

Robertson [8M] extends results of previous
studies {rectangular and ciycular vrifices. cirewe-
lar ducts with perfect wcnnmiedation] 1o flow
through circular ducts with arbitrary thermal
accommodation coefficients. Ivanov DIM | re-
ports density measuremenis near the iorward
critical point of a blunt body :n superscuic
rareficd gas flow. Taylor | [SM ] gives the corvect
velocity calculating heat transier from single
spheres in a low Reynolds number ship flow

conitinue o

coelticients

1
H

eponied o

VIEASUREMENT TECHNIQUES
The number of published papors related (o
measurement techniques and instrumentation
appears to be increasing rapidly, We shall con-
sider only articles which deal speciticaliy with
temperature and heat-transfer mcasurements,
novel techniques for measunng thermud con
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ductivity, and flow measurement techniques
having wide application in heat-transfer studies.

The effect of immersion depth of the reference
thermocouple junction in an ice bath [8N] and
a new design for an ice bath [ 15N ] are described.
New designs include a simple thermocouple
compensator [6N] and a new apparatus for
producing the triple point of water [12N]. The
effects of electrochemical e.m.f.s when a thermo-
couple is in an electrolyte can be a significant
part of the thermocouple e.m.f. [36N]. Another
study [ 57N] predicts the effect of a thermocouple
on the temperature of the medium in which it
is immersed.

A preferentially wetted thermocouple
measures the temperature of organic drops
flowing in a continuous aqueous medium
[28N]. Noble metal thermocouples have been
used to measure temperature profiles through
solid-propellant flames [43N]. At high tempera-
ture, noble metal thermocouples can be con-
taminated by their ceramic protection tubes
[53N] even when in a vacuum. The instability
of refractory metal thermocouples at high
temperature has also been described [52N].
The use of Pt-Pt(Rh) thermocouples with non-
catalytic coatings [1ON] and their stability
when welded to nickel surfaces [22N] are
reported.

The results of long term use of platinum
resistance thermometers at low temperature
has been presented [49N]. A simplified equation
can be used to calculate temperatures of
platinum resistance thermometers [21N]. The
transient response of resistance thermometers
to a step function change in gas temperature is
calculated [40N]. A bridge measures small
temperature differences between two resistance
thermometers [13N]. Transistor diodes and
triodes [16N] and thermistor elements [SN]
appear useful as temperature sensors. Parts for
a NBS high precision gas thermometer have been
described [IN]. Temperature sensitive surface
coatings measure local surface temperatures in
aerodynamic studies [25N, 26N].

Techniques for high temperature gas measure-
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ments [20N] include a probe containing two
sensing elements with different heat capacities
[18N]. Studies of optical pyrometry emphasize
measurement of surface temperature [29N] and
temperature during combustion in supersonic
streams [33N]. Photographic pyrometry is used
to measure the temperature of aerodynamically
heated ceramic models [S6N] and other sur-
faces to temperatures of 2255°K [14N]. Pyro-
metric  techniques with  monochromatic
measurements, are used to measure target
temperature in a solar furnace [27N], flame
temperature [3N], and shock-tube gas tempera-
ture [31N].

Interferometric and schlieren techniques for
low density studies are compared [35N]. A
simplified interferometer constructed with rela-
tively few large optical components is described
[19N]. A grating interferometer using a laser
light source has been built [48N]. In a schlieren
interferometer, two parts (one passing through
an undisturbed region) of the single beam of a
schlieren system interfere with each other to
give a fringe pattern similar to that of a Mach—
Zehnder interferometer. Such units have
recently been described and used to measure
simple density (or temperature) distributions
[7N, 34N, 41N]. A schlieren system can predict
the temperature distribution in a laminar
boundary layer [42N].

A calibration system for thin film resistance
thermometers used in a shock tube has been
described [46N]. A general study [2N] des-
cribes devices to measure surface heat flux. A
heat flux meter utilizing a ceramic disc plated
on both faces with thin film thermometers
serves as a heat-flux meter (23N]. An instrument
for measuring stagnation point heat transfer is
described in reference [11N].

