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Abstract

Continuous temperature measurement of molten steel in ne\\' as well as

cxisting steelmaking processes is not always feasible \\·ith current tedmology,

Howe\'er, it is a well known iact that molten steel temperature, especially

during the continuous casting operation, can have a profound effect on the

quality of the prodiJ.ct. A knowleci.ge of the instantaneous steel temperature in

the tundish can sen'e as a valuable tool in the quest for bl:'tter quality. With

t hl' implementation of statistical proœss control teclmiques such occurrences

as hrcakouts, tundish freeze up or the nuclcation of an extensiye area of

collllnnar grains in the cast section can be reduced.

Ho\yever, conventional thermocouples cannot withstand the severe cor

rosion around the slag Hne for a sustained period of time. Even though the

sensing \Vires that comprise the hot junction can, if well protected, be used

for long periods of time without serious deterioration, a suitable refractoI')'

CO\'l'r or sleeve must be applied to the thermocouple prior to using it.

For the present work, two methods for continuously measuring melt tem

pcrature \Vere developed. One of these relies on deducing melt temperature

\Vhile the other is based on providing a cooled sleeve for the thermo.couple to

minimize slag Hne corrosion. The first technique involves the use of multi

ple thermocouples embedded in a refractory section at various displacements.

\"hen the rcfract.ory is contacted by the melt, transient heat transfer is ini

tiated t.hrough the sect.ion. By analyzing this transient behaviour with a

suitable heat transf!)r model, it is possible to infer the temperature of the



1
md t..-\ mathematicalmodel that adequately <1escri1>es this pl"< H'l'SS lI"s 1>t'l'U

<1e\"(,]ol'c<1 and tested,

An alternative approach that was developed uses heat pipe tcc1mology

to l'l'l'vent the corrosion of the thermocouple probe through solidification of

slag onto thi' heat pipe which can serve as a protector of the probe. Hcat

pipes are dev:.~es capable of trausferring large quantities of heat with very

small temperature differences. Advantages of the heat pipe when used a~ a

heat transmission device are constructional simplicity, f1exibility. high heat

transport capability, and no need for external pumping device. The heat pipe

consists of a closed evacuated tube, porous wicking materia1. ami workillg

f1uid. Heating one part of the external surface leads to evap0l'atioll of thl'

working f1uid and the establishment of a pressure gradient withill the heat

pipe. The resulting pressure difference drives the vapor from the evaporator

to the condenser where the pressure and temperature are slightly lower. The

effective conductance of the heat pipe can be several orders of magnitude

higher than that of an equivalent solid coppel' bar. In the second part of

this thesis, the feasibility of illcorporating heat pipe technology to solidify

and maintain a thin layer of slag on the heat pipe while it is 1n operation is

presented.

ü
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Résumé

Avec la technologie courante, il n'est pas toujours faisable de mesurer

en continu, la température de l'acier liquide dans les procédés sidérurgiques.

Par contre, il est bien connu que la température de l'acier liquide peut avoir

un effet significatif sur la qualité du produit fini, particulièrement pendant

les opérations de coulée continue. La connaissance de la température instan

t.anée de l'acier dans un séparateur peut devenir :m outil très utile dans la

c!\Il;te d'tille meilleurs qualité. La fréquence de certains problèmes tels que les

bris, les solidifications de métal dans le séparateur ou la formation de grains

en colonne sur des surfaces étendues, peut être réduite par l'utilisation de

t.echniques statistiques de controle de procédé.

Cependant, les thermocouples conventionnels ne peuvent être maintenus

dmls les conditions sévères de corrosion autour de la couche de laitier. Bien

que, s'ils sont bip.Il protégés, les deux fils qui forment la jonction peuvent sup

porter une longue exposition sans détérioration sérieuse, une gaine de matériel

réfractaire approprié doit être installée avant l'utilisation du thermocouple.

Dans le cadre de cette étude, dewc méthodes ont été développé pour

mesurer en continu la température du métal liquide. L'une de celle-ci est

basée sur la déduction de la température du métal tandis que l'autre fournie

une gaine de refroidissement. au thermocouple afin de minimiser la con'osion

<lue au laitier. Une première technique fait appel à un système de thermocou

ples. encastrés à différentes profondeurs dans un bloc de matériel réfractaire.

Quand le métal liquide touche le bloc, un transient de transfert de chaleur

Hi
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l'st '"llorcé à tran~rs le bloc. A raide d'un modèl,' "Pl'r"l'ri,: d,' t ransf"rt

dt" ch:dt"ur. il est possible de déterminer la température du Ill,··tal 1i'lllid,' par

l'analyse de ce transient. Un modèle mathématique Gui décrit ad':'luatelllcnt

ce procédé a été développé et testé.

Une seconde approche utilise la technologie des caloduques pour prévenir

la corrosion du thermocouple par la solidification d'une couche de laitier sur le

caloduque. Les caloduques sont des objets capable de transférer d'importante

quantité de chaleur avec de très faible gradient de température. Lorsqlle utilisé

pOlir transmettre la chaleur, les m'alltages des caloduqlles sont: simplicité

de construction, flexibilité, haute capacité de transfert. de chale'.tr. ct pas

d'appareil de pompage externe. Le caloduque consiste en IIU tUY"-1I fermé

salis vide, d'une mèche en matériau poreux et d'un fluide. Challffer une des

parties extérieures provoque l'évaporation du fluide et un gradient d~ pression

à l'intérieur du caloduque. La différence de pression résultante déplace les

vapeurs .de l'évaporateur vers le condenseur où la pression et la température

sont légèrement plus basses. La conductivité du caloduqlle peut être plus

élevée que celle d'une barre de cuivre équivalente par plusieurs ordres de

grandeur. La technologie des caloduques peut être utilisée pour solidifier et

maintenir solide une mince couche de laitier sur un caloduCjllc, il partir des

caractéristiques de ce dernier. Une étude de faisabilité de cette application

est présentée dans la seconde partie.

jv
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Chapter 1

Introduction

III the past decades, the tonnage and percentage of continuously cast steel has

ilIel'mscd dramatically. This trend will continue because the adnmtages of

cOlltiuuous casting over ingot casting are widely recognized as higher yields,

higher production rates, and superior surface and internai quality. The end

product of the continuous casting process is a semi-finished shape thus elimi

natillg the primary rolling stage required in the ingot casting process. In the

continuous casting process, molten steel is carried by a ladle and teemeel into

a t IIndish which, in turn, feeds molten steel 1.0 one or sever,ù \Vatel' cooleel

coppel' molels. A thin soliel skin of steel (5 1.0 20 mm thick) is formed. The

soliclifieel steel shell containing a molten core passes through a water spray

zone 1.0 completely solidify the section which is then eut 1.0 size.

The tundish performs several important functions including:

- distribution of steel between strands,

- separation of non-metallic inclusions,

- control of casting speed,

- acts as a buffer during ladle changes.

1
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:'I01"('o\·cr. the currcnt trcnd is to expand the 1'01(' of the tuudish aud US(' it as

a coutinuous rcaction \'csscl for carryillg out various ll\etalll1l'~icalt rl'atllll'Ilts

il'c1uding[1]:

- deoxidation adjustment,

- allo)' trirnming,

- desulfurization,

- non-metallic inclusion control,

- gra:n size control.

Thus. the tundish in the continuous casting operation has hecollll' a \'it/cl

component whose l'ole is complicated by the added tasks il. is re(luired to

perform.

The solidified product from a continuous casting machinc can be char

acterized by a number of pal.'ameters one of which is microstructure. The

microstructure of the casting depends on man)' variables, howcvcr it is a

well known fact that molten steel temperature, especially duriug the con

tinuous casting operation, can have a profound effect on the tluality of the

proe!uct[2, 3, 4, 5, 6]. A number of techniques such as radioactivc tracer

ae!ditions[ï], sulphur prints, and micro-etching techniques have been usee! to

study the microstructure of continuousl)' cast steel. In general, the cast struc

ture consists of three zones as is also the case in ingot casting. These arc:

- a chilled zone near the strand surface r l11sistiug of fiue equiaxcd

crystals that forms high in the mould

- a columnar zone in which dendrites extend inware! from thc chilled

zone perpendicular to the strand surface

2



- a central e'luiaxed region consisting of rallllomly oricnted dendrites.

The internai structure of the casting can be characterized by the relatiye

size of the columnar and the equiaxed zones. The sizes of these areas can be

nscd to figure out the internai quality of the product. The colunmar zone

is more susceptible to cracking than the equia"l:ed zones, moreoyer, a long

colunmar zone increases centerline segregation and porosity. It is to be noted

that the relative size of the equiaxed and columnar zones depends on variables

snch as casting temperature, machine design, flow conditions in the liquid pool

aJl(1 steel chemistry.

Em,,~ls of steel temperature

\Y. ln·ing and A. Perkins[2] showed that the solidification rate is independent

of casting speed for a constant spray water flow. They showed with a mathe

matical model of the caster that e"en doubling the spray water produces only

a small increase in solidification rate, because the rate of heat extraction is

limited mainly by the thermal conductivity of the steel and the surface con

dition of the shell. Thus, the width of the columnar and equiaxed zones are

only marginally influenced by casting speed and spray cooling water; however,

liquid st.eel superheat has a dominant effect.

K. Takeo and H. Iwata[3] and H. Iwata et al.[4] studied the effect of

t.undish superheat on the size of the equiaxed zone in a 0.8 % carbon steel

cont.inuously cast. into 110 mm square billet~ at a casting speed of 2.4 rn/min.

Eyen t hough there is considerable scatter in their data, it. is clear that in

creasing the tmidish superheat decreases the size of the equiaxed zone. Low

snperheat. proyides a large number of nuclei for equia.xed crystals and resultl'
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the temperature ,,"as increased. Taken together. sulphur spots ami oxygl'n

content proyide a measure of the occurrence of Ilonmetallic inclusions. \\llen

superheat ,,"as increased from 20 oC to 38 oC, large inclusions were reduced by

an average of 36 % and the o:l..-ygen content by about 60 %. Abo and Arai[ll]

also showed that the defect index was decreased as the steel temperature

in the tundish was increased for the continuous casting of slabs of type 304

stainless steel.

Cracks

One of the problems that arises in the cuntinuous casting of steel is the for

mation of cracks. Many types of crack formations are due to the nature of

the continuous casting process itself. Continuous casting extracts heat at a

remarkable rate with the combination of mould, spray and radiant cooling.

This rapid cooling results in steep temperature gradients in the steel shell and

gC::'PIates thermal stresses when the shell expands or contracts. Cracks will

form in the she11 ",hen the tensile strain exceeds the local strain to fracture

of the steel.

Cracks can be divided into surface and internal cracks. Surface cracks

are oxidized by air and are not rewelded during r:.lIing. Generally these

cause more problems than internal cracks. Internal cracks are less suscep·

tible to oxidation, however, they can caus" quality problems too. Internal

cracks round between the center and the surface of the cast section are com·

monly called halfway cracks, radial cracks or ghost Hnes. Many investigators

[12, 13, 14, 15, 16] have reported that the factors contributing to the for·

mation of halfway cracks are excessive secondary cooling and a high casting

temperature. In addition, the chemistry of the steel is also responsible for

5



crack formation.

Excessive spray cooling is the main factor in the formation of midway

cracks because it causes reheating of the surface after passing the spray zone

and provides the driving force for craeking[12]. Reheating causes the surface

to expand which results in a tensile strain in the interior region. High casting

temperature also has an e1fect on the formation of midw3.Y cracks because

it affects the cast structure. High steel temperature promotes the formation

of a larger columnar zone. Midway cracks can be formed much more easily

between the dendrites in the columnar zone which run perpendicular to the

tcnsilc stress than in the equia"Ced zone. The occurrence of midway cracks

can bc diminished by the minimization of internaI tensile strains. This can

hc accomplished by careful design of the spray system, improvement of the

high temperature mechanical properties of steel, and minimal superheat.

Segregation

Centerline segregation is one of the serious quality problems during contin

uous casting that is a result of solute rejeetion of elements such as C, P, S,

and Mn having a distribution coefficient less than one at the solidification

front.. Segregation of solute elements occurs on both micro and macro scales.

l\'licro-segregation results from the freezing of solute enriched liquid between

dendrites and does not cause major problems because it can be removed by

annealing. Macro-segregatioI: occurs on a large scale and can be observed in

the central region of continuously cast section by radioactive tracer addition,

sulphur prints, or micro-etching techniques. Macro-segregation is caused by

mass movement of the solute enriched liquid away from the solidification front

produced by[17]
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(a) convectional forces due to differences in solute conccntration and

temperature in the liqu.id,

(b) motion of the liquid steel when poured into the mould and,

(c) gravitational forces on crystals growing in the liquid steel.

Macro-segregation is affected by the physical properties of the alloy com

ponent, convection in the liquid and solidification structure[18, 19]. The e:\':

tent of centerline segregation and porosity is related to the cast structure;

the severity of segregation and porosity increases as the columnar zone length

increases or, correspondingly, the equia"'l:ed zone width decreases. Therefore,

variables such as superheat, section size and shape, chemistry, casting speed,

and fluid flow ail of which are known to affect cast structure, also produce

changes in the degree of centerline segregation and porosity.

As e:x.-plained earlier steel superheat has a predominant effect on the

cast structure. By increasing superheat, the width of the central equia"'l:ed

zone decreases, and correspondinl;,ly the degree of centerline segregation and

porosity increases. H. Iwata et al.[4] showed that the degree of centerline

segregation was increased with increasing casting temperature especially for

S, P and C in this order. In the case of Mn, segregation was negligible. From

their investigation into the occurrence of core segregation as related to casting

temperature, they concluded that 15 oC or less above the liquidus is the idea1

casting temperature for minimizing harmful segregation. W. Irving and A.

Perkins[20] stuci.ted the variations of the equia"'l:ed ...one for increa~es in Mn

and S over nominal composition of 1524 x 178 mm slabs of X60 line pipe

grade(O.2 % C). Segregation of sulphur was found to be more sensitive to
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î!lcreased tundish superheat than that of manganese. Increase in S compared

with !laminai composition was over 50 % while that of 11'1n was 10 % when

the superheat was 20 oC.

• Section size also affects the width of the central equiaxed zone and degree

of segregation. R. J. Gray et al.[B] showed that the absolute width of central

segregation increases as the cross section increases, but the relative size of the

segregated zone decreases. Thus, from the quality viewpoint it is desirable to

cast. a large section size to decrease the relative length of the columnar zone.

A casting of large section size requires longer solidification time which allows

for the removal of superheat in the liquid core long before solidification is

complete. From an energy and cost consideration, it is more beneficial to cast

with minimum section size with satisfactory quality. The shape of the cross

section of the casting also affects the width of the central equia"<ed zone and

segregation. A rectangular section will have less segregation than a square

one even though the central equiaxed zone is smaller[21].

