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A Symposium on

LIQUID~METAL HEAT TRANSFER AND FLUID DYNAMICS

Call for Papers

The Nuc leonics Heat Transfer Committee(K-13)of the

ASME Heat Transfer Division is

on the stated subject at the 1970 Winter Annual Meesting

sponsoring a symposium

of the ASME (November 29-December 3,1970,in New York

City).

following suggested topics.

Part [-Single-Phase

Problems
1. Liquid heat transfer
in single channels
2. Multi-channel flow and
heat transfer
3. Transient flow and heat
transfer

4. Turbulent diffusivities

5. Temperature fTluctuationsé

in turbulent heat
transfer

6. Specific conditions

rod

(eccentric bund les,

effect of spacers, etc.

Part

The symposium will be in two parts,with the

I-Boiling and

1.

INENTIEN

7

8.
9.

Two~Phase Problems

Incipient nucleation
Pool boiling

Convective boiling

. Two=-phase flow wvoid

distributions

. Two -phase flow pressure

drop
Two-phase critical flow
Transient boiling
Transient two-phase

Void dynamics
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Papers describing new work with liguid metals in
these and related areas are being solicited. Reports
of either analytical or experimental investigations
will be considered. Authors intending to submit papers
should mail preliminary abstracts to either of the co-
chairmen listed below by February 15, and submit thres

copies of the complete manuscript before April 15,1970.

All papers accepted after review will be presented at

In view of the great, and increasing, inter st in the
ligquid metals as coolants and working fluids, we
anticipate that this symposium will be of significant

value to both authors and audience.

Symposium Co=Chairmen

Department of Appliesd Science
Brookhaven Naticpal Laboratory
U

pton, New York 11973

Westinghouse Elesctric Corporation
Waltz Milil 8Sits,P.G. Box 158

Madison, Pennsylvania 156463
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§ 4 Goals Of Heat Transfer Regearch

0

BRE, KB v ¥ Y RECHFTORREERMR-BHHEZ L O, 8
A3 #7 AV AT/ ASME—AICRE National Heat
‘Transfer Conference NI, WEDEANED HAsHE T 510
CEAINLTEOEROEHK#EZIFE LA TERVW L E T,

OUTLINE

for the report on

"GOALS OF HEAT TRANSFER RESEARCH"
FIRST DRAFT

(For the discussion on Monday, August 4th,
Leamington Hotel, Minneapolis, Minnesota.)

A, Introduction

In the present study an attempt was made to collect the opin-
ions and ideas of workers in the field of heat transfer as the the
future course of research in this area and its relation to applied
problems. Interviews were conducted and memoranda were obtained
from those zactively engaged in research as well as from persons

It is hoped that this survey will serve as a reference to thos
engaged in research in planning their own programs; that it wil
help prospective students in orienting themselves when selecting
an area of specialization; and that it will give a more complate
overview of possible fufure endeavors to those who may be in a
position to sponsor research work.

A survey of this sort can, of course, never be complete, nor
entirely up to date, and it cannot be expected that the opinions
expressed will be shared by all of those who participated in the

survey, let alone by all of the heat transfer community. It is
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literature contains little which would allow optimal designs or
accurate predictions.

(b) Suégested Areas of Investigation

(1)

(2)
(3)
(4)

(5)
(6)
(7)
(8)

(9)
(10)

(11)
(12)

Further reliable data on laminar flow heat transfer -
(again possibly surprising). The information should
be presented in a form helpful for the designer.

The problem is complicated by changes in viscosity
and the often important effect of free convection.
Rough surfaces, effect on friction and heat transfer,
optional roughness shapes.

Annular heat transfer, division of shear and heat
transfer between ‘the walls.

Heat transfer in the transition range (Re 2000-
5000). For lack of information this range is now
generally avoided by designers.

Swirl flow in pipes - data for a wide range of
parameters.

Heat transfer to slurries, gells, solutions of long
chain polymers.

Laminar and turbulent flow with realistically
varying properties.