A simple radial heat flow apparatus measures
thermal conductivities of gases and liquids
[SON], while a dielectrically heated unit
measures the thermal conductivity of a gas
[SIN]. Transient methods are employed to
measure the thermal conductivity of liquids
[4N] and the thermal diffusivity of solids [9N].
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The advantages and limitations of the hydro-
gen bubble technique for quantitative studies
of time dependent velocity fields in water are
described [45N]. A hot wire anemometer
measures low speed liquid mercury flows [44N].
A brief description of a laser flowmeter based
on the Fizeau effect is cited in reference [30N].
By measuring the passage of the image of a
particle across an optical grating, measurements
of low fluid velocities can be made [17N].
The possible use of a thermistor anemometer is
explored [37N]. The accuracy of a bubble
meter (in which the time for a soap film to
traverse a known volume is measured) in gas
flow measurements is described [32N]. Am-
monia, admitted through pressure taps, is
used for flow visualization with a rotating
surface [24N].

Preston tubes, for wall shear stress measure-
ment, are calibrated for use at supersonic flows
[47N] and in systems with pressure gradients
[38N]. Wall shear stress is inferred from
interferometric measurements of the evapora-
tion rate of a thin liquid film on a highly
polished surface [55N]. A highly sensitive
manometer is constructed using optical inter-

ference to measure the difference in height of

the two fluid columns of the unit [39N]. An
accurate null-type pressure transducer is used
up to pressures of 250 atm [54N].

HEAT-TRANSFER APPLICATIONS

Heat exchangers

A number of studies have appeared on general
heat exchanger design and comparative per-
formance of heat exchangers [IP, 13P, 18P,
22P, 23P]. An analysis has been made on a
unit in which three different fluids exchange heat
[14P]. Calculations of the exergy loss in heat
exchangers have been extended to include the
effects of a finite temperature difference [6P]
and of mixing [5P]. The choice of a reference
length to be used in heat exchanger calculations
has been studied [17P]. The mean temperature
difference in cross-flow heat exchangers with
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one or two passes has been calcuiated | [OP].
The characteristics of heat exchangers made of
closely packed Teflon tubes [4P] and skewed
passages of glass—ceramic material [11P] have
been described. The performance of a Hampson
heat exchanger in which pairs of tubes are
soldered together along their entire length has
been analysed [ 12P].

Experiments on the transient response of 4
single-pass shell and tube heat exchanger agree
well with an analysis of a distributed-parameter
model heat exchanger [3P]. Another study
[20P] indicates that a simplified one-pass
model adequately predicts the dynamic be-
havior of a multipass heat exchanger. An
analogue computer has been used (o study
heat-exchanger dynamics [7P].

Heat transfer in a vessel in which a fluid is
agitated by a rotating impeller is correlated
using a Reynolds number based on the impelier
tip speed. Studies include heat transfer 1o the
walls of the vessel [2P] and to a coil immersed
in the vessel [ 19P]. The propeller pitch is found
to have only a slight effect on the heat transfer
[21P]. The dynamic response of such a system
has also been studied [24P].

To transfer heat between two immiscible
liquids, the two liquids can be put in direct
contact by allowing them 1o flow through one
another and then separating them by graviti-
metric or other means. Heut exchangers of this
type are being studied quite extensively for
use in chemical industries. Due to the intimate
contact between the two fluids. the heat ex-
change is highly effective [8P, 15P, 16P]. A
countercurrent heat exchanger m which a
vaporizing immiscible fluid is added to increase
the heat transfer has also been studied [9P].