Casting speed also influences structure because higher speeds result in

an increase in pool depth. The longer pool produced by increased casting

speed is more prone to bridging and generally there is an increase in central

pipe formation and segregation[22]. Increasing the casting speed reduces the

residence time in the mould, thereby decreasing the solidification rate. This

will result in an increase in the time required for the dissipation of the super

hcat. a dela)' in the nucIeation and growth of equia"<ed crystals, an increase

in the size of the columnar zone[23] and an increase in the extent of axial

segregation. The optimum casting speed will depend on the efficiency of heat
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1 extraction from the solidifying metal. This will be affcctcd by the tundish

superhcat, casting cross section, extent of secondary coolillg. and steel com

position. A limiting factor for casting speed is the solid sheIl thickness below

the mould because this shell must be sufficient to prevent break-outs. The

rate of heat transfer through the mould is a minimum for low carbon st.eel,

i.e. 0.1% C, and increases with carbon content to 0.25% at which composi

tioa it remains essentially constan,t[24]. This is the primary reason for the

increased columnar zone and associated axial segregation exhibited by 0.1%

C steel when compared with medium carbon steel[21]. Thus, optimum cast

ing speeds should be determined to fit each steel composition and operating

condition.

Steel carbon content is another variable that influences centerline seg

regation [4, 21, 25, 26]. Axial segregation causes quality problems in the

production of continuously cast high carbon steels which are subsequenUy

hot roIled and drawn into rod or wire products. This is especially true in

high carbon steels, where segregation of carbon along the ccnter1inc of billets

easily exceeds the eutectoid point thus causing the precipitation of cementite

networks. This, together with the segregation of other elements or impurities

and coupled with the existence of shrinkage cavities and centerline porosity,

reduces the ductility of the mat~rial. It is weIl known that intense segrega

tion can result in the deterioration of drawability and mechanical properties

of steel wires. In wire production, defects such as segregation or shrinkage

cavities along the axis of rod may cause numerous problems during cold draw

ing and cau adversely affect the quality of the final products. If the illtensity

of the defects is comparatively small the tensile strength of the wire is not
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influenced, but the c1ongation and the reduction of area are decreased and

the wire does not give the normal fracture surface of cup and cone shape.

For samples with intense defects, the fracture surface showed typical cuppy

shape[4], which is characteristic of a small reduction in fracture area. With

such defects, toughness and tensile strength deteriorate. More intense defects

cause the breaking of wires during the drawing or stranding process. Much

research has been carried out on the continuous casting of small sections to

find the influence of cabting condition on the solidification structure or defects

of the center part of billets. As for centerline segregation, one of the conclu

sions is that segregation is less in a billet with a large homogeneous equiaxed

zone.

Haida et al. [27, 28] correlated the frequency of Hydrogen Induced Crack

ing(HIC) to the degree of semi-macro segregation. Hydrogen induced crack is

initiated at an elongated manganese sulphide inclusion and propagates along

the band structure. Centerline segregation enhances the occurrence uf HIC

because the positive segregation of manganese and sulphur accelerates the

precipitation of manganese sulphide and the positive segregation of phospho

rus and manganese causes the band structure. It was found that the better

anti-HIC property of plates was achieved by having a lower degree of segre

gation in the slab. This improved anti-HIC property of plates was achieved

by lowering the bulk concentration of phosphorous from 0.01 to 0.005% for

slabs heat treated at 1250 oC for 16 hours.

Mixing in the liquid pool is achieved by the input stream or by external

means such as electromagnetic stirring(EMS). EMS is one of the most im-
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portant advances to control the internal structure of continuously cast steel.

Colulllnar growth is decreased and equia.\:ed crystallizatioll prOlllOtt'd by rt'

ducing the temperature gradient ahead of the solid/liquid interface with the

application of EMS[4, 19, 29, 30, 31, 32]. An investigation çonducted by

H. Iwata[4] showed the effectiveness of EMS in reducing axial segregation in

high carbon steel billets. EMS was very effective in reducing the extent of

the colurnnar zone as weIl as segregation, especially al. high superheats, but

EMS showed little effect at low superheats. When there is no electromagnetic

stin-ing axial segregation is reduced significantly as the superheat is lowered.

The molten steel should have sufficient superheat to allow casy flow of

the steel from the beginning to the end of casting. Temperature of the steel in

the tundish varies with time and position. Il. is typical that the telllperature in

the tundish at the beginning of the casting is relatively low due to the chilling

effect of the tundish. With time it recovers to its normal temperature and

remains relatively constant, however steel temperature drops toward the end

of the casting. To decrease the temperature fluctuation at the beginning of

the cast, at the end of the cast, and during ladle changes in sequence casting,

a rapid heating system is ernployed at several plants in the world. Y. Habu

et al.[10] showed that a temperature drop of 10-20 oC under normal casting

conditions could be decreased to 0-5 oC when the tundish heating system

was used. V'lhen steel of excessive superheat is poured in the tundish, il. can

be coded by the addition of scrap even though this is not an ideal way to

control steel temperature. In such cases casting speed should be dccreased by

reducing tbe tundish level to reduce the chance of breakout.
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As mentioned previously, product quality is affected by the superheat of

the melt. If the superheat is too high, it willlower the quality of the product

and casting speed should be reduced to decrease the risk of breakout. If the

sllperheat of the steel in the tundish becomes too low during casting, it may

cause nozzle freeze-off. The physical properties of steel around its melting

point limit the escape of inclusions. Thus an optimum tundish superheat is

one that tends to minimize chemical segregation and the.occurrence of inclu

sions in the product yet avoids freezing-off problems. The general conclusion

of workers investigating continuous casting of high carbon steel is that the

optimum degree of superheat in practice is between 10-15 °C[3]. Therefore,

il kllowledge of the instantaneous steel temperature in the tundish can serve

as a valuable tool in the quest for better quality. With the implementation of

statistical process control techniques such occurrences as breakouts, tundish

freeze up or the nucleation of an extensive area of columnar grains in the cast·

section can be reduced.

Reoxidation of the molten steel increases the total oll:ygen content of the

steel and is caused by several factors including:

- direct oxidation of both the stream as it falls through the air and

the liquid metal surface

- oxidation of the metal in the pool by air entrained by the plunging

stream

. chemical interaction of the steel with solid phases such as the refrac

tory

To resolve one of the probJems mentioned above the contact between the

metal and air should bl;; minimized. In the tundish, this can be done by
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adding artificial slag on the top surface.

Even though continuous tundish temperature can be valuable for im

proved quality control, continuous temperature measurement of molten steel

in new as weil as existing steelmaking processes is not a simple task with

current technology. Conventional immersion type thermocouples are simply

not resistant for sustained periods of time under corrosive slag conditions.

Even though the sensing wires that comprise the hot junction can, if well

protected, be used for long periods of time without serious deterioration, a

suitable refractoI)' cover or sleeve must be &pplied to the thermocouple prior

to using it. In this study, two possible techniques for achieving contiuuous

steel temperature measurements are developed. Both are cousidered to be

novel approaches for the proposed application. Brief descriptions follow.

• The first technique involves the use of multiple thermocouples embed

ded in a test brick at varying displacements. When the test brick is

contacted by hot media, transient heat transfer is initiated through the

section. By analyzing this transient behaviour with a suitable heat trans

fer model (inverse heat conduction approach), it is possible to iufer the

bath temperature. Two mathematical models that adequately describe

this process have been developed and tested. Mathematical formulations

of both models are presented in the following chapter.

• An alternative approach is the use of a self cooliug sleevc callcd a heat

pipe to protect conventional immersion type thermocouples. Instead of

using protective materials for the thermocouple, an annulus type heat
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pipe can be placed around the thermocouple. The main purpose for using

a hcat pipe is to make and maintain a thin solid crust around th~ heat

pipe wlùle it is in operation. Tlùs solid crust having the same chemical

composition as the slag can protect the thermocouple from corrosion that

normally occurs around the slag line. The characteristics of such a heat

pipe have been studied and will be discussed in subsequent chapters of

this thesis.
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Chapter 2

Inverse Heat Conduction
Approach

2.1 Introduction

If the heat flux or temperature at the boundary is known, then the tempera

ture distribution in a region can be calculated and this can be termed a direct

problem. In inverse problems, the surface heat flux and temperature can be

determined from the interior temperature at one or more locations. This

method can be used to estimate heat flux and temperature histories when it

is difficult to place a sensor on the boundary, or when the accuracy of the

measurement can be deteriorated by the presence of the sensor.

A typical example is the estimation of surface heat transfer of the reentry

vehicle from space with measurements taken within the skin of the vehicle.

Some work has been directed toward application to the space program by

Blackweil[33], Imber[34, 35, 36], and Mulholland[37, 38]. Some other applica

tions published for inverse heat conduction problems(IHCP) include periodic

heating in combustion chambers of internai combustion engines[39], solidifi

cation of glass[40], and indirect calorimetry for lab use[41]. The inverse heat
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COllùuction mcthoù can be used to determine the heat transfe!' coefficient[42]

allC! tllCrmophysical properties of materials[43]. One of the earliest papers on

the inverse heat conduction problem was presented by Stolz [44] in 1960 and

dealt with the calculation of heat transfer rates during quenching of bodies of

simple shape. ln his paper exact matching of the experimental and calculated

temperatures was used. Thus Stolz's method is restricted to large time steps.

J. V. Beck developed basic concepts of IHCP[45, 46, 47, 48, 49]. He changed

Stolz's method by using future temperature in addition to past and present

t,emperatures. The least squares technique was utilized to minimize t.he error

between the calculated and measured temperatures. The addition of the fu

ture temperature increases the stability to the computational procedure and

thus perrnits use of smaller time steps.

In order to be well-posed mathematica11y, a solution should erist, unique,

and be continuously dependent on the data or equivalently, be stable. The

inverse heat conduction problem is known to be an ill.posed problem math

ematical1y because the solution is not stable. The inverse heat conduction

p!'oblem is shown to be ill-posed by Beck[50] and Tikhonov[51].

Due to the diffusive nature of heat fiow, changes in surface condition

are damped in the interior. Thus, in IHCP, small errors in the measured

internal temperatures are magnified at the surface and can cause oscillation in

calculated surface conditions. As the distance between the surface and sensor

locations increases these oscillations increase. By using a large time step or

a 10w-order Iinear model, stability of the finite difference and finite element

techniques can be improved even though the resolving power is degraded.

Numerous methods have been presented to reduce the sensitivity to
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mcasurement errors. The methods for solying inycrse hcat cOlllluction can

hc classified in seycral ways. T'Vo basic algorithms arc function spccificat.ion

and regularization methods. Methods for solying the conduction equation

can be used to classify the IHCP and include the use of finite differences,

finite elements and finite control volumes. IHCP is also classified by the time

domain utilized. Three time domains have been proposed: only to the present

time, to the present time plus a few future time steps, and the complete

time domai'l. J. V. Beck gave sorne criteria for comparison between many

methods[49] and sorne methodology for comparison of inverse heat conduction

methods[52].

In the function specification method, a functional form for the unknown

heat flux is assumed. The functional form contain~ a number of unknown

parameters that are estimated by the least squares. A number of authors

have used the function specification method[46, 48,53, 54, 55]. Regulariza

tion method is a procedure which modifies the least squares approach by

adding factors that are intended to reduce the fluctuation in the unknown

functions such as surface heat flux. The regularization method has a number

of forms and has been studied by many researchers including Tikhonov and

Arsenin[51], Alifanov[56, 57], Bell[58, 59], and Beck and Murio[60].

2.2 I-D Rectangular Model

2.2.1 Mathematical Model

In the present study, a method cal1ed exact matching of data[SO] was adopted.

If one considers a temperature sensor located in the interior of an object, then

the value of heat flux that forces a matching of the computed temperature at
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• tlle location of the sensor with the measured temperature can be calculated.

This approach is simple in concept and development, but the disadvantage is

that it produces oscillations in the calculated heat flux if a relativel)' small

time step is used. The mode! is based on the finite difference formulation of

Fourier's heat conduction equation.

(A) Internai node i

For heat conduction the heat transfer process equation is known as

Fourier's law. For a one dimensional plane wall having a temperature dis

t.ribution T(x), Fourier's equation is Cl..-pressed as

.U k dT
q =-'dXn

(2.1)

where X n is a coordinate direction and q" is the conduction heat trlUlsfer flux

per unit area and unit time (W/m2 ).

For the rectangular coordinate system(x, y, z) the heat conduction equa

tion is

(2.2)

where T = T(x, y, z, t) and q'" is rate of energy generation per unit volume.

From Eq. (2.2) the one dimensional heat conduction equation without an

internai heat source can he written as

(2.3)
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Exact solutions of Eq. (2.3) with appropriate boundary conditions are

normally difficult to arrive at - thus numerical techniques will Le IlSetl. The

first step in establishing a finite difference procedure for solving a partial

differential equation is to replace the continuous problem domain by a finite

difference mesh or grid as shown in Figure 2.l.

The idea of a finite difference representation for a derivative can be

introduced by the definition of the derivative for the function T(x) at x = X o

eT = lim T(xo+ box) - T(xo)
8x ~%-o box

%=%0

(2.4)

If T(x) is continuous, (T(xo+ box) - T(xo))/box will be a rcasona[,[c approx

imation to eT/8x for a sufficient1y small but finite box.

The difference approximation can also be C'btained using the Taylor

series expansion. Let T(x) be a function that can be expanded in Taylor

series, the series e>.."pansion of the function T(xo+ box) is given as

where the last terrn can be terrned the remainder. Wc can get the furward

difference by rearranging Eq. (2.5) such that
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Figure 2.1: Schematic distribution of nodal points in I-D section.
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aT _ T(xo + ~x} - T(xo } a2 T (~;z.)

ax ----0 - ~x - -a-x-2 -2!- - ...
<6- ... Z=Zo

After switching the notation, Eq. (2.6) can be written as

eT T.-+I - T.-lIT t·a = ~ + runca Ion error
x i X

(2.6)

(2.7)

The truncation error is the error between the derivative and its finite difference

representation. The limit of truncation error can be characterized by using

the order of (0) notation such as

eT = 11+1 - Ti + O(~x}
ax i ~x

(2.8)

O(~x) means Itruncation errorl :5 J( I~xl for ~x -> 0 (sufficiently small L\x)

where J( is a positive real constant.