Flow over tube banks, staggered tubes, tube bundles -
study of arrays and the heat transfer from succes-
sive tubes.

Effect of contaminants (e.g. small amounts of oil in
water) . i
Fouling of surfaces - the mechanism, extent, effects
on heat transfer. This is one of the major limita-
tions in heat exchanger design, yet sufficient know-
ledge to allow accurate quantitative predictions are
lacking.

Cooling of surfaces by jets, heat transfer to tuhes
in the wake of others.

Bzsic investigations on turbulent exchange coeffi-
cients in heat and mass transfer.

2. Two-Phase Flow - Liquid/Cas

(a) Typical Applications Mentioned

The application in which detailed knowledge is perhaps most
essential is that invelving nuclear power reactors. In this case
both the heat transfer conditions as well as the physical distri-

bution of the

two phases all must be predicted accurately for



reasons of safety as well as economy. In addition two-phase flow
-plays an important role in a variety of power plant as well as
chemical process operations. With the need for more efficient
equipment, informatlion cn the flow and heat transfer character-
istics of these mixtures is required. The need certainly has been
recognized and a great number of persons are active on prooblems
involving two-phase flow. Although our understanding of the
processes has increased significantly, continued work of a field
in waich it would be most fruitful to devote a major effort to the
task of evaluating and reviewing existing data with the purpose cf
making the best design information available as early as possible.

(v) Suggested Areas of Investigation

3

(1) Flow characteristics - conditions governing the
various types of flow, stability of film (th*” S58,
wave formation, break off and deposit of droplets,
shear stress at interface in annular flow).

(2) Prediction of void fractions under various flow con-
ditions, including subcooled boiling. Droplet and
bubble d45tribution.

(3) Condensation and evaporation in two-phase flo

(4) Critical qeaf fW’T {"burn out po1nt”\ under h
various ftypes of IlOw.

(5) Transient conditions - Flow, heat transfer, void
fractions. This could be a most important aspect
of reactor Ddfﬁt} analysis. At the same time 1t is

problem which will rcguire an

£ it is to be solved in a foxm

a m05+
ingen

4

[N

Sulqu prsd'“thoh of reactor operations.
(6} BQh&VlOI in complex geometries - annular channels,

multichannel paths, mixing of flow from several
subchannels, stability and distribution.

3, Unsteady Flow and Oscillations

(a) Typical Applications Mentioned

Several areas of applicatio
a part of normal operation -~ and
exchangers, combustior chambers,
expectedly. Start and shutdown
emphasis in the case of 2

n
+
1" .
also mentione ction with ow'. An
cation of rec t involves thh startup of an aut
Fad

steam engine, in which heat transfer is the limiting fa



high heat
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(h) Suggested Areas of

rs and nuclear
al numbers of wvarious
interaction of wvapor

(1) Flow conditions in
reactors, wake formation.
configurations, boiling lo
formation and heat tx

(2) Periodic heating of
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Problems invelving the free convection in closed containers
have been emphasized and among those are a variety of different
applications such as the heating of a reactor vessel in a case of
coolant failure, the heating of food containers, and heating of
propellant tanks in rocket vehicles. In the case of food processing
the fluids involved may also show non-Newtonian characteristics.

In addition free convection plays a magor role in meteorclogy,
oceanography, and geology. Although some problems in micro-
meteorology (atmospheric motion as influcnced by local terrai n) ha
been included, the role of heat transfer in the aforementioned
fields was considered to be outside of the scope of this report
(at p csent).

(b) Suggested Subjects for Investigation

(1) Motion and heat transfer in closed containhers;
containers of different shave, different orienta-
tion, filled as well as partially filled.

( BEffect of transient conditions on the development of
flow patterns.

( The role of property variations on flow patterns and

heat transfer coefficlents.

N

N

(4} The developme: t of turbulence in various free convec
tion flows - including surfaces of wvarious 1nn7L na-
tion, different geometric containers, heat rate

variation with time and position.