Aircraft and space vehicles

Experimental investigations determining the
thermal conductivity of honeycomb-core panels
[21Q] and of convective heat transfer to
maneuvering surfaces [12Q] and to fins [6Q]
provide the basis for an effective design of
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aircraft and spacecraft. The ablation process-
is still under extensive study including plastics
[10Q], metallic bodies [16Q], and charring
ablative materials [13Q]. Radiation is found to
be the major source of heat transfer for space-
craft entering the atmosphere of Mars [8Q],
and aerodynamic breaking is found attractive
for the entry process compared with retro-
rockets. Studies of heat transfer to meteors
are conducted [1Q, 17Q] with the consideration
that the understanding of these processes will
also be helpful for the development of thermal
protection systems for spacecraft.

An understanding of heat-transfer processes
is essential for the development of rockets.
Correspondingly, processes like heat conduc-
tion in star perforated solid propellant grains
[26Q], transpiration cooling of nozzles [11Q],
erosion of graphite by ablation [15Q], and
convective heat transfer in nuclear rockets
[22Q] have found attention. Heat transfer to
the base areas of clustered rocket nozzles
caused difficulties especially under choked con-
ditions. Experiments therefore determined the
value of the heat-transfer coefficients and their
local distribution [25Q]. A simplified method to
calculate thermal radiation emitted by solid
particle clouds is applied to an analysis of
thermal radiation from solid rocket plumes at
high altitude [5Q].

Increasing attention is paid to radiative heat
transfer in spacecraft. This includes analyses
of fin and tube space radiators [7Q, 18Q], of
the radiation properties of various surfaces
[19Q, 20Q], and of methods to calculate
radiative heat exchange to involved geometries
under the condition of space flight [2Q, 4Q,
9Q, 24Q]. Similarity criteria for thermal model-
ing of spacecraft have been discussed [3Q].

Engines for supersonic aircraft have to operate
at the highest possible temperature level. This
makes the cooling of gas turbine blades in-
teresting. Two papers report on investigations
of forced convection liquid cooling [14Q] and
on the influence of secondary flow on heat
transfer to gas turbine blades [23Q].
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THERMODYNAMIC AND TRANSPORT
PROPERTIES

Thermodynamic properties

Critical point behavior receives wide interest.
Baehr and Thurmer [7R] consider a water
equation of state in the critical and super-
critical region; Bridgeman and Aldrich [17R]
reappraise the critical constants for the same
substance; and Amirkhanov et al. [4R] in-
vestigate the heat capacity of heavy water in
this region. Critical state behavior of helium
(He?) is observed by Sherman [117R] and an
equation of state for He* constructed by Tisza
and Chase [122R]. Voronel’ et al. [127R]
consider heat capacity (C,) singularities at the
critical point and Botch and Fixman [14R]
predict critical region heat capacities using
approximations similar to those applied to
binary mixtures. Thodos and co-workers re-
port critical temperature and pressure for the
ethane-n-heptane system [38R ] and the ethane—
n-pentane-n-heptane system [32R].

Continued interest in the corresponding states
theorem extends from liquid to gas including
the boundary between these phases. Kuloor and
co-workers [126R] examine the utility of
various theories, and present verification of
the theorem using entropy data for twenty
gases [99R]. The choice of reference point for
studying thermodynamic similarity of gases
concerns Kasavchinskii [58R], while Reid and
Leland [103R] provide rules to determine the
reduced properties for mixtures in order that
pure component generalizations may be used
in estimating mixture properties. Narsimhan
[87R] generalized saturated liquid density with
temperature at various critical compressibility
factors. The theorem is used by Malyshev
[74R] to correlate vapor pressure information,
to predict binary system vapor-liquid equilib-
rium, Nagata [85R], and by several workers
[26R, 88R, 92R] to generalize latent heats
of vaporization. Nagata [86R] also measures
vapor-liquid equilibrium data for three binary
systems. The Canfield-Kobayashi group report
compressibility factors for helium-nitrogen
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mixtures [24R], and compile the full range of
thermodynamic propertics for the helium
nitrogen system [94R]. Henderson [S1R] re-
views progress over the List few years in liquids
and Eyring ¢t al. [101R] present the reduced
thermodynamic functions for the significant
structure theory of simple liquids. Excess ther-
modynamic functions for the liquid mixture
methane-propane are given by Cutler and
Morrison [31R]. Rao [100R] uses the ngid
sphere model to evaluate one of the parameters
connecting the surface tension and liquid com-
pressibility. Other muxture works examine the
excess thermodynamic properties of twenty-
three equimolar binary liquid systems of small
non-polar molecules [1R] and the departures
from Dalton’s and Amagat’s laws by oxygen
carbon dioxide aiid oxygen-nitrous oxide sys-
tems [35R].