Taylor-series expansion of T(x) at x =X o - L\x can be written as

The bac1.:ward difference can be obtained from Eq. (2.9) and using the same

notation as Eq. (2.7) such that
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eT '1· = T; - Ti - 1 + O(~x)
ex i ~x

(2.10)

By subtracting Eq. (2.9) from Eq. (2.5) and rearranging, the central difference

can be obtained

eT = T;+! - Ti - 1 O(~)2
ex 2~x + x (2.11)

(2.12)

c

\Vc note that forward and bacl,.-ward differences are accurate to the order

of (~x) whereas the central-difference e>.."pansion is accurate to the order of

(~X)2. We can add Eq. (2.9) and Eq. (2.5) to arrive at an approximation to

the second derivative. Thus

82T = TH1 - 2T; + Ti-l O( A )2
8x2 i (~x)2 + '->ox

To obtain a series of the finite difference fonn of Eq. (2.3), space(i.e.

x) and timeli.e. t) domains are divided into small steps of ~x and ~t size

respectively as shown in Figure 2.2. Thus,

x - (i - 1)~x

t - n~t

for i = 2,3, ... , m - 1
for n = 0,1,2, ...

The second derivative of temperature with respect to x at position i and at

t.ime (11 + 1)~t can be written as

82T "".+1 2"""+1 + "".+1
__ "" ..I.i+l - ..I.i ..I.i_l

8x2 i,n+! - (~x)2
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Figure 2.2: Subdivision of the z·t domain into intervals Âz and Ât for finite difference
representation of the one dimensional time-dependent heat conduction equation.
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The first derivative of temperature with respect to the time variable t at

position i and at time (n + l).6.t is represented in finite difference fonu using

the backward difference expression as

(2.14)

,(."
.'
". .

By incorporating Eqs. (2.13) and (2.14) ir.to Eq. (2.3), the finite difference

formulation of the one-dimensional time-dependent heat conduction equation

is giveu by

(2.15)

This equation represents a formulation of the implicit finite difference scheme.

Solution of Ti+1 for i = 2,3, ... , m - 1 at the (n+l)th time step requires

that a set of simultaneous algebraic equations be solved. An alternative to

the implicit scheme is the e>..-plicit formulation whereby as the name implies,

T!'+l can be obtained from one equation explicitly without having to solve

simultaneously a series of equations. Moreover it requires that certain stability

criteria be satisfied. The advantage of the implicit scheme is that it is stable

for ail time steps At. It has the first-order accuracy with a truncation error

of 0 [At, (AxP].

After rearranging Eq. (2.15) and substituting the notation given by Eq.

(2.1 i), the following expression is obtained

(...\ >-
(2.16)
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for 2 :::; i :::; m - 1 where

(Ji = Temperature of node i at time t

(Ji = Value of (Ji at t + t.t

M is called the Fourier number based on a time-space grid.

(B) Surface nodes m and 1

(2.1 ï)

For surface nodes, it is normally wiser especial1y if convection and/or

radiation are involved to consider the overall energy balance from which Eq.

(2.3) was derived. The energy balance for surface node m yields the expression

given by Eq. (2.18) with the convention that energy fiows from node m to node

1.

(
Rate of energy ) (Rate of energy )

into node m - out of node m

Rat f ( Rate of energy )
+ ( et °d ,energy

d
) = accumulated in

genera e 111 no e m dno e m

or

~.

." 4' .mv. C V. (J~I - (Jm
qin- - qm-m-I + qm m = Pm m m t.t

25

(2.18)



\\'iJere: Fm = Volume of node m

pm =Dcnsity of node m

Cm =Heat capacity of nocle m

em =Temperature of node m at time t

e:,. =Value of em at t + llt

llt = Iterative time increment

ci;~ = Heat flux into node m per unit area and time

ci::: = Rate of heat generation pel' unit volume in node m

From Fourier's law of heat conduction the heat flow rate can be approx-

illtated as

(:
Substituting Eq. (2.19) into Eq. (2.18) yields

'11 A k Ae:,. - e:"_1 _ C 'I .e:" - em
qin - m-m-I llx - pm m \ m llt

(2.19)

(2.20)

where Vm = A X llx/2. By dividing by PmCmVm / llt, Eq. (2.20) can be written

as follows assuming km _ m _ 1 =k, Pm =P and Cm =C.

q'(1 Allt
ln

pCVm
kAllt (e' e' ) e' epCV

m
llx m - m-I = m - m (2.21)

<.

Aftel' l'eal'l'angillg, substitution of Eq. (2.17) into Eq. (2.21) gives

~: qin - (1 + 2M)e:" + 2Me:"_1 = -em
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1 wherc qin = qi~1pc

Same energy balance can be applied to outcr surface I10de l to prol!uce

the expression given by Eq. (2.23)

Substitution of Eq. (2.17) into Eq. (2.23) gives the following

where q.ut = q~utlpC.

(2.23)

(2.24)

qin in Eq. (2.22) represents a modified form of the heat flux from the

bath to the test piece and can be written as

gin = p~(9'" - 9:") = H(9~ - 9:")

where: h = Heat transfer coefficient

p = Density of the test piece

C = Heat capacity of the test piece

9i. = Bath temperature at time t + tlt

9:" = Temperature of node m(wall) at time t + tlt

H = Constant (hlpC)

(2.25)

It is to be noted that the implicit finite differencc formulation \Vas

adopted for the present analysis. Two aetual thermocouple measurements

at known locations within the test piece are expressed mathcmatically as

follows
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c
ej = measured temperature at node j

ek= measured temperature at node k

(2.26)

(2.2ï)

By solving Eqs. (2.16), (2.22) and (2.24) with the above two equations,

unknmvn temperatures at each (m - 2) nodes, qin as weIl as qoul can be

computed. Assuming a 10 node system, 10 equations from Eqs. (2.16), (2.22)

and (2.24) and two actual thermocouple measurernents at nodes 8 and 9 can

he written in matrix form so that

AxX=B

where

(2.28)

A=

d 2M -NI
M d M

M d M
M d M

M d M
M d M

M d M
M d M

M d M
2M d NI

1
1

and where d = - (1 + 2M), NI = 2f:..t/f:..x and
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(J' (II1
(J' 1J22
(J' (J33
(J' (J44
(J' (JSS
(JI (JGx= G B=-(J; (J7
(J' (JSS
(J' (Jg9

(J~O (JlO

qin -ms

qoul -mg

(J;, ••• ,(J;o contain the temperatures of each of the nodes at timc t + .6.1.

(JI,"', (JIO represent the temperatures of the nodes at time t. 7l1~ and mg

represent measured temperatures at nodes 8 and 9 respectivel)'.

At the start of the analysis (Jb is measured with an immersion thermo

couple and input to the mode!. In this way H, a parameter lumping the heat

transfer coefficient of the system is evaluated with Eq. (2.25) and its value

used in subsequent analyses. Once H is known, the bath temperature, (Jb' is

computed by substituting (J:" and qin into Eq. (2.25). It is worth noting that

(J:" and qin are determined by solving the set of simultaneous equations as

given by Eq. (2.28).

Another section of the model is used to calculate thermal diffusivity(CI')

as a function of temperature. Rearranging Eq. (2.16) and substituting Eq.

(2.17) gives

(2.29)
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Thus. thermal diffusivity (a) as a function of temperature can be computed

[rom a knowledge of the three temperatures as measured by thermocouples

10cated at equal spacings in the test section. Upon substitution of these

readings into Eq. (2.29), a value for 0< was produced. This value was taken

ta represent the thermal diffusivity at an average temperature of ei. But it

should be noted that the basic assumption of deriving Eq. (2.29) is that the

heat transfer is in transient mode. Thus Eq. (2.29) is no longer valid at steady

state. In this way it was possible ta compute thermal diffusivity data for a

trallsient heat transfer system.

2.2.2 Experimental

Experiments with water

A schematic of the experimental apparatus appears in Figure 2.3. The test

tank was made of sheet metal and measured 20 x 30 x 30 cm. The front

side of the tank was replaced by a plexi-glass plate 2.1 cm in thickness. Three

type K thermocouples were located in the plexi-glass plate 0.42, 0.63 and 0.84

cm away from the interface between the plexi-glass and the water. A fourth

thermocouple was located in the tank to measure the bath temperature. A:

thermocouples were conneeted to a H.P. 3497A data acquisition/control unit.

The water in the return reservoir was heated. When the water reached its

boiling point, it was pumped up to the feed reservoir. Data acquisition was

started artel' the test tank was full.

Data acquisition was controlled by a HP 85A microcomputer. The mi

crocomputer pernùtted the storing of data onto a Hoppy disk and the subse

quent processing of data followed by plotting.

In another set of low temperature experiments, the test tank was changed
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Figure 2.3: Schematic of water model test apparatus.
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slightly such that the plexi-glass, in which thermocouples were embedded, was

placed on top of the water and supported by steel wire in order to test the

model with a different configuration. Plexi-glass plate measured 14 x 19 cm

and 2.1 cm in thickness. Three K type thermocouples were embedded in

the !Jlexi-glass plate 0.42, 0.63 and 0.84 cm away from the interface between

plexi-glass and hot water. The same procedure as adopted for the previous

series of experiments was followed to acquire temperature data.

Experiments with aluminum

In addition to the experiments involving water, a series of high temperature

laboratory experiments with molten aluminum were carried out. to test the

model at high temperatures. In another set of tests, the same mathematical

algorithm, as expressed by Eq. (2.29), was used to compute thermal diffusivity

data for refractory brick. As mentioned in the previous section, the heat fiow

in the test brick must be in transient mode to enable the calculation of thermal

diffusivity values using Eq. (2.29). In this case, transient heat transfer was

achieved by replacing the door of a Lindberg fumace with the test brick in

which three thermocouples were embedded. The test brick measured 11 x 11

cm and 6.4 cm in thickness. Three K-type thermocouples were located 0.5, 1

and 1.5 cm from the interface between the refractory brick and hot air. Ali

thermocouples were connected to a H.P. 3497A data acquisition/control unit.

Insulating brick pieces were put around the refractory brick to fit the fumace

opcning. 'iVhen the temperature of the furnace reached about 1200 oC the

flll'nace door was opened and replaced with the test brick assembly and data

acquisition was started. This procedure was necessary only once to obtain

thermal diffusivity data for the test specimen.
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A series of high temperature laboratory experiments wherein aluminmll

was melted in a stainless steel vessel measuring 25 x 19 x 13.5 cm wcrc al50

carried out. Insulating brick was added to the inside wall of the container to

make it l'eusable. The top of the container was left uncovered to allow the

aluminum to melt quickly. One of the steel walls was replaced with refractory

brick in which thermocouples were embedded. The refractory brick measured

12 x 13 x 6.4 cm. Insulating brick pieces were put around the test brick

to achieve I-D heat flow by preventing heat flow from the side wall. Three

type K thermocouples were placed in the refractory brick 0.5, 1.0 and 1.5 cm

from the interface between the refractory brick and the molten aluminum. A

thermocouple was insei't.ed in the molten aluminum bath through the brick

to monitor bath temperature. Once all the aluminum was fully molten, data

acquisition was started and controlled by the microcomputer. Same procedure

as previous experiments was followed to acquire the temperature data.

2.2.3 Results and Discussions

Calculation of thermal diffusivity

The thermal diffusivities(Q) of plexi-glass, 70 % alumina brick and magnesite

brick were computed using Eq. (2.29). The results for plexi-glass are shown

plotted in Figure 2.4. Figure 2.5 and Figure 2.6 present the results obtained

for the alumina and magnesite bricks. In all cases the thermal diffusivity is

presented as a function of temperature.

Individual values for the thermal diffusivity of ple.xi-glass \Vere obtained

from the readings of 3 thermocouples embedded in a plexi-glass shect that was

contacted by hot water. Upon substitution of these readings into Eq. (2.29),
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a \·alue for a \Vas produced. This value \Vas taken to represent the thermal

tliffusi\·ity at an average temperature of e;. In this \Vay it \Vas possible to

compute thermal diffusivity data for a transient heat transfer system. Sorne

of the properties of plexi-glass(polymethyl methacrylate) at 25 oC are listed

by D. Van Krevelen[61] as follows.

p =1170 kg/m3

Cp = 1380 J/kg oC

k =0.193 W/m oC

Thus the calculated thermal diffusivity(a = k/pCp ) of the ple.xi-glass given

the above properties is 1.19 x 10-7 m2 / s. A value of 1.14 x 10-7 m2 / s was

obtained by extrapolating the least square curve fitted Hne shown in Figure

2.4.

The same mathematical algorithm, as expressed by Eq. (2.29) was used

to compute thermal diffusivity data for refractory brick. Even though the fur

nace was set at 1200 oC, the maximum temperature reached in the refractory

brick at. node i was far lower thall that of the furnace. As the temperatu.e at

tailled its maximum value, heat transfer approached steady state behaviour.

Vllder this scenario it was no longer possible to compute a with Eq. (2.29).

For this reason the thermal diffusivity could ooly be calculated up to about

500 oC. Examination of the thermal diffusivity data presented in Figure 2.5

for the 70% alumina brick shows that at temperatures beyond about 400 oC,

the Ilatural logarithm of a appears to vary linearly with temperature and at

only a relatively 1l10dest rate. Figure 2.6 shows that the natural logarithm

of a for magnesite brick varies linearly with temperature beyond about 150

oC. These linear data were fit with the least squares method and the resulting
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Figure 2.4: Thermal dift'usivity (m2 / s) for plexi-glass plate.
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""lli'lions were used ta extrapolate values for Q: beyond the temperature range

t hat \\"as investigated.

Experiments with water

Test piece in vertical position

The low temperature water mode! described in the preceding section \Vas

tested extensive!y. Results showing actual measurements of bath temperature

compared to computed bath temperatures are presented in Figure 2.ï. As can

be seen in this figure, there are fluctuations in the calculated temperatures.

If a relativel)' small time step is used(e.g. 10 seconds in this case), then

oscillations are produced in the calculated values due to the nature of the

mep procedure. As the time step is increased to 20, 30, and 50 seconds, as

shown in Figures 2.8, 2.9, and 2.10, the amplitude of the oscillations in the

calculated values diminishes noticeably. However, if the time step is tao large,

the degree of resolution is lost in the analysis. A time increment of 30 seconds

was found to be an optimal value that produced an acceptable compromise

hetween oscillation and resolution. The computed bath temperature curves

showlI in Figures 2.ï to 2.10 were determined from Eq. (2.25) wherein H was

assumed to be constant and not a function of temperature. To access the

accuracy of each calculation using different time increments the error defined

by Eq. (2.30) has been introduced

E
~ (Tm.i - Tc.i)2

rror = LJ N
i=l

where: Tm.i = measured bath temperature

TC.i = calculated bath temperature

38
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N = total number of calculated data

As the time step is increased the error decreases as shawn in Table 2.1.