(5) Free convection in the presence of
magnetic fields.

centrifugal or

It may be appropriats to mention that experimental evidence
obtained so f=x shows that free convection is greatly influenced by
seemingly minor factors, such as exact geometry, uniformity of
heating, initial conditions, etc. Experimentors in this field have

to be particularly mindful of controlling as well as reporting all
of these factors.

7. Radiation

{a) Typical Applications Mentioned

Radiation plays a major role in heaft

tructures; examplcs include the
cO WPOﬂenuuo the design of
of space platfo
the moon.
ving the efficient




the interaction of sun radiation with plants, the distribution of
radia*ﬂoﬂ thrououout fnu ﬂrop onn a planted field,
icrometeorology (£
\meluLly +ha role
aman and animal comfort, although %“dLLW
docs not seem to have heen daveloped o
Jtative information i ilal >
ns. Inter VSL*lml"

catioc
atmospheric heat balan
reflectivity of c;ouds. etc.
. 3 1noluie
"mon-gray"” mediaj

her apnjloat¢o“h
mperature boundary

Areas for Investigation

ate on emissivit

[N )]

5

o
®

e}
j=9]

o3 O

(3) Radiation exchange hr ugh
scattering media.
(4\ Combined convection and radiz
mechanisms stron ”1] coupled.
(5) Radiaf tics of two phase media.

(a) Typical Applications Mentionsd

llquld metals stems larg
cularily ”Ulted as coola
“raln o%her applicat

a s

which

Cis

guid metals are listead

ir Lohav or often
approach and very special experimental



(1) Basic free and forced convection data - with rre-
sently available information even turbulent

forced
convectlon results can generally not be predicted

within RO@.

(2) Nucleate boiling, critical heat flux in nucleats
boiling for free and forced convection.
(3) Film boiling - effect of surface on wetting and the

promotion of film beiling vs. nuclear boiling.
(4) Nucleation, bubble formation and growth.
(5) Effect of impurities, fouling and surface inter-
action.

9. Cryogenic Fluids

(a) Typical Applications Mentioned

There is a certain similarity in the state of knowle
regard to cryogenic fluids and that in rega to liquid meta
Again the important heat transfer processes '“"olve frce and
2 Ta C

C

(DQA

convection, boiling, etc., just as in
fluids. Again, however, the physical
cryogenics and the experimental reguirem
may be treated as a separate study.

Several applications of cryogenics have become of importance

and most of them do involve heat transfer as a crucial aspect.

The use of cryogenic rocket propellants {oxygen, hydrogen, fluorine
has continved. The storability of these propellants depends on
proper insulation and this in turn reguires s detailed under-
standing of the heat transfer processes. In addition these pro-

pellants are sometimes used as coolants for the rocket chamber.
in another field liguifaction of natural gas, and the storage ¢
transportation of the liquid has become of commercial interest.
The transmission of electricity through cooled cable (liguid
nitrogen temperature, 1f not at temperatures needed for super-
conductivity) and the cooling needs are a key facto

fitability balance. Attempts at operatin en
ditions of superconductivity increase and
power conversion equipment Liguid helium is the natu
for these cases, and its unic it

challenge to the heat transfe
are the cooling of certain e
ensors) as well as the design o
nostic or surgical purposes.

in the pro-

J

+
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- particular interest
(2) Radiation interaction at cryogenic -
special procedures reducing radiatio
role of radiation in uuperlnoulatﬂ*n.

10, Non-Newtonian FL
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commercial scale and T lesign i
sary. A few examples will be mentioned.
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the flow of and heat transfer to granular media, powders, fluidized
beds, etc., mostly in connection with chemical processing. The
economic incentives in these cases again encourage a much deeper
understanding of the mechanism so that better predictions can be
made.

(b) Suggested Areas of Investigation

(1) Characterization of various fluids - some may not
even lend themselves to conventional description
in terms of viscosity and similar parameters.

(2) Basic experiments to reveal the behavior and special
characteristics of the fluid.