Guggenhetn [45R] considers varations of
the van der Waal’s equation of state for high
densities. Kielich {62R] treats the equation of
state for gas mixtures comprising unlike polar
molecules. Useful property data for refrigerants
is given for R-114 by Morsy [83R], R-216 by
Shank [115R]. R-113 by Higgins and Lielmezs
[53R]. and for isopentane [6R]. The properties
of partially ionized hydrogen is reported by
Fauchais and Manson [41R]. Other works
estimate heat capacities of organic compounds
from group contributions [104R], calculate
zero pressure specific heats for fluorine-chlorine
derivatives of methane [11R], and present
Joule-Thomson curves for nine substances
[121R].

Theoretical interest in intermolecular poten-
tials is shown by Hecht [49R] in his virial
development for molecules undergoing pure
repulsion, by Wilson’s consideration [129R]
of the London potential between rare gas atom
pairs, and by Rossi and Danon [107R] who
describe the superiority of the Kihara potential.
Virial coefficient data is presented for nonpolar.
nonspherical molecules [110R], for propyne
based on the Stockmayer potential [15R]. for
squares and cubes with attractive forces [S4R].

R. G. ECKERT. E. M. SPARROW, W. E.
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and for a two-dimensional Lennard-Jones gas
[109R]. Ben-Naim [12R] comments on the
difference of thermodynamic behavior of argon
in ordinary and heavy water. Hamel [47R]
presents a kinetic model for binary gas mixtures.
and Menon [79R] calculates interaction secotd
virial coefficients for 20 binary gas muxtures.
For solids, Leadbetter [67R | calculates proper-
ties for ordinary and heavy ie. Dixon o ol
[36R] the low temperature heat capacities of
seven pure metals, and du Chatenier ¢/ i
[37R] the heat capacity of stainless steel m the
temperature range 1-3-30°K. Kestin {60R ] and
Haywood [48R] report on the Sixth Inter
national Conference on the Properties of Steam.

Transport properties

Brokaw [ 18R] presents a very useful summary
of recent advances in dilute gas transport
properties. Eyring [106R } and co-workers apply
their significant structure theory to liquids and
find close agreement with Enskog theery for
rigid spheres. Investigations of various molecular
models include the square-well potential [ 20R].
Kihara’s potential [108R]. exponential attrac-
tive potential [84R], 9-6 and 28-7 potentials
[119R], and rough spheres [28R]. Transport
properties are considered under the special con-
ditions of high density [30R. 39R., 70R]. high
temperatures [42R, 59R], and gases with rota-
tional states [78R]. Specific calculations have
been made for hydrogen [16R. 21R]. helium
[81R]. krypton [8R]. hydrocarbon vapors in
the methane series [90R], and alkali metal
vapors [33R]. The accuracy of empirical mixture
formulas for thermal conductivity and viscosity
is analysed by Burnett [22R] and Brokaw | 19R].
Simon et ul. [118R] report properties for nux-
tures of hydrogen with nitrogen and with carbon-
dioxide.