Table 2.1: Calculated error for water model experiment with vertical test piece for differelll
tl.t's.

llt Error

10 1.43
20 0.387
30 0.269
40 0.223
50 0.209

Howevel careful scrutiny of the results indicates that the model is overesti

mating H and thus underestimating the bath temperature. Ta find a more

appropriate value of the heat transfer coefficient, the effect of natural convec

tion which originates when a body force acts on a fluid in which there is a

del1sity gradient, should be taken into account. Ta find the factors affccting

the convective heat transfer coefficient, consider a laminar boundary layer

flow(Figure 2.11) which is driven by buoyancy forces originating from density

variations assuming the following

- Laminar flow, steady state,

- plate and fiuids are at constant temperature,

- boundary layt:. 1'Ssumption valid,
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1 - densit.y variations are important only in body force terIlI.

Continuity equation, energy equat.ion, and Navier-Stokes eqllalions for stemly

state, constant property and 2-D flow can be written as

âu âv
0-+- -âx ây

(âU âU) âp [â
2
u â

2
U]P u-+v- - - âx + Il âx2 + ây2 + pgzâx ây

(âV âV) âp [â
2
v â

2
11]p u-+v- - -a + Il â ' + â' + pgyâx ây y x- y-

(2.31 )

(2.32)

(2.33)

(
âT âT)

pCp u âx + v ây = (2.34)

where: U = velocity in x direction

v = velocity in y direction

p = fluid pressure

T = fluid temperature

Cp = heat capacity at constant pressure

9 = gravitational constant

k = thermal conductivity

Il = dynarnic viscosity

p = fluid density

From boundary la)'er analysis we know that

U;»V
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and

and Yu =0, gz = -g.

Thus Eqs. (2.31) - (2.34) can be simplified as

8u 8v
0-+- -8x 8y

(8U 8u) 8p 82u
P u-+v- - --+p.-- pg

8x 8y 8x 8y2

8p
0

8y -

(~
PCp(u: +v:)

82T
- k 8y2

(2.35)

(2.36)

(2.3ï)

(2.38)

From Eq. (2.37) pressure(p) is not a function of y. Thus 8pj8x can be ,vritten

as dpjdx. From Eq. (2.36) dpjdx can be evaluated in the stagnant fluid far

from the boundary layer, where u = O. Thus,

8p
8x = -Poog

The first and third term of the right hand side of Eq. (2.36) can be written

as
8p

- - - pg = (Poo - p)g
8x

(2.39)

Density variation with respect to temperature can be treated by using

:( the volumetric thermal e>..-pansion coefficient which is defined as
, .
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1
p =_~(ôp)

P ôT p

Th~ thermal e>..-pansion coefficient can be approximated as

j3 :::: _~ (Poo - P)
P Too - T

Thus Eq. (2.36) can be written as

ôu ôu ô2u
U ôx + v ôy = J.l Ôy2 + gj3(T - Toc)

\\"ith the following boundary conditions

(2.·W)

(2.41 )

(2.42)

....
y=o
y -+ 00

u=v=o
u-+o

T=T.

T=Too

A similarity solution to this problem has been obtained by Ostarch[62] using

the transformation of variables by introducing a similarity parameter

(2.43)

The velocity components can he represented with a stream function defined

as

and a dimensionless temperature parameter defined as

47
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TO = T-T""
- T. - Tex>

(2.45)

The stream function t/J(x, y) satisfies the continuity equation(Eq. (2.31)) and

Eqs. (2.42) and (2.38) can be transformed into ordinary differential equations

such that

cFT· dT·-- +3 Pr . f . - - 0
dTJ2 dTJ

with boundary conditions

(2.46)

(2.4ï)

TJ=O f=SLdl =0
~ ~=o

SL - 0
d~ -

T• - 1- .
T· =0

A numerical solution has been obtained by Ostrach[62]. The local Nusselt

l1umber can be expressed as

(2.48)

Thus, the heat flow rate can be written as

(2.49)

i
"~'.

Surface temperature gradient can be expressed with TJ and T· from Eqs. (2.43)

and (2.45) so that
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Ji.

(2.W)

where

Thus, the local Nusselt number can be rewritten as

hx (Gr%) 1/4 dT' (Gr% \ 1/4
Nu% =- =- - - = -) g(Pl')

k 4 dl] ~=o 4
(2.51)

.~

'.-

knowing that the dimensionless temperature gradient at the surface is only a

function of Prandtl number(Pr).

The average convective heat transfer coefficient C,Ul be obtained by in

tegI'ating the local heat transfer coefficient from x = 0 to x =L.

li =..!. {L hdx = k [9f3(T, - Toc)) 1/4 • (Pr). {L dx
L Jo L 4112 9 Jo X I / 4

(2.52)

Thus,

.,

- hL 4(Gr%) 1/4 4
Nu =T =3 4 g(Pr) =3Nu%=L

It should be noted that foregoing reslÙts can be applied whether the surface

temperature (T,) is higher than the free stream temperature (Toc) or not. If

T, < Toc, the leading edge will be located at the top and positive x is defined

as being in the direction of gravity.

Thus, the Nusselt number containing the natural convective heat trans

fer coefficient is a function of the Grashof number and the Prandtl number as
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sllOwn in Eq. (2.51). Howeyer for extemal flow geometries, empirical con-ela

rions for the l'\usselt number usually take the following form for engineering

calculations

hL
Nu = - = Constant . Ran

k

where the Rayleigh number is

(2.53)

Ra = GrPr = gf3(T. - Toc )L
3

(2.54)
va:

where: Pr = Prandtl number

G,' = Grashof number

(
v = Kinematic viscosity

9 = GraYitational constant

a: = Thermal diffusivity

f3 = Volumetrie thermal expansion coefficient

Toc = Temperature of free stream

T. = Temperature of the solid surface

L = Characteristic length of geometry

(
...

•

The properties listed above are evaluated for the fluid that is convecting.

Typical values of the exponent, n, in Eq. (2.53) are 1/4 and 1/3 for laminar

and turbulent flows respectively. When water constituted the medium, all

properties of water were considered to be constant with temperature and

only the temperature difference between the water and the wall in Eq. (2.54)

was considered to YaI)' with time. Combir.ing Eqs. (2.25) and (2.53), the heat

flux from the bath to the brick takes the form

50
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l
. - H (0' 0' )l+nqln - 1 b - n (2.55 )

where Hl is constant, and it is understood that Ob is equivalent ta T00 aI:d

O~ ta T•. Figure 2.12 shows calculated bath temperatures obtained from Eq.

(2.55) using a value of 0.25 for the exponent n.

In this case the heat transfer coefficient is underestimated since calcu-

lated bath temperatures are consistently higher than measured values. The

error is higher than that of Figure 2.9 as shawn in Table 2.2. As expected some

value of n between 0 and 0.25 yields accurate predictions. The agr;;cment is

excellent when n is 0.08 as shawn by the results in Figure 2.13.

Also shawn on the SaIne graph are the two temperature traces I1scd by

the model ta generate the computed bath temperature trace. Dl1ring the

early stages of the experiment(up ta a time of 30 min.) the heat transfer

phenomenon was clearly transient wherein the temperature at some locations

in the wall was increasing while the bath temperature was decreasing. These

tests were repeated several times - the results were virtually identical.
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Table 2.2: Calculated error for water model experiment with vertical test piece for different
~t's and c-xponents(n).

!lt n Error

10 0 1.43

20 0 .3Sï

30 0 .269
40 0 .223

50 0 .209

30 0.25 .9

30 O.OS .12
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TC$t picce in hori=ontal position

Fi~\1.1re 2.14 shows the calculated and measured temperatures obtained when

the test piece was placed on top of the water in the horizontal position. These

experiments were performed in an effort to evaluate the possibility of placing

t he test piece on the top layer of steel in the real system instead of placing

the test piece in the side wall of the tundish. The time increment was 5

seconds. This figure clearly shows how a small time step produces large

fluctuations which is evident from a comparison of Figures 2.14 and 2.15.

In Figure 2.15 the time increment has been increased to 10 seconds. The

frequency of the oscillation is quite similar to that shown iu Fi6'1.lre 2.14 but the

amplitude of the fluctuation of the calculated temperature lias been dccreased

noticeably. The amplitude of the oscillations of calculated temperature values

\Vas decreased further as the time increments were increased to 20, 30, and 50

seconds as shown in Figures 2.16,2.17, and 2.18. This trend is also discernable

in Table 2.3.

From Figure 2.18, we can sel' that the model is overestimating H values

and thus shows lower values of calculated bath temperatures. Figure 2.19

sho\Vs calculated bath temperature acquired from Eq. (2.55) using a value of

0.33 for the e>...ponent n. For this test, calculated bath temperatures are a

little higher than the measurements. Therefore some value betwf''.':'. Û and

1/3 \Vould give good agreement between calculated and mp:l.Sured values and

as shown in Figure 2.20 there is good agreement \Vhen n \Vas set at 0.25.
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Figure 2.14: Computed and measured bath temperatures of water model experiment for
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Figure 2.17: Computed and measured bath temperatures of water model expcriment for
horizontal test piece when 6t =30 sec. and n =O.
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horizontal test piece when tl.t = 50 sec. and n = O.
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Figure 2.19: Computed and measured bath temperatures of water mode) experiment for
horizontal test piece when 6t =30 sec. and n =0.33.
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Table 2.3: Calculated error for water model c."periment w:th horizontal test piece for
different 61's and c."ponents(n).

!lt n Error

5 0 9.99

10 0 1.83
20 0 .563
30 0 .31
40 0 .24ï

50 0 .219

30 .33 .li
30 .25 .15
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B.xperiments \Vith aluminum

:\ set of high temperature laboratory experiments were also can-ied out ta

test the 1-D mode!. For these tests, aluminum was melted in a stainhss steel

,·cssel. This same mathematical model was used to compute bath tempera

ture based on .internal refractory temperatures. It is worth noting that such

is mathematically viable only if the convective heat transier coefficient can

be assigned a value. Tlle temperature dependence of the kinematic viscosity

ténn in Eq. (2.54) was also taken into account for the high temperature exper

Îlllcn ts. The Yiscosity for liquid aluminum has be:en measured experimental1y

l,y \'. 1. Kon.onenko et aI.[63] (rom the melting point up to 1'300' k. In this

range thc kinematic yiscosity(m~/ s) has been found to vary according to the,
equation

Il = 12.32 x 1O-8exp(1228/T) (2.56)

.,
Incorporating Eq. (2.56) into Eq. (2.53), and subsequently rewriting Eq. (2.55)

yiclds the following:

(2.57)

where Tf is theaverage film temperature, {(9b + (J~)/2}. As before, the

constant H~ was calculated by 'priming' Eq. (2.57) with an actual bath tem

perature measurement obtained with an immersion thermocouple. Since the

system of simultaneous equations ~ .Ierates values for qin and 9~, Eq. (2.57)

reduces to one equation in one unknown. Newton's r,~ethod was then used to
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•...

solve th~ enstÙng non-Iinear equation for B~. The rcsults arc sho\\"!! ill Fi~ur('

2.21. Agaill. computed and measured bath temperatures \\'(,1''' ill ('xc"lklll

agreement.

This I-D model was found 1.0 be adequate if the refraetol1' section \\"as elll

bedded within the wall of a vesse!. However, in many plants operational

constraints do not permit one to readily locate thermocouples in the wall of

a vessel such as a tundish. Thus, for the full scale plant trials it \\"as deemed

necessary to use a 'fic..at' system whereby the refraetol1' test piece is lo\\"ered

onto the melt and allowed to fioat on the molten steel. This design changt'

had the effect of a1tering the heat fiow patterns in the test piecc to the pOill1

that a I-D system could no longer be assumed. After careful consideratioll il

\\"as decided that the most viable solution would be to use a c.ylindrical test

piece and to analyze the results with a 2-D model the derivation of which is

presented in the foilowing section,
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2.3 2-D Cylindrical Model

2.3.1 Mathematical Model

The two dimeJ ional mode! V/as also Lased on the implicit finite difference

formulation of Fourier's heat conduction equation. The spatial distribution

of nodal points in the cylindrical refractory section that was adopted for

the present study is shown in Figure 2.22. The 2 dimensions considered

in the mode! are the radial and longitudinal axes. Angular variations were

not considered in this analysis however, it should be noted that all angular

displacements implied in the 2-D mathematical mode! were taken to be 1

radian in magnitude. Heat fluxes per unit area between the bath and the

test piece at each surface node submerged in the bath were assumed to be

equal and expressed as cj;~. Heat flll.'ces from the surface nodes exposed to the

sum:Ul1dings were also assumed to be equal and represented as cj~UI'

(A) Internal nodes l, z

Assuming that heat flows from right to left and from bottom to top in the

2-D nodal grid presented in Figure 2.22, an overall energy balance as applied

to node l, z assuming an angular displacement of 1 radian can be written as

follows:

(
Rate of energy

into node 1, z )- (
Rate of energy )

'out of oode l, z

(
Rate of energy ) _ (

+ generated in oode l, z -

or
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Figure 2.22: 2-D spatial distribution of nodal points in a cylindrical test piece.
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1 • • • • .11' , .
ql+t.:-I.: + ql.:+l-I.: - q'.:-l-t.: - ql.:-I.:-I + q,.: 1.,

(J' (J_ C 1/ 1.: - 1.:
- Pl.: 1.: 1.: ~t (2.58)

where: 1'1.. = Volume of node 1, z per radian of angular displacemel1t

PI,. = Density of node 1, z

CI.. = Heat capacity of node 1, z

(JI.. = Temperature at time t at nodal point l, =
(J;.: = Value of (JI.: at t + Ilt

~t = Iterative tihle increment

q'" =Rate of 1teat generation per unit volumc

q/+I.:_I.: =Heat f10w rate from node 1+ 1, =ta l, =l'cr radian of

angular displacement

From Fourier's law of conduction

«(JI _ (J' )

k (1 - 1/2) A A ~ 1+1.: 1.•1+1,.-:.. uru_ A
.:.:.7'

(2.59)

q".-l-I.:

ql••-I-l••
k (1- I)Il 2 «(Ji.• _1 - (Jt.)

- ',z-1-1,% r l:1z

«(JI (J' .)
= k • (1 _ I)Ilr2 1.: - 1.:+1',%-', ... +1 . !:i.z

(2.60)

(2.61)

(2.62)

where: Ll;· = Radial nodal point spacing

Ilz = Vertical nodal point spacing
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1
1.-,+ 1.:_1.: = Thermal conductivity between nodal points

I+1,zandI,z

Rearranging Eq. (2.58) gives

<ÎI+I,z-',: - <ÎI,z-I-I.Z + <ÎI,z+I-',z - <ÎI,z-I,z-1

2 BI z - 8, z
= P"zC',z(l- l)Llr Llz 'Llt ' (2.63)

where <Î;:~ = O. Substituting Eqs. (2.59), (2.60), (2.61) and (2.62) into Eq.