(3) Develop analytical formulations which describe %he
behavior of the fluid and which can predict per-
formance.

11. Combined Heat Transfer

(a) Typical Applications Mentioned

It seems hardly necessary to stress the fact that combinations
"of the basic heat transfer mechanisms occur or that heat transfer
takes place frequently in conjunction with mass transfer, ionization,
chemical reactions, etc. The applications are plentiful and include:
combined free and forced convection in heat exchangers, heat transfer
to chemically reacting mixtures in combustion chambers, and chemical
manufacturing processes; radiation-convection interactions; heat
transfer from a plasma surrounding a reentry vehicle, and diffusion
and heat transfer in a plasma in applications aimed at the separation
of species. (The heat transfer problems connected with controlled
thermonuclear reactions are in a sense also a part of this group of
applications. At present, however, this area has been considered to
be outside of the scope of this study.)

(b) Suggested Areas of Investisation

Careful analysis and experiment designed to clarify the combined
effect and to provide information suitable for design predictions.
The combinations most frequently mentioned were:

(1) Heat and mass convection such as occurs in condens-
ation and evaporation.

(2) Radiation-convection.

(3) Free and forced convection.

(4) Convection-chemical reactions, including the effect



of velocities on chemical equilibrium.

C. Possible Areas for Future Heat Transfer Investigations {by

'Dpllcaulons}

In the previous pages the informations received from the ra-
spondents was reported by grouping according to various general
heat transfer mechanisms. In the following an attempt will be made
to report the information according to applications. Theres 1

O 2
{ course, be an overlap in these two sections of the re; 5

t was felt that a presentation from this second point of view may
e of interest to some.

1. Heat Exchanger

The ¢@u1gmailon heat exchanger is a very broad one and covers
a very large number of divices. It includes single phase exchangers,
condeasers, evaporators, desalination units, heat exchanger for
blood, o0il coolers, 1

been in the power g
The 1boi
A
e
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of the appl¢caticns have probably
ield and in o

processing. The p
tensive use, the 4
based on art and the:
"detaila” of the {1
are to be better th
marglns OL error

or two phase fluids over
in headers, conditions whi
vibrations, the developmen
(including fins, swirl tapes,
for condensation (the recent

ficant improvements are =still
appreciation of manufacturing
verturbations on performance;
enlt to predich, fouling - an
more workers could be attrac g
scribed as the chwl enging Drooion of heat a

d mass transfer with

{
electrochemical interactions, which it really is,



2. Manufacluring Processes

(a) Paper Drying

A typical drying operation is that involved in finishing
paper. Rather effective methods have been developed to obtain
uniform drying of a wide sheel and even radialion selectively
sbsorbed by the moisture is sometimes used. Nevertheless there
are several processes which are only gualitatively understood,
such as the moisture transport within the paper, the transport of
heat from the heating surface to the paper, the contact resistance
of this surface, and the factors governing the tendency of stick-
ing and adhesion.

(b) Machining, Grinding, Etc.

One of the important reguirements in machining is to keep the
tool and the work cool. In order to do this effectively an under-
standing of the heat generation process, the distribution of
energy, and the cooling mechanism is reguired. Further diagnostic
work is indicated and to give an idea of the magnitude of the pro-
blem it is mentioned that an individual grain on a grindingfwheel
is exposed to a high rate of energy release for perhaps 107°
seconds. It is pLobable that friction-like spalling, =zblation,
and chemical reaction will play a role in the analysis and that a
study of the cooling effects of gases, mists, liquids is worth
investigating in detail.

(Insufficient information has so far been obtained from some
r industries such as automobiles, glass, steel, air conditioning
and refrigeration - appropriate sections to be added.)

3, Clothing and Comfort

Although styles change frequently technological advances have

ave

not to any major degree influenced the comfort design of clothing.
(It has of course had a great 11pacu on the development and pro-
duction of fabrics.) People still seem to be too often too hot

or too cold and there is nothing like a thermostatically controlled
garment anllgbl exoept perhaps for astr One could imagine
that perhaps by ap plying only available i

such a commercially feasible gﬁ”m@nf could

however, more likely that a ‘
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trolling it, a study of the heat exchange system of 1
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control devices (including diathermic. methods), special
heat exchangers for blood and extracorporeal circula~-
tion systems.