Experimental measurements of diffusion
coefficients using the diaphragm-cell are re-
ported by Robinson er al. [105R].* Thermal

* Stefun ditffusion tube results wie examined careludiy by
Hemselmat e of [50R].
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diffusion factor results obtained by the swing-
separator (trennschaukel) method are given for
xenon [93R]. Various methods for measuring
this property are reviewed by Joshi and Saxena
[56R]. Other works concerned with mass
transport effects are: interrelation of thermal
diffusion in binary gas mixtures and inter-
molecular forces [112R], thermal diffusion and
transfer of rotational energy [34R]. gas diffusion
and ideal critical volume [ 125R ], energy associa-
ted with gas diffusion [75R], and a correction
to a relation for the thermal diffusion coefficient
[64R].

Gandhi and Saxena [43R] show the suita-
bility of five different methods of the Wassiljewa
form for calculating the translational thermal
conductivity of gas mixtures at high tempera-
tures. Sengers [113R] presents additional in-
formation to confirm the existence of a maximum
thermal conductivity in the critical region. Ex-
perimental measurements of thermal conduc-
tivity by various methods are reported for the
following substances: Argon and nitrogen, 140
348°C [61R]; liquid and gaseous ammonia,
20-177°C[91R];argon,20000-75000°K [23R];
helium, 1600-6700°K [27R]; hydrogen, 90-
280°K [116R]; nitrogen, 222, 50-5°C [80R];
some polymers, 1-4:5°K [102R]; sulphur di-
oxide, 295-887°K [9R].

A general prediction scheme useful to
10000°K, is presented by Mathur and Thodos
[77R]. Other theoretical studies for gases are
concerned with: high temperature nitrogen
thermal conductivity [ 123R], partially and fully
ionized gas thermal conductivity [2R], non-
polar polyatomic gas mixture conductivity
[111R], polar polyatomic gas mixture con-
ductivity [82R], and aspects of H,0-D,O
mixture conductivity [ 120R].

Liquid thermal conductivity measurements
are reported by Venart [ 124R], Poltz (six fluids)
[96R], and Vodar and co-workers [69R], the
latter about the critical state. Mallon and
Cutler [73R] measure the thermal conductivity
for electrically conducting liquids.

Experimental measurements of the thermal
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conductivity for various solids are reported:
high purity iron, 7-200°K [5R]; nickel [98R];
sodium, 90-850°C [40R]; new and used fireclay,
magnesite, chrome magnesite and forsterite

il Fgg [T iAd smatariale NN
OTiCK LJJI\J various DUUU HialClialdy, Luu—

1000°C [10R]. Other studies in this area deal
with the anisotropy of thermal conductance in
near-ideal graphite [52R], effect of cold work
on copper thermal conductivity [128R], and
electronic thermal conductivity in solids [ 71R].
A useful correlation between metallicthermaland
electrical conductivities is given by Powell [97R ],
and the law of corresponding states applied to
metals by Cezairlivan and Touloukian [25R].

Experimental viscosity measurements by the
capillary method are reported by Cronin [29R]
for air, N,, CO,, Ar, He, H,, accurate from 2
to 3 per cent; for methane the rotating cylinder
is used [95R]. Data is also reported for n-
pentane [68R], steam and water [13R, 66R],
liquid sodium and potassium [44R], liquid and
vapor refrigerants [130R], and mineral oiis
[65R].

Theoretical calculations exhibit a concern
with density effects. Sengers [114R] investigates
the first density correction for a two-dimensional
rigid sphere gas. Kim and Ross [63R] consider
the influence of triple collisions on dense gas
viscosity. Das Gupta and Barus [46R ] calculate
ammonia viscosity at elevated pressures accord-
ing to dimerization postulate. Methyl chloride
and methane viscosities are calculated by
Aksaraillian and Cerceau [3R].

Mallikarjun and Hill [72R] consider the
temperature dependence of viscosity in simple
polar liquids. Saxena and co-workers extend
the Kihar method to determine the second
approximation of binary gas mixture viscosities
[57R] and use a Sutherland expression for
predicting multi-component viscosities of mix-
tures involving polar gases [76R].
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