(2.63) yields the following:

C;_li2:~:) 0;+1.: + C;_3i2:~:) 0;_1.: + (:~:) 0;,:+1

(
o:Llt) , (2o:Llt 2o:Llt ) 1+ Ll

Z
2 8,,:_1 - Llr2 + Llz 2 + 1 0,,: = -0,.: (2.64)

for 2 ~ 1~ R - 1 and 2 ~ z ~ S - 1

The thermal conductivity, density and heat capacity tenus have been

lumpcd together in Eq. (2.64) as the thermal diffusivity, 0: which is assumed

to be a function of temperature.

(8) Center bottom node 1,1

(
Rate of energy
into node 1,1 )-( Rate of energy )

out of node 1,1

Rate of energy ) (
generated in node 1, 1 -

or
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0' - Il. . ." • C ~. 1.1 1.1
Q2.1-1.I - QI.l-1.2 + qin·"11.1 = Pl.1 1.1 1.1 ~I (:2.60 )

where .,11,1 is the surface area in contact with the bath (.olr,2/8). From Fourier's

law of conduction

k ArAz (8~,1 - 8~,I)
- 2,1_1,1 4 Ar (2.66)

(2.6;)

.,-,..

.'...•

Substituting Eqs. (2.66) and (2.6;) into Eq. (2.65) yidds the following:

(
40At\ (20At) , 2At (40At 20At ),
Ar2 ) e;,1 + A Z2 81,2 + qin Az - Ar2 + AZ2 + l 81,1

= -81,1 (2.68)

where qin = q;~1pC, qin in Eq, (2.68) represents a modified forlll of the heat

flux from the bath to the refractory test piece.

(e) Bottom surface nodes l,l

The heat balance yields:

8' 8. . . ." A - C v: 1,1 - 1.1
Q'+I,I-I,I - q',I-I-I.1 - q',I-I.2 + qin 1,1 - PI,I 1,1 1,1 At (2.69)

where A"I is the surface area perpendicuiar to heat flow, « 1- l )Ar,212), and
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q',I-I,2

k (1- 1/2)~r~= (0;+1.1 - B;.l)
- 1+1,1-1,1 2 ~r

k (1- 3/2)~r,6"z(Ob - °1_1,1)
- 1,1-1-1,1 2 ,6"r

(2.70 )

(2.ïl)

(2,72)

Substituting Eqs. (2.70), (2.ïl) and (2.72) inta Eq. (2.69) yields the

folJo\\'illg:

(
1- 1/2 Q,6"t) , (1- 3/? o:,6"t) , (2o:,6"t) ,
1 - 1 A;:2 °HI,I + \ 1_ 1 ,6"r2 0,_1,1 + ,6"z2 0,.2

2,6"t (2o:,6"t 2o:,6"t )'
+qin ,6"z - ,6"r2 + ,6"z2 +1 0,,1 = -0,,1

for 2 ~ 1~ R - 1

(D) Outside bottom node R,1

The overall energy balance for node R,1 can be stated as:

0' °.u :4" C TF RI - R,l
qin' R,I - qR,I-R,2 - qR,I-R-I,1 = PR,I R,l vR,l ',6"t

(2.73)

(2.74)

\\'hcre AR•I comprises both the vertical and horizontal surface area compo

ncnts in contact with the melt and is computed as ((R - 1),6"7',6,,z/2 + (R _.

5/4)~1·2/2), and
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4R,I-R,2

k (/- 3/2)~7"~.=WU.I - 0/1-1.1)
- R.I-R-I,I? .\_ ':'>'7'

k (R - 5/4)tir2 WIl,I - 0R,2)
- R,I-R,2 2 tiz

('J--)_0' i)

(2.;6)

Substituting Eqs. (2.75) and (2.76) into Eq. (2.74) yields the following:

(
2atit) , (R - 3/2 2atit) , ( R - l 'ltit 'l~t)
~Z2 °R,2 + R _ 5/4 tir2 °R_I,I + R _ 5/4 ~7' + ~= qjn

(
R - 3/22atit 'lotit )'

- R _ 5/4 f\ ;.2 + tiz2 + l 0n,1 = -On,1

where qin = 4:~/pC

(E) Center inner nodes 1, z

Node 1, z has the following energy balance:

. . . _ C \/. °L: - 01,:
q2,:-I,: + ql,:-I-I,: - ql,:-I,:+I - PI,: l,: l,: tit

where

( ? --)_.1 1

(2.78)

42,:-1,: k2,z-1,z
tirtiz (O~,: - O~,:)

(2.79)- 2 tir

~

~h,z-l-l,z kl,Z_I_I,z
tir2 (O~,Z_I - O~,z)

(2.80)- 8 tiz

73



1
<]1.=-1,=+1 (2,81 )

Substituting Eqs. (2.ï9), (2.80) and (2.81) into Eq. (2.ï8) yields the

following:

(4Q~t) B' (Q~t) B' (Q~t) B'
~r2 2.= + ~z2 1,%-1 + ~z2 1,%+1

for 2 ~ =~ S - 1

(F) Center top uode l, S

B' B. . ." il. - C y 1.5 - 1,5
Q2,5-1,5 + Q1,5-1-1,5 - qoul' 1,5 - Pl,5 1,5 '1,5 ~t

where A1,5 is the surface area outside the melt (~r2f8), and

(2.82)

(2.83)

k D.r2 (B~.S_1 - B~,5)
- 1,5-1-1,5-8- ~z

(2.84)

(2.85)

Substituting Eqs. (2.84) and (2.85) into Eq. (2.83) yields the following:

(4Q~t) 1 (2Q~t) 1 (2~t)
~r2 B2,5 + ~Z2 B1,5-1 - ~z qoul

l"if...~ (
4QD.t 2Q~t ) 1- --+--.-+1 BI5 =-BI5
~r2 D.z. • .
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whcre qout = iI~ut/pC.

(G) Top surface nodes 1, S

• • • .u 4. C' {;l'.s - {;I,.S
ql+l.S-I.S + q'.S-l-I,S - q',S-I-I.S + qin' 1.5 = PI.S I.S\'I,S!:i.t (2.8ï)

where 04,,5 is defined as ((1- 1)!:i.r2/2), and

ql+t,S-I,S k,+I,S_I,S
(1 - 1/2)!:i.r!:i.z ({;l'+I.S - (;Il.s)

- 2 !:i.r

q',S-I-l,S k"s_I_I,S
(1- 3/2)!:i.r!:i.z ({;l'.s - (;l'_I,S)- 2 !:i."

iI"S-I-I,S
k _ (1- 1)!:i.r2({;Il.S-1 - (;Il.s)- 1,5 1-1,5 !:i.z.'

(2.88)

(2.89)

(2.90)

Substituting Eqs. (2.88), (2.89) and (2.90) into Eq. (2.8ï) yiclds the

following:

(
1-1/2Cl!:i.t) 8' (1- 3/2a!:i.t) 8' (2Cl!:i.t) {;l'
1- 1 !:i.r2 1+1,5 + 1- 1 !:i.r2 1-1,5 + !:i.z2 1,5-1

2!:i.t (2a!:i.t 2a!:i.t ) 1

-qoUI !:i.z - !:i.r2 + !:i.z2 + 1 {;I"S = -{;I"S

for 2 $ 1 $ R - 1

(H) Outside top node R, S,

8' 8• • .u A C v: R,S - R,S
qR,S-I-R,S - qR,S-R-I,S - qoul R,S = PR,S R,S R,S !:i.t
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where ARs is dcfined as ((R - 1)l::..rl:::.:./2 + (R - 5/4)l:::.r2 /2). and

qIt,S-R-I,S
k (R - 3/2)l::..rl::..:. (OR.s - 0R_I,s)

- R,S-R-I,S 2 I::..r (2.93)

_ k (R - 5/4)l::..r2 (OR,s_1 - 0R,s)
qR,S-I-R,S - R,S-I-R,S 2 I:::.z (2.94)

Substituting Eqs. (2.93) and (2.94) into Eq. (2.92) yields the following:

(
R - 3/220.6.t) , ( R - 1 21:::.t 21::..t)
R - 5/4 1:::.1.2 °R_I,s - R _ 5/4 I:::.r + 1:::.:. qoul

(
20I::..t) , (R - 3/2 20l::..t 20l:::.t ),

+ I:::.z2 0R.S_I - R _ 5/4 I::..r2 + I::..z2 + 1 0R,S = -OR,S

(1) Outside nodes (submerged) R,z

• • • .u A
qR,:-I-R,: - qR,:-R,:+1 - qR,:-R-I,: + qin R,:

OR,: - OR,:
= PR,:CR,:VR,: I::..t

where .4R,: is «R - l)l::..rl::..z), and

(2.95)

(2.96)

qR,:-R-I,: ( / )
(OR: - 0iz_1 :)

- kR,:_R_I,: 1- 3 2 .6.rl::..z 'I:::.r '

k (R - 5/4)l::..r2 (OR,:_I - O'r )
- R,z-I-R,: 2 I::..z-
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k (R - 5/4)~,·2 (811.: - 811.:+1)
- R.:-R,:+l 2 ~= (2.(9)

Substituting Eqs. (2.97), (2.98) and (2.99) into Eq. (2.96) yieids the

following:

(
R - 3/2 2a/:!;.t) (J', (a/:!;.t) ( R - 1 2/:!;.t)
R - 5/4 /:!;.r2 R-l,: + /:!;.z2 /J'R,:+l + R _ 5/4 /:!;.r qin

(
CX/:!;.t) 1 (R - 3/22cx/:!;.t 2cxÂt ) 1

+ .60=2 OR,=_l - R _ 5/4 Âr2 + .60=2 + 1 OR,: = -On,: (2.100)

for 2 ~ =~ SN. SN represents che number of HOdes submerged iuto the

bath.

(J) Outside nodes (not submergcd) R,z

(
R - 3/2 2CXÂt) 0' (CXÂt) 0' ( R - 1 2Ât)
R - 5/4 Âr2 R-l,: + /) :2 R,:+l - R _ 5/4 Âr qout

(
CXÂt) 1 (R - 3/2 2cxÂt 2aÂt ); _

+ Â Z2 ÙR,=_I - R _ 5/4 Âr~ + .60=2 + IOn,: - -OIl,: (2.101)

for SN + l ~ z ~ S - 1

Since Eqs. (2.64), (2.68), (2.73), (2.77), (2.82), (2.86), (2.91), (2.95),

(2.100) and (2.101) contain (R x S) + 2 unknowns in R x S equations, two

additional equations need ta he generated. These are produccd by actuai

thermocouple measllrements at known locations.

If one considers a 4 x 6 nodal "l'stem, theJl 24 ~qu:J.tions as derivcd from

Eqs. (2.64), (2.68), (2.73), (2.77), (2.82), (2.86), (2.91), (2.95), (2.100) and
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1
(2.101) can be coupled ,....ith two actual thermocouple mcasurcmcnts at t""O

kllo\\"1l locations and written in the following m'ltrix form:

AxX=B (2.102)

where A contains the coefficients of the energy balance equations and

0; 1 01,1,

0; 6 01•6•

Oi,: 0/,:
X= B..:...- (2.103)

0~,1 04,1
-<;;,,~

.~'.>

0~.6 04•6
qin -ml

qout -m2

0;,1'" 0~.6 represents the temperature at each nodal point at time t+Llt.

01,1 ••• 04,6 represent temperature at each nodal point at time t. ml and m2

l'l'present measured temperatures at two known locations in the test piece.

Instantaneous bath temperature is computed from qin as was done for the

1-D mode!.
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2.3.2 Exveriniental

Ta evaluate the accuracy of the two-dimensional model, high temperature

laboratory experiments were conducted. Figure 2.23 shows a schematic of the

experimentai apparatus. Alumintrin was melted in a crucible contained in a

gas furnace. Once the aluminum attained temllerature, half of the test piece

(magnesite brick) in which two thermocouples wer~ embedded was immersed.

The magnesite Jrick was cyIindricaI in shape and was 3 cm in radius and 5 cm

high. Locations of the two thermocouples are shawn in Figure 2.24 along with

nodal positions. Another thermocouple was placed in the molten aluminum

t.o mcasure bath temperature.

AlI experiments were controlled by a HP 85A microcomputer. The

microcomputer permitted the storing of data onta a floppy disk a'ld the sub

sequent processing of data followed by plotting.

2.3.3 Results and Discussions

A set of high temperature experiments were carrled out to evaluate the 2-D

mode!. As was described previously, testing of the 2-D model involves im

mersing a portion of a cyIindricaI magnesite test piece into molten aluminum.

In these tests, the temperature dependence of the kinematic viscosity term

in Eq. (2.54) was also taken into account. Thus the equation for qin has the

same form as Eq. (2.57). Figure 2.25 shows that computed and measured

bath temperatures were in good agreement even though some fluctuations in

t.he readings were evident. These, it was conduded, were caused br variations

in the gas and air flow rates to the furnace.

In the present chapter, two mathematical models have been developed
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and tested. To obtain good agreement between calculated and measnrcc!

temperature values, ,,,le exponent n, has to be detennined for each ~pecific

system. This l'an be done with one e>..'Periment. Once the exponcnt bas

beell found the mode! can prediet the bam temperature continuously with

one aetual bath measurement which is used to prime the model and two

continuous te::lperature measurements at known locations. In this way, one

can monitor internai temperature read:ngs of a test piece and couple them

with the model to arrive at the me!t temperature.
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Figure 2.23: Schematic of 2-D mode1 test apparatus•
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Figure 2.24: The positioning of thermocouples in the 2·D mode!.
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Figure 2.25: Comparison of computed and measured aluminum temperatures using the 2·D
cylindrical mode! when n = 0.33.
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Chapter 3

Self-Cooling Sleeve

3.1 Introduction

Molten steel in a tundish is covered by a slag layer to capture inclusions

and prevent reoxidation of the steel by the atmosphere. In most instances,

teQperature is measured with an i=ersion, batch type thermocouple. Con

tinuous temperature measurements in molten steel have been restricted by

the severe corrosion which occurs at the slag line on the thermocouple sleeve.

The present study was undertaken to determine the feasibility of incorporat

ing heat pipe technology to solidify a thin layer of slag(which is not corrosive

to itself) onto the heat pipe and to maintain that layer while it is in operation

by the use of heat transport characteristics of the heat pipe.

Beat pipe

The concept of a heat pipe dates back to 1942 when R. Gaugler of GM Corpo

ration, Ohio, USA filed a patent application[64] that applied to refrigeration

systems. In 1963, M. Grover received a patent[65] for a device called a heat

pipe which is more or less identical with that described in Gaugler's patent.

However, he added a limited theoretical analysis and des,,'ribed experiments
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with a stainless stccl heat pipe incorporating a wire mesh wick. Dllring 196ï

and 19GB scvcral articles were publishcd on the application of heat pipcs for

cooling electronics , air conditioning, engine cooling and others[66, 6ï, 68].