(f£) Determination of allowable freezing and thawing rates
for cells which are to be stored or reactivated, as well
as the design of devices to accomplish these transitions.

(g) Plant studies, the role cof heat and mass transfer as
well as radiation on the ecological cycle, revival of
dried out plants, the interrelationship of water needs
to heat transfer.

6. Food Processing

Food processing is one of the areas which may well benefit
from increased engineering attention. The scale of these operations
are ever increasing and there is an increased need for reducing
processing times, and of devising ecomomic processing equipment.

Among the many areas involved is that of flowing, heating,
and cooling a variety of ill-behaved liguids euvhemistically known
as "non-Newtonian". It will be the rewarding task of engineers to
discern the key properties of these various fluids and to develop
anew the free and forced convection behavior of these fluids.

My successful development along these lines will, of course, have
applications outside of food processing, as the ftransport and
treatment of non-Newtonian fluids is becoming more frequent in
other industries also.

Other problems in food processing involve the familiar steps
of heating (food in containers, continuous belt cooking of chicken,
etc.), freezing, drying (e.g. drying potato chips), freeze drying
(vegetables, coffee). ALL of these are being accomplished now and
also are being studied and improved continuously. Nevertheless,
in the continued of each physical process as well as their inter-
relationships should be welcome.

An additional process enjoying increased application is that
of reverse osmosis for the purvose of concentratbting, dehydrating
juices, etc. The technical problems which occur in this connection
involve mass transfer rather than heat transfer, but are expected
to be within the scope of initerest of this report.



7. Agriculture

In a broad subject such as agriculture one can only hope to
highlight a few areas to illustrate the cpportunities which may
exist to wake a useful contribution by studying the heat and mass

transfer aspects.

The first general area concerns comfort and temperature contro
of animals in hot climates. Questions on which work hss hesn done
but which require more attention if quantitative answersz are re-
gquired include radiation coefficients of furs and feathers, analys
of thermal interchange between the animal and the varions parts
of its surroudings, methods of providing desirable temperature-
time cycles (there seems to be some information on such cycles for
imum growth of swine or cattle, maximum egg production of
ete. ).

Secondly, the prediction of temperature-time-depth relation-
ship in soils and an understanding of the factors influencing this
relationship could be valuable not onl; for the purposes of con-
trolling growth ratss, te: tilizer usage, etc.,
but also for controlling pest fﬂr ﬂ‘uerljning times for the
most effective use of insectici&esn

The third item to be mentiocned cro-meteorology
the predictiorn of atmospheric condi “nflueﬂCcd
by local conditions., This investigati ' i
boundary Yaye“ nesar the ground, i.e
distribution, stability criteria (4
it may cau zxng}, methods to des
roughness {as presented by various crops, mun_vu,
acti i

{ re
on with radiation, radiation and temperature distrib
ps, effect on fog formation, efa.

8. Fire prevention

Since the starting and spreading of fire is largely determined
by the temperature of the combustible mixture heat transfer plays
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a key role in the analysis of fires.

For outdoor fire (such as forest fires) more quantitative
understanding of the motion of the hot plume and the convective
and radiative transfer from this plume to combustible materisl.
The study of the effect of different ground geometries and dif-
fierent terrains is a part of such a study as is the prediction
of the radiation characteristics of the plumes.