Heat pipes haye had a great impact on the deve10pment of spacecraft

whcrc it is vital to redistribute temperature between the hot section and the

cold scction which is blocked offfrom the sun's rays[69, 70, 71]. Thermal gra

dicnts in the spacecraft can be minimized and the e1fect of external heating

reduced by using heat pipes. First use of the heat pipe for satellite thermal

cont.rol was on GEOS-B, launched from Val1dp.rburg Airforce Base in 1968[72].

Two aluminum allo)' heat pipes ,,:ith aluminum mesh wicks and Freon 11 as

1he wOl"king fluid were tested to mininùze the tempcrature differences be

twcen the yarious transponders in the satellite. Both showed near isothermal

operation and good performance.

By 1970 a variety of heat pipes were available commercially from many

companies and in the p.arly 1970's there was growth in the application of

hcat pipes to solve terrestrial heat transfer problems. One of the largest

cngincering projects to use heat pipes was the trans-Alaska oil pipeline. About

100,000 heat pipes manufactured by McDonnell Douglas Corp. were installed

during the construction to prevent thawing of the permafrost around the pipe

supports for elevated sections of the pipeline. The heat pipe developed by

McDonnell Douglas[73] operates in the vertical position and uses ammonia

as the working fluid. Heat is transported from the ground to the radiator

locat.ed above ground level. Rapid soil cooling occurs in the autumn and

thc soil freezes and subcools to full depth in the 'winter. As air temperature

increased in the spring, cooling ceased.
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\Yith the technological adyances in electronic cquipmcnt. dC\'iccs arc

tcnding toward high power, high performance and small sizc. POOl' dis

sipation of large quantities of heat generated by high power dcyices can

result in a deterioration of performance and a lowering of the rcliabilit)·

of the equipment. Heat pipes have been used in the cooling of electronic

elements(74], and as auxiliary cooling systems for computers(75, 76], and elec

tronic motors(77, 78]. The Sony corporation has incorporated heat pipes in its

tuner-amplifier products(79]. This is the first large scale use of heat pipes in

consumer electroruc equipment. The heat pipe in this application was proven

to be 50 perceI:t Hghter and 30 percent higher in effectiycncss as a hcat sink

than the conyentional extruded aluminum unit.

Energy conservation is becoming important as the cost of fuel riscs and

reseryes diminish. Heat pipes have high potential for application in the fields

of thermal energy storage(80, 81, 82, 83, 84] and heat recovery systems be

cause they can be operated a1most isothermally, Le. with a small temperature

drop. There are many techniques for recovering heat from exhaust air or gas

stl'eams(85]. One of the most commonly known methods is the heat exchanger,

which transfers heat from hot fluid to a cold one. Heat pipes used in heat

recovery units are usuaIly externaIly finned. Heat is transferred from hot ex

haust air to the evaporator of the heat pipe and the heat is recovered in the

condenser(86, 87]. The effectiveness of the heat pipe heat exchanger can be

very high because a heat pipe can operate almost isothermally. High temper

ature heat pipes of cerarnic material to be used in oxidizing atmospheres at

temperatures in the range of 1100 to 1500 K have been tested(88]. An impor

tant application for cerarnic heat pipe heat exchangers is in the processing of
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comhustion products from industrial fumaces.

Heat pipes are devices capable of transferring large quantities of heat

with very small temperature differences. Advantages of the heat pipe used

as a heat transmission device are constructional simplicity, flexibility, high

heat transport capability, and no need for an extemal pumping device. The

heat pipe consists of a closed evacuated tube, porous wicking material, and a

working f1uid. Heating one part of the extemal surface leads to evaporation of

the working fluid and the establishment of a pressure gradient within the heat

pipe. The resulting pressure difference drives the vapor from the evaporator

to the condenser where the pressure and tCl."lperature are slightly lower.

Heat transport processes in the heat pipe can be divided :nto four steps

i.e. evaporation of the working fiuid at the evaporator, fiow of the vapor from

the evaporator to the condenser, condensation of vapor at the condenser wall

and release of the latent heat of vaporization, and the return of liquid to the

evaporator by capillary action of the wick. The effective conductance of the

heat pipe is several orders of magnitude higher than that of solid copper of

equivalent dimensions.

The theory of heat pipes was weil developed and based largely on the

work of Cotter[89]. Nonetheless, there are a number of constraints on heat

pipe operating parameters which are a result of the processes occurring during

the operation of heat pipes. One of the most important constraints is the

Illa'dlllum heat tr'lIlsfer rate. The parameters limiting heat transport are

Illa"imum capillary pressure, sonic effect, entrainment and boiling.

In order for the heat pipe to operate continuously without drying out
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t.he wick, the ma.ximum capillary pressure -irop must excccd t.he S\l11l of the

pressure drop in the yapor liquid path al. the working fiuid.

•
(3.1 )

.,~

~, ,,

where ÂPc = surface tension pressure difference acting al. the surface of the

wick capiliary pores that retum the liquid 1.0 the evaporator

from the condenser

ÂP/ = pressure drop due 1.0 the liquid fiow in the wick

flP. = pressure drop due 1.0 the vapor fiow

flPg = gravitational head which may be zero, positivc or negativc

This limitation on the heat transport capability of the heat pipe is known as

the eapilla:-y limitation.

Sonic limitation has been studied by many investigators including Levy

[90], Kemme[91], and Deverall et al.[92]. Kemme showed that a heat pipe can

op ,ate in a very similar manner 1.0 a converging-diverging nozzle. Sodium

was used as the working fluid and the pipe was maintained al. constant heat

input. The heat rejection rate al. the condenser was altered by changing the

thermal resistance of the gas gap (i.e. varying the argon-helium ratio of the

gas). By lowering the condenser tempel"~ture, he achieved sonic velocity al.

the end of the evaporator when il. operated under a choked flow condition.

Attempts 1.0 further increase the heat rejection rate only lowered the condenser

temperature since the heat transfer rate of the section could not Le increased

because of the existence of choked flow. This demonstrated the sanie limit of

the heat pipe.
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The \·apor and liquid move in opposite directions in the heat pipe. Thus

at the interface between the vapor and liquid a shear force exists. The mag

nitude aï the sh= force will G~pend on the valJor properties and velocity. If

the vapor speed is sufficiently high, liquid will be entrained in the vapor and

transported to the condenser - a phenomena referred to as the entrainment

limit. Kemme[93] observed entrainment in a sodium heat pipe and also re

ported hearing the sound of droplets striking the condenser end of the heat

pipe with an abrupt overheating of the evaporator.

At low radial heat flux, heat transfer is primarily by condensation through

the flooded wick[94]. As the radial heat flux of the heat pipe at the evaporator

increases, vapor bubbles may form in the evaporator wi::k. The ,formation of

vapor bubbles can cause hot spots and obstruct. the circulatioil of the liquid.

Thus there is a heat flux limit for the evaporator of a heat pipe and this limit

is termed the boiling limit.

Heat pipes can be operated over a wide range of temperatures depending

upon the working fluids as shown in Table 3.1[95]. A heat pipe shows max

imum performance in the vicinity of a fluid's normal boiling point. Liquid

metal working fiuid is required to be operated at a relatively high tempera

ture range. In this study sodium was chosell after considering th(,; operating

temperature range to use at high temperature. Sodium heat pipes have shown

successful operation for severa! thousand hours using 304 stainless steel tube

and screen wick[96, 97, 98, 99].
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Table 3.1: Beat pipe working f1uids.

Melting Boiling point
Useful range*Medium point at atmospheric

(oC)(oC) pressure (oC)

Helium -272 -269 -271 - -269
Nitrogen -210 -196 -203 - -160
Ammonia -78 -33 -60 - 100
Freon 11 -111 24 -40 - 120
Acetone -95 57 0- 120
Methanol -98 64 10- 130
Ethanol -112 78 0- 130
Water 0 100 30 - 200
Toluene -95 110 50 - 200
Thermex 12 257 150 - 395
Mercury -39 361 250 - 650
C~ium 29 670 450 - 900
Potassium 62 774 500 - 1000
Sodium 98 892 600 - 1200
Lithium 179 1340 1000 - 1800
Silver 960 2212 1800 - 2300

* The usefu1 operating temperature range is indicative onIy.
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Thermosyphon

A special type of heat pipe which does not use any wick structure is usually

called a thermosyphon. A closed two phase thermosyphon, sometimes called

a gravity assisted heat pipe, is a high-performance heat transfer device with

small temperature differences associated with the latent heat of evaporation

and condensation. A thermosyphon can be divided into the following three

distinct zones: bottom part of the tube(evaporator zone) receives heat and

generates vapor, an insulated part where counter current flow of liquid and

vapor occurs (adiabatic zone), and upper portion of the tube where the vapor

rises to and is condensed (condenser zone). The basic difference between heat

pipes and thermosyphons is the wick structure. Because there is no wick in

t.he thermosyphon, extemal forces such as gravity in most cases or centrifugai

forces are required to retum condensate to the evaporator section while the

heat pipe uses capillary forces. Thus the evaporator zone should be lower than

the condenser to enable condensate to retum by gravity. 8ince the thermo

syphon does not use a wick, it has the advantages of simplified construction,

a capability of transferring large heat fluxes because of the smaller thermal

resistance, wide opemting limits, and low manufacturing cost.

The performance of the thermosyphon has been investigated in many

publications. Much of the work is experimental in part because of the com

ple:'{ity involved in heat transport processes of boiling and condensatlOn oc

curring in a confined space and can be classified into the following two groups.

• investigation of ma."timum heat transfer capacity[100, 101, 102].

• investigation of evaporation and condensation heat transfer inside the
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thermosyphon[103, 104, 105, 106, 10ï, lOS].

Ma.-.dmizing heat transfer capability has received much attention by

many investigators. Heat transfer capacity depends upon many variables such

as geometric dimensions(shape, length and inner diameter of the tube, thick

ness, surface structure of the inside wall), the type and quantity of working

fluid, heat flow rate, inclination angle, and operating temperature.

Nguyen-Chi and Groll[109] reviewed three operating limitations of the

thermosyphon where heat transport limitations depend upon geometric di

mensions, type and fin charge of working fluid, and radial heat flux. In most

cases, one of the limitations of dry-out, bum-out, or entrainment (flooding)

occurred.

Thl'! dry out limit usually occurs at the bottom of the tube and prevails

for a relatively small liquid fill charge and lower radial heat flux. Dry out

occurs when the quantity of the working fluid is not sufficient to complete the

liquid circuit.

For relatively large fill charges and high radial heat fluxes, the burn-out

limit may occur and is associated with pool boiling. Vapor bubbles generated

in the liquid pool of the evaporator section combine to form a vapor film on the

wall at certain critical heat fluxes. Because of the low thermal conductivity

of the vapor a sudden increase of the evaporator wall temperature occurs.

Entrainment limit sometimes called the fiooding limit is a wen known op

erating limit in countercurrent two phase fiow. lt occurs for a large fin charge,

high a.-.dal heat flow, but small radial evaporator heat flux. At relatively small

flow rates of liquid and vapor, the liquid film is smooth and continuous. As

the vapor fiow is increased, the shear stress at the vapor/liquid interface in-
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crcascs, and the liquid film becomes wayy and unstable. The large liquid

wa\'Cs and instability of liquid leads to entrainment of the liquid in the vapor.

The entrained liquid lS carried by the yapor to the condenser and collected

therc. Righ shear stress also causes the returning of condensate f10w to be

stopped and leads to local dry out and ultimately to a complete dry out of

the evaporator.

Lee and Mital[IOI] studied the eifect of varying the quantity of work

ing f1uid on the resultant maximum heat fluxes. Maximum heat transfer

coefficient and maximum heat flux increase with an increasE: in the amount of

working f1uid up to a certain quantity and then are independent of the amount

of working f1uid. Rarada et aI.[llO] suggested that 11/ = 0.25 ~ 0.3 is desir

able. By taking into account the liquid existing as a film on the condenser and

adiabatic wall and as vapor in the core, R. !mura et aI.[IOO] proposed Eq. 3.2

for calculating adequate liquid fill charge using the critical heat flux criteria

which falls in the bum-out regime. Such was chosen because the critical heat

flux in the bum-out regime is greater than that of the dry-out regime.

where: \//

di

dimensionless fill charge: volume of working f1uid

divided by the volume of heated section

inside diameter of the thermosyphon tube
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!:lHv = latent heat of vaporization

le - length of thermosyphon condenser

le - length of thermosyphon evaporator

la - length of thermosyphon adiabatic section

qe - critical heat flux

Pv - density of vapor

Pl - density of liquid

1J.l - dynamic viscosity of liquid

.,....,.

Assuming the film thickness to be much less than the radius of the tube, they

derived Eq. 3.2 fT'lm the Nusselt film condensation theory. The second tenn

on the RHS of Eq. 3.2 is the quantity of liquid film, and the third tenn is the

quantity of vapor.

In general it is necessary to fill more than 25% of evaporator volume

with working fluid to get a high heat transfer rate. Negishi and Swada[105)

found that at a fill ratio of more than 70%, there were bursting sounds and

violent oscillations of the tube. Those sounds were caused by a large mass of

working fluid which having been pushed up to the end of the condenser by the

explosive expansion of a bubble, collided with the end of the condenser. To

avoid these phenomena, they recommended lirniting the fill ratio to less than

60% of the evaporator volume. Water was used as the working substance in

+1 • t 'al•. '.eu' rI S.

Hahne and Gross[l11) studied the influence of inclination angle on the

perfonnance of a closed two phase thermosyphon with commercial steel tube

and refrigerant R 115 as a working fluid. Maximum heat flow rate was
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achic\'cd when the heat pipe was tilted at a angle of 40 to 50° from the verticaL

Similar results were obtained by M. Groll and Spendel[112] and Kobayashi

ct al.[113]. For small angles (i.e. larger tube inclination) the maximum heat

flow rate decreases, however the smallest heat flow rates occur when tube is

almost horizontal. It should be noted at this point that 'downhill' heat flow

is not possible with a thermosyphon.

The phenomena of boiling and condensation occurring in a thermosy

phon have also been studied by many investigators[103, 106, 114, 115]. Under

maximum heat transport capacity, heat transfer occurs from the heating zone

by nuc\eate boiling with very large heat transfer coefficients to the cooling

zone by film condF.:llsation with much smaller heat transfer coefficients than

the former one. In this case, the resistance of heat transport is dominated by

the condensation process. The mechanism of film condensation heat trans

fer depends upon film flow which can be charaeterized by the film Reynolds

number.

uli
Re=

1/
(3.3)

where u, li, and 1/ are the mean ve1ocity, thickness and kinematic viscosity of

the condensate film. Mean condensation heat transfer coefficients are usually

calculated from the following equation:

(3.4)

( where Te, T., and Ae represent the mean temperature of cooling zone, the
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yapor temperature, and the area of the cooling zone respectiycly. In the small

Re number region (Re :S 350), film fio'\\" is laminarj transition to tlll'buient

flow occurs at high Re number(Re ~ 350).

In the laminar region, the condensation heat transfer coefficient de

creases when the film thickness increases due to the larger resistance of a

thicker film. On the other hand, the condensation heat transfer coefficient

increases as the film thickness increases in turbulent regime because turbu

lent exchange improves in a thicker film. Thus, an increase of heat flow rate

and/or a decrease of inclination angle causes the film thickness to increase

and thus would decrease the heat transfer coefficient if the film flo\\' is lami

naI', but would increase it if turbulent. These phenomena were confirmed by

many e:l...perimental investigations[103, 106, 114, 115] even though most \Vere

carried out in the Iow Re number regime.

The effect of inclination angle on a heat transfer coefficient has been

studied by many investigators[106, 109, 111, 116, 117). Andros[117) showed

that as inclination angle increases, the average film thickness decreases which

for laminar fiow causes the heat transfer coefficient to increase. For high flow

rate as inclination angle increases, heat transfer coefficient decreases because

of a decrease in film thickness. Hirshberg[118] showed that the optimum angle

is between 60° and 70° with low pressure(P/PCf' < 0.25) while Grob[115)

suggested a range of 20° ta 40° at high pressure(P/PCf' > 0.8).
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3.2 Experimental Apparatus and Procedure

3.2.1 Material Selection

As explained in the preceding section, the three basic components of heat

pipes are the working fluid, the wick or capillary structure and the container.

The choice of the working fluid will normally be made based on a number of

factors of which the pipe operating temperature is of major importance. Table

3.1 shows usefu1 ranges for some working fluids. Within the approximate

temperature range there may be several possible working fluids each of which

in then considered with respect to the following requirements[95].

- compatibility 'with wick and wall materials

- good thermal stability

- wettability of wick and wall materials

- vapor pressures not too high or low over the operating temperature

range

- high latent heat of vaporization

- high thermal conductivity

- low liquid and vapor viscosities

- high surface tension

A simple method for quickly comparing working fluids is to consider the

!vlerit number[95], M, as defined by Eq. (3.5); however a high Merit number

is not the only criterion. For example potassium may be chosen rather than

cesium because it is more economical than cesium. Over the temperature

range of 1200 - 1800 K, lithium has a higher Merit nuœber than most metals.
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Howcyer, the pipe must he made from an expensiye lithium rcsistaIlt alloy

while sodium, on the other hand, can he used with stainless stcel. Thus il

ma)' he cheaper and more convenient to use a low performance stainless steel

heat pipe with sodium as the working fluid.

where: PI

Ul

M = Pl UI AH.
Pl

= density of the working fluid

= surface tension

(3.5)

AH. = latent heat of vaporization

/-lI = viscosity of the working fiuid

Water was chosen for low temperature heat pipe in the present study

because of its high latent heat, surface tension and Merit number and sodium

was used as the working fiuid for the high temperature heat pipe.

Several factors affecting the choice material from which to fabricate the

pipe are the following:

- compatibility (both with working fiuid and the external environ

ment)

- strength

- thermal conductivity

- ease of fabrication including ".:ldability and machinability

- wettability

The temperature drop across the container wall is proportional to the wall

thickness and inversely proportional to the thermal conductivity. Thus, to
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achieve a small temperature drop across the wall the material having a large

conductance parameter, which is the product of thermal conductivity and

ultimate tensile stress, is usually selected. In present study for the low tem

perature heat pipe, coppel' was chosen at first because it is compatible with

wate. and has a bigh thermal conductance parameter value around the boiling

point of water. Stainless steel was chosen as the pipe material for the high

temperature heat pipe with sodium as the working fiuid. The compatibility

of stainless steel and sodium has been demonstrated by many investigators

including Basiulis et al.[96] and Yamamoto[97, 119].

3.2.2 Water Heat Pipe

Copper heat ·pipe

A schematic of the experimental apparatus using the heat pipe made of copper

is shown in Figure 3.1 and dimensions are tabulated in Table 3.2. Coppel' rod

of 0.68 cm in diameter was placed at the center of the tube to simulate an

annulus type heat pipe.

A small coppel' tube 0.635 cm in diameter was welded to the upper cap.

The tube was used to connect to the vacuum pump and pressure transducer

with SWAGELOK tube fittings. After charging 58 grams of distilled water

into the heat pipe, the bottom part of the p~x:>e was placed in dry ice until

the water was frozen. The pipe was connected to a vacuum pump. Once the

pipe was evacuated the valve was closed.

Tap water was used to provide cooling. A valve was used to control

the flow rate and a fiow meter was used to measure flo\\' rate of cooling

\Vatel'. The inlet and outlet water temperatures were measured with K-type

thermocouples. The heat pipe was tested in a bath of molten tin. Pure tin
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Figure 3.1: Schematic of copper heat pipe with water.
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Ta.ble 3.2: Dimensions of the thermosyphons.

Pipe material
Stainless steel

Copper
Stainless steel

Type 304 Type 304

Working fiuid Sodium Water Water

Outer diameter 2.67 cm 2.86 cm 2.67 cm

Inner diamet~r 2.24 cm 2.606 cm 2.24 cm

Wall Tlùckness 0.215 cm 0.127 cm 0.215 cm

Length 60 cm 70 cm 60 cm
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weighing 22 kg was charged in a crucible of 14 cm inner diallleter and Illdted

in a rcsistance fumace. A portion of the heat pipe was inullcrscd in the Illolten

tin. After reacbing steady state operation, the heat pipe with a layer of frozen

tin on the evaporator portion of the pipe was pulled out from the melt and a

picture was taken to measure the thickness of the solid crust.

Stainless steel heat pipe

A heat pipe of 304 stainless steel was made wherein water was used as the

working fiuid. V\Then water is employed as the working fluid, copper is nor

mally used as the pipe material as was done for the pre"ious experiments.

However one of the factors in the selection of the pipe materia! is compat

ibility with the extemal environment. In the present study, a copper heat

pipe was inunersed in the molten tin bath. The copper heat pipe witlwtood

well against dissolution once sorne tin was frozen onto its surface. However,

the solidification of a layer of tin is not instantaneous because it takes time

for the heat pipe ta start up. Before the heat pipe was immersed, the bath

temperature of the tin was approximately 50 oC higher than that reached

after immersion and at steady state operation. Elevated melt superheat. was

necessary to prevent the whole bath from freezing. Sorne time was required ta

reach steady state after inunersion of the heat pipe. During this time the cop

per heat pipe was contacted by molten tin which caused a gradual dissolution

of copper into the molten tin because of the eutectic reaction.

Many researchers have built water heat pipes using stainless steel[96,

120, 121, 122, 123) and reported hydrogen evolution except with type 34ï

stainless steel. Hydrogen gas is non-condensable at usual operating tempera

tures of water heat pipes. However, the kinetics are slow and are extended over

102



(

long periods of time(several thousand hours). Thus, in the present study, the

c\"olution of hydrogen has been neglected because of the short testing times.

Stainless steel parts were cleaned by the same procedures explained in

the following section and similar procedures were underta~en to assemble the

heat pipe. A charge of 28 grams of distilled water was introduced into the

heat pipe. The outer diameter, thickness, and the length of the pipe were

2.6ï, 0.215, and 60 cm respectively. A stainless steel water jacket 8.9 cm in

diameter and 10 cm in length was welded to the top end of the pipe. Five K

type thermocouples were spot welded on the outside and two on the inside of

the water jacket of the heat pipe. Inlet and outlet water temperatures were

measured to calculate the amount of the heat removed by the heat pipe.

The bath temperature was varied between 240 and 2ïO oC. Water fiow

rate ranged between 0.6 llmin and 1.9 llmin.

3.2.3 Sodium Heat Pipe

A schematic of the heat pipe is shown in Figure 3.2 and dimensions are shown

in Table 3 2. A stainless steel rod that was 0.369 cm in diameter was placed

at the center of the tube to simulate an annular heat pipe. Stainless steel

pipe of 1.3ï5 cm in diameter was welded to the heat pipe. A SWAGELOK to

male pipe weld connector was attached to the other end of this pipe to link

the valves and the pressm'e transducer.

The presence of contaminants either in solid, liquid or gaseous state can

be harmful to heat pipe performance and life. Thus a thorough cleaning was

undertaken to remove any solids and to degrease the inside of the pipe prior

to assembling the parts. Stainless steel parts were cleaned by the following

procedures[124]:
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Figure 3.2: Schematic of stainless steel heat pipe with sodium.
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1. Clean in l,l,l-trichloroethane and periodically agitate and brush with

hristle brush. .

2. Rinse \Vith cold trichloroethane and force dry with air.

3. Immerse in a passivating solution of sodium dichromate (ï.5-30 kg/m3 )

and nitric acid(15-30 %by volume)-at room temperature for 30 minutes

to 2 hours followed by a tap water rinse.

4. Thoroughly dry with forced air.

5. Rinse \Vith anhydrous isopropyl alcohol.

G. Insert wick, rinse with isopropyllllcohol, and dry as .in step 4.

T\Vo turns of 66 mesh stainless steel screen were inserted as the \Vick

at. the last stage of the cIeaning process. Various methods may he used to

fill the pipe \Vith sodium wlùch is a very reactive element. After cIeaning the

components of the heat pipe, pure sodium was cut into small pieces in a cIosed

space of nitrogen gas environment to prevent oxidation of the sodium. The

pieces \Vere then put into the pipe into wlùch nitrogen was hlowing during

t.he cutting process. One end cap of the pipe was left unwelded for easy

charging of sodium and was welded immediately after charging 48.5 grams

of sodium. After \Velding the end cap, the pipe was evacuated. The valve

that was connected to the vacuum pump was cIosed and the side to wlùch

the valve was connected to the pump \Vas cIosed by a SWAGELOK plug to

prevent accidental opening.

Another bellows valve \Vas cannected ta the heat pipe using SWAGELOK

tube fittings and a strain gauge type pressure transducer (OMEGA, PX l ï6-
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025A5V) \Vas attached to measure the pressure inside the pipe. Six chrome!

alumel thermocouples \Vere placed on the outside of the pipe al 10. 15. 25. 35.

45, and 53 cm a\Vay from the bottom edge of the pipe. Thermocouples and

pressure transducer outputs \Vere monitored and recorded continuously by the

HP 3497A data acquisition/control unit and the HP 85A microcomputer.

Although the heat pipe was designed to operate in molten steel, it \Vas

first tested without immersing it into molten metal. The lower part of the

heat pipe was heated in an induction coil(TOCCO). Lower 8 cm of the pipe

\Vas e"."posed to the induction field.

In addition to the above testing, the heat pipe \Vas also tested in a bath

of molten coppel' matte. The heat pipe was lowered into the coppel' matte to

an initial depth of 3.5 cm. It was pulled out from the molten matte and the

thickness of the solid crust was measured. After measuring the thickness of

the solid crust, the heat pipe was put into the molten matte to a depth of 7.0

cm. The heat pipe was pulled out artel' reaching steady state and thickness

measurements were again made.

3.3 Results and Discussions

3.3.1 Heat Pipes Using Water

Coppel' heat pipe

Table 3.3 shows calculated results from the coppe. heat pipe experiments.

Since the coppel' pipe was dissolved gradually into the tin bath by the euteetic

reaction, only two different experiments were performed successfully. The

immersion depth of the heat pipe was 6.5 cm and the tin bath temperature

was 260 oC. Heat flow rates were calculated with cooling water flow mtes and
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temperature differences between inlet and outlet water. Condensation heat

trar:<fer cocfficients(hc) were calculated using Eq. (3.4). Vapor temperaturc

at the cooling zone was taken from the temperature of the thermocouple

located at the adiabatic section. Cooling zone temperature was taken from

the thermocouple reading located at the cooling chamber.

Figures 3.3 and 3.4 show the temperature and pressure changes of the

heat }?ipe and the solid tin crust after reaching steady state operation. Once

the heat pipe was removed from the tin bath, the pressure inside the pipe

dccreased rapidly and the bath temperature of the liquid tin increased. ln

gcncral, the heat pipe was operating around 110 oC and transporting about

2 kW of energy.

To estimate the thickness of the solid tin shel1, a simple calculation

can be done as fol1ows. From the known heat flow rate and the wall tem-

perature inside the tin shel1, the shel1 thickness was calculated assuming one

dimensional heat conduction. Energy equation for cylindrical coordinates can

he written as

1 â ( âT) 1 â (âT) â (âT). âT-- kr- +-- k- +- k- +q=pC-
r âr âr r 2 ât/> âc/J âz âz P ât

(3.6)

For steady state condition, with no heat generation, the appropriate I-D form

of the heat equation is

!~ (kr 81') = 0
râr âr

(3.7)

( From Fourler's first law, the rate of energy transferred across the cylin-
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drical surface in the solid is

{}T {}T
qr = -kA- = -k(27rrL)-Br Br (3.8)

where A(= 27rrL) is the area normal to the direction of the heat fio\\' and k is

thermal conductivity. The temperature distribution throughout the solid can

be determined by solving Eq. (3.7). AssUming k is constant, Eq. (3.7) can be

integrated twice to arrive at the general solution such that

(3.9) .

.,... Two boundary conditions are

(3.10)

By applying these two boundary conditions in Eq. (3.9), Tr can be determined

as:

(3.11)

B)' substituting Eq. (3.11) into Fourier's law, Eq. (3.8), the heat fio\\' rate can

be expressed as:

(3.12) .

lOS



(.

f.

From Eq. (3.12), the ratio of the radii can be calculated '\\"ith known heat fla'\\"

rate(qr), thermal conductivity of the tin(k), and the temperature difference

between the solidification temperature of the tin and the thermocouple read

ing taken on the heat pipe surface underneath the tin shell. The heat pipe

depth(L) is the equivalent depth which takes into account the immersion

depth and the area of the end cap. Thus

do
L=L;+"4

where L; is the immersion depth and do is the outer diameter of the pipe.

Thus, from Eq. (3.12) the ratio of the radii can be estimated.

In both cases the estimated values of the ratio of the radii were smaller

thrul those of experiments. Table 3.3 also shows the Nusselt numbers for

the condensation process occurring in the condenser section. The details of

the Nusselt number can be found in nen section. Nusselt numbers from the

experinlents are comparable with those that were calculated.
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Table 3.3: Calculations of some ~-a.riables relevant to copper heat pipe e."(periment.

Water In1et water Outlet water Heat
E:l.:p. # flow rate temperature temperature flow rate

l/min oC oC W

C-l 0.915 24.7 53.3 1824
C-12 1.88 21.7 37.1 2019

Heat Wall
r2frl 7'2/7'1

Exp. # flow rate temperature
Experunental Calculated

W oC

C-l 1824 193.3 2.7 1.8
C-12 2019 175.4 3.1 2.2

Heat
Tv Tc he

Exp. # flow rate oC oC W/m 2 oC
W

C-l 1824 115.2 98.2 6579.8
C-12 2019 107.4 80.5 4594.2

Nu Nu
Nucot!NuezpExp. # Re

Experunental Calculated

C-1 35.5 0.20 0.21 1.05
C-12 39.3 0.14 0.20 1.42
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Figure 3.4: Temperature alll\ IlreSSllre response Cllrves for Exp.C·12. Also shu\\'n is "
l'hotogra(lh of the solid tin crust at the end of the cxl'erimcnt.
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Stninless steel hent pipe

Tests were conducted with the stainless steel heat pipe for a range of con

ditions, Experimental conditions are tabulated in Table 3.4. The depth of

immersion of the heat pipe was set at two different values and the flow rate

of water in the cooling chamber was varied over three values. The bath tem

perature of the molten tin was varied over a range from 240 to 270 oC.

Results for these experiments are shown in Figures 3.7 through 3.19.

Each figure consists of a photograph and graph showing the changes in the

system as it moved toward steady-state operation. The photographs were

used to measure the thickness of the tin shell.

Calculations of heat flow rates are shown in Table 3.5. The heat pipe

was carrying energy over a range of 700 to 1400 W.

Figures 3.5 and 3.6 show the effect of bath temperature on heat pipe wall

temperature distribution along the pipe. As the bath temperature increases

the wall temperature under the solid shell increases. However the wall temper

ature of the adiaqatic section (46 cm away from the bottom) shows relatively

constant tcmperature with respect to the bath temperature changes.

Both operating temperature of the pipe and the temperature of the

cooling chamber are decreased by increasing cooling water flow rate. The

higher cooling water flow also causes lower internal vapor pressure and lower

heat flow rate. Lower heat flow rates at higher cooling water flow are due to

the lower internal vapor pressure.
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Table 3.4: Experimental Conditions of experiments with stainless steel heat pipe.

Bath Water Immersion
Exp. # temperature flow rate depth

oC l/min cm

1 272 1.2 5
2 249 0.6 5
3 261 1.2 5
4 249 1.2 7.5
6 263 1.2 7.5
8 240 1.9 7.5
9 247 1.9 7.5

10 261 1.9 5
11 260 1.2 5
12 249 1.2 5
13 255 1.9 5
14 243 1.2 5
15 252 1.9 5_.

114



(

Table 3.5: CalculatioDS of heat :flow rate.

Water Inlet water Outlet water Heat
Exp. # flow rate temperature temperature flow rate

l/min oC oC W

1 1.2 14.4 26.8 1029
2 0.6 16.5 33.1 716
3 1.2 13.7 24.1 858
4 1.2 15.2 32.4 1421
6 1.2 14.8 30.5 1296
8 1.9 6.8 17.3 1396
9 1.9 6.7 14.3 1006

10 1.9 6.5 13.0 861
11 1.2 8.3 20.6 1018
12 1.2 8.4 23.5 1252
13 1.9 6.9 12.9 807
14 1.2 8.3 20.6 1018
15 1.9 7.1 12.3 698
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The effects of operating temperature on heat fiow rates are shown in

Figures 3.20 and 3.21. The heat fiow rate increases appreciably with an

increase in operating temperature. This was expected because the boiling

heat transfer coefficient increases with increasing pressure.

Calculations of solid shell thickness

Table 3.6 shows the calculated and experimental ratios of radii using

Eq. (3.12). Calculated values are substantially larger than experimental ones

cxcept for those of experiments #4,8, 12, and 14. The differences between the

calculated and experimental values are considered mainly due to the contact

rcsistance occurring at the t'Wo adjacent metals. '\Then heat cOllducts througl}

two adjacent metals, it is usually necessary to consider a contact resistance

since it creates a temperature gradient at the interface. Figure 3.22 shows the

gap between two metals in contact.

Interfacial conductance is defined as

(3.13)

A fictitious interfacial temperature drop (~Ti) is taken as the temperature

difference between Tl and T2• For perfect contact the temperature drop (~T;)

varrishes and hic -+ 00: in this case the interface boundary condition is that

of temperature continuity, that is Tl = T2•

TI was calculated using Eq. (3.12) with the heat fiow rate and inside

and outer diameters of the stainless steel pipe. Inside temperature of the pipe

was taken as vapor temperature. T2 \Vas calculated using the same equation

with known heat flow rate, measured diameter of the solid tin shell, and outer
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<1iamctcr of the pipe. Outer temperature of the tin solid shell was taken as

the solidification tcmperature of the tin.

Calculated interfacial thermal conductance was tabulated using Eq.

(3.13) from known heat flow rate and calcul~tedTl and T2• As shown in Table

3.6, the temperature of the thermocouple on the heat pipe ranges between Tl

and T2 • When the thermocouple reading was close to T2 , the calculated ratio

of radii was close to experimental value. In these instances, the interfacial

conductance shows a high value. For these cases the temperature differences

between Tl and T2 were smaller tha.'l for the cases that yielded little solid tin

on the heat pipe. When the thermocouple reading was close to Tl, the inter

facial contact resistance \Vas high and showed lower interfacial conductance

values.

Calculations 0/ heat trans/er coefficient

To understand the heat transfer characteristics of the heat pipe, film con

densation occurring in the condenser section was studied. Film condensation

problem was first investigated by Nusselt [125] with following assumptions:

1. The plate is maintained at a uniform temperature that is less than the

saturation temperature of the vapor.

2. The downward flow is laminar.

3. Fluid properties are constant.

4. Heat transfer across the condensate layer is by purl~ conduction, hence

the liquid temperature distribution is linear.
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Table 3.6: Calculations of interfacial t',p.rmal contact conductance and r;1l!iu, ralio.

Exp. # Tv Tl T2 hic
oC oC oC W/m 2 oC

1 99.6 133.8 223.9 2403.6
2 87.3 111.2 200.6 1682.1
3 89.0 117.5 224.0 1693.2
4 120.5 153.2 171.7 16135.7
6 103.9 133.7 223.4 3039.1
8 114.4 146.5 171.6 11709.4
9 106.9 130.1 213.7 2529.1

10 104.9 133.5 220.5 2082.5
11 108.8 142.6 224.0 2629.4
12 113.1 154.7 183.1 9264.5
13 104.4 131.2 22G.5 1778.9
14 111.7 145.5 163.3 11995.7
15 103.8 127.0 224.2 1507.2

Heat Wall
r2fr l 7'2fr lExp. # How rate temperature

Experimental Calculated
W oC

1 1029.4 154.0 1.2 5.1
2 715.7 120.9 2.5 28.1
3 857.8 126.7 1.2 14.0
4 1421.3 170.4 3.7 3.8
6 1295.9 153.2 1.2 6.6
8 1395.9 170.8 3.8 3.9
9 1006.3 160.6 1.7 9.0

10 861.4 157.3 1.3 6.4
11 1017.9 168.1 1.2 3.9
12 1251.7 169.9 2.3 2.9
13 806.9 145.0 1.2 10.1
14 1017.9 155.9 4.2 5.0
15 697.5 146.6 1.:1 13.9
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Because the liquid film thickness is much smaller than the tube radius,

analysis for the vertical plate can be used. Following Nusselt theory, the local

heat transfer coefficient for the vertical wall can be expressed as[126]

(
k3 ) 1/3

h< = PlY 1

3J.1/ Q,
(3.14)

where Q, is volumetrie flow rate per unit perimeter(Q, = uS). The conden

sation heat transfer coefficient is ca1culated using

(3.15)

whcre 04< is area of the cooling zone,

Tv is vapor temperature and is chosen as the wall temperature of the ther

mocouple 47 cm away from the bottom,

T< is mean temperature of inner surface area that was calculated using Eq.

(3.12) with known Qvalue and mean outer temperature,

Qis heat flow rate.

It is worth noting that the vapor temperature was assumed uniform in

the condenser. Inaccuracy on the ca1culation of the heat transfer coefficient

ma)' increase if there are axial gradients through the wall and vapor segments.

However this effect would he insignificant hecause the temperature difference

across the film is of the order of 10 ·C and the axial temperature change is of

the order of 1 ·C. Film Reynolds numhers defined by Eq. (3.16) are shown in

Table 3.i.
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Film Nusselt number can be introduced as [106, 127)

he (vl) 1/3
Nu=- 

k 9

(3.16)

(3.17)

After incorporating Bq. (3.14) and (3.16) into Eq. (3.17), condensation heat

transfer over a vertical wall can be written as

Nu = 1/(3Re)I/3 (3.18)

Sorne variables necessary to calculate film Reynolds and Nusselt numbers are

found in Table 3.7.

The theoretical Nusselt solution is plotted with experimental data in

Figure 3.23. As shown in the figure, the experimental data are quite scattered.
and lower than Nusselt's solution. There are several factors that cause low

values for the heat transfer coefficient at the top of the device.

If any non-condensable gases are present, they will move upward and

accumulate at the top of the condenser. Thus the non-condensable gas blocks

active condenser area. Furthermore the gas front will spread toward the

bottom of the condenser and thus cause a diffusive resistance to vapor moving

to the interface that reduces condensation.
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Table 3.ï: Calculations of heat transfer coefficients for condensation.

Heat
Tv Te heExp. # fiow rate oC oC W/m2 oCW

1 1029 99.6 75.7 6100.7
2 716 87.3 71.7 6514.0
3 858 89.0 63.5 4783.1
4 1421 120.5 80.1 5003.8
6 1296 103.9 76.5 6738.6
8 1396 114.4 60.5 3680.2
9 1006 106.9 47.3 2400.6

10 861 104.9 43.1 1982.7
11 1018 108.8 57.0 2797.0
12 1252 113.1 61.2 3433.9
13 807 104.4 39.0 1755.5
14 1018 111.7 57.8 2683.9
15 698 103.8 36.4. 1473.2

Exp. # Re
Nu Nu

N Ue.l / N ue"pExperimental Calculated

1 23.28 0.18 0.24 1.3
2 16.20 0.20 0.27 1.3
3 19.41 0.14 0.26 1.7
4 32.15 0.15 0.22 1.4
6 29.32 0.20 0.22 1.1
8 31.59 0.11 0.22 1.9
9 22.76 . 0.07 0.24 3.3

10 19.48 0.06 0.26 4.3
11 23.03 0.08 0.24 2.8
12 28.33 0.10 0.23 2.1
13 18.26 0.05 0.26 4.9
14 23,03 0.08 0.24 3.0
15 15.79 0.04 0.28 6.2
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Another possible explanation is that there may be no liquid film at the

top of the condenser. For sorne test runs, heat transfer was very small. The

wall temperature was observed to be close to the cooling water temperature.

In the experimental setup, two thermocouples were located in the cooling

chamber exposed to the cooling water at 53 and 57 cm away from the bottom

of the pipe. When the temperature of the thermocouple located in the upper

zone (57 cm away from the bottom) was lower than that located in the lower

zone (53 cm away from the bottom) heat transfer was very low. In those

cases, the inside wall temperature was relative!y low. This indicates that

little condensation was occurring in this region of the device and a liquid film

ma1' have not existed.

Heat flow rate liS. pressure

A physical mode! based on a stability analysis at the liquid-vapor inter

face was developed by Prenger[128] to predict the performance linùt of the

gravity-assisted heat pipe. The mode! developed by Prenger is explained next,

The interface between the counterflowing vapor and liquid is distorted due to

local disturbances in the flow. Centrifugal forces are produced in both the

vapor and liquid which produce a pressure component normal to the interface

as described in Figure 3.24. These pressure forces are counteracted by the

surface tension of the interface. The centrifugal force is described as

(3.19)

where R is the radius of the curvature of the interface and n is the normal

to the interface. The wave!ength(r) of the disturbance is large compared to
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1 the thickness of the film (6). Thus the wave length of the disturb<Ulce and the

radius of the curvature along the flow axis are writtcn as

r = 1rD (3.20)

The centrifugai forces in the vapor can he expressed as

Eqs. (3.20) and (3.21) can he comhined and rewritten as

The centrifugal force for the liquid is

or using Eq. (3.20)

(3.22)

(3.23)

(3.24)

The pressure forces at the interface are halanced hy the surface tension at the

interface (~P.,. = u/R), thus

- ~P9 - ~PJ + ~P.,. :; 0
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Dy incorporating Eqs. (3.22) and (3.24) this becomes

(3.26)

This equation is almost identical to a result obtained by Hewitt and Ha1I

Taylor[126]. When the inside surface of the heat pipe is smooth, the vapor

inertia is large compared to the liquid inertia. It is assumed that liquid is

distributed uniformly around the interna1 surface and is therefore thin. Under

these conditions negleeting the liquid inertia Eq. (3.26) becomes

(3.2ï)

c The above equation can be written in diinensionless form using a di

mensionless heat flux and an entrainment parameter[129] defined respectively

as

Q.= q
(3.28)

pgAvh}:

and

E I = q
(3.29)

pghlgr

where r is a characteristic dimension describing the liquid film which Kutate

ladze [130] showed, based on a hanging film model, that

C'

~lft.Il' '" '~ .Jii';', '

[ ]

1/2
r- q

- (PI - pg)g
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Using Eqs. (3.28) and (3.29), Prenger derived Eq. (3.31) from Eq. (3.2;).

(3.31)

From this equation, heat flow rate is proportiona! to the VP9 by neglect

ing the change of density of the gas in the r and can be written as

(3.32)

A similar expression has been obtained for heat pipes when considering only

capillary limitations[131].

For the present study, it was assumed that the vapor was saturated and

that the classical Clausius-Clapeyron relationship between saturation pressure

and temperature applies. ThJ1s, Eq. (3.32) has been rewritten as

(3.33)

where Pv is the vapor pressure in the heat pipe. This equation has been

derived in an effort to allow for the prediction of the heat flow rate from the

pressure transducer readings. Changes of heat flow rate \Vith respect to the

internai pressure are shown in Figures 3.25 to 3.29. Regression curves for t4e

different experiments are shown in Figure 3.30. Coefficients of Eq. (3.33) for

different e>.."periments are shown in Table 3.8.

As can be seen in Figure 3.30, the experiments can be divided iuto

two groups such as from experiments 1 to 6 and 8 to 15. This differcnce

seems caused by the difference in the cooling water temperature as shown
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in Table 3.5. ln the case of e>..-periments 1 to 6, cooling water temperatures

wcre higher than those of the other case which results in higher condenser

wall temperature, and therefor.e a smaller temperature difference between

the vapor and, the condenser wall. Heat transfer coefficient of the cooling

section decreases with increasing temperature difference between the vapor

and condenser wall[10S]. However the heat fiow rate is proportional to the

product of the heat transfer coefficient and the temperature difference. lt

seems that the decrease of the heat transfer coefficient has a dominating effect

over the increase of the temperature difference. Another possible e;...-planation

is that due to the higher pressure in experiments S to 15 which in turn implies