One of the problems concerning indoor fire is the heat tran
mechanisms ingide a typical room; what is the role of convecti
radiation; where are the places in which the temperature is 1i
to reach the ignition limits first, what is the influence of the
geometry, the radiation characteristics of the wall, etc. A fur
area of study concernc the effect of fires on building materials
the mechanism of weakening, and the ways to prevent such damage.

e
C
D O

Detail investigations of combusiion processes and the ro
preb ating in this process also remain of importance. A part
larly interesting problem concerns the effect of moisture

2L

porous medium. The moisture ordir
ducing the tendency of the mater
hand, if the heating rate is sud

iex a ap
instead of coming out of the material toward the heat source is
driven into the medium the effect changes. The vapor will then
condense far inside the material i) struct

around it making it more vulneral

a better uﬂde_ standing of burning id fu
es are needed of the process of decom;osition of the com-
ib 1 ¥ movement of the

vle material, the heat transport by the
- vapor, and the conduction through the rem@*n‘ng solid.
disgn of better fire resistant materials mJg%t be one of the

1sfer
d

ther

?

possible results which might come from such a better understanding.



Soms Observations

In reviewing the wealth of material obtained from the many
is in the field of heat transfer a few genral observations

zxperis
seem to appear on which it may be worthwhile fo comment.

1. There are two areas - those of aero-space and nuclear power -
for which a precise understanding of fluid mechanics and heat
transfer are essential for any kind of satisfactory opsration.

It is quite understandable, therefore, that an extensivs amount of
research has been corducted in these two areas, in universities,
in industry and in government labor atories. The work 3
the fact that the aero-space and nuclear power development
recognized as national needs and supported to a signili
n &

by government scurces. As can be seen from the comms
main part of the report, many research problems remai
2d but one would sxpect that these problems are Mell

of the research workers and that solutions are contin

sought,

2, The history and the present status is
equipment as heal exchangers, condensers,
used in the power and chemical industry.
very satisfactory eguipment was devised severs ;
improvements since then have been gradual but ut no
need suf”*”“entJ
the involvemer

1t T ez

vuia be in

1 r reration may b%
prising if those charged with the
would find some of the re h work
nded d tals
hiler

SCCUTATS
the sguipmen® ,
problems and real ingeauity to
time produce informstion which

a° g

140 e
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3. There are several areas to which the heat transfer engineer
has paid only cursory attention but which may well stimulate some
of the most exciting and rewarding research and development. These
include the areas of biotechnology, agriculture, food processing,
fire prevention, as well as certain manufacturing processes.

These problems do offer great opportunities, but a word of caution
may also be in order. These disciplines have existed before the
arrival of the heat transfer experts, and scobering as the thought
may be, significant progress has been made in spite of this. It
therefore behooves those who wish to work in these fields to
acquaint themselves thoroughly with all aspects of the problem

to be solved before formulating their own research plans.
Otherwise the work may add to the confusion rather than to the
solution. :

4. Because of technological trends, interest in the study of a
variety of non-Newtonian fluids may develop. To mske any progress
in this field particularly well planned experiments and well posed
problems have to be formulated. Eventually the role of non-
Newtonian fluids in fluid mechanics may well be analogous to that
of non-linear systems in solid mechanics.

5. An enormous amount of research and development has been con-
ducted over the past years and the work is continuing at a rapid
pace. A large portion of it has been conducted with aerospace or
nuclear applications in mind but the results could well be relevant
to problems in many other fields. The amount of information that
has been published is very large; the quality varies; some results
are contradictory; some of it is difficult to interpret; experi-
mental conditions are not always clearly pointed out - as a result
much potentially useful information is lost and unavailable to the
designer. For this reason - and this has been stressed by several
contributors - there is a great need for careful and critical
evaluation of the results in the several fields and the periodic
publication of authoritative surveys presenting the current state
of knowledge and art in as clear a form as possible. Forty or
fifty years ago textbooks often fulfilled this need - Stodola's
work on Steam and Gas Turbines probably being one of the outstand-
ing examples. For several reasons, textbooks only very rarely
fulfill this role at present. Some books usually designated by
such titles as "Advances in...", come the closest to rendering
this service but usually are meant for the information of other
research workers rather than for the designer. Just how the pro-
posed evaluation and survey is to be done is not clear - but the
need certainly exists and the service of making the best research
information available to our technology in an efficient way should
be rated highly.
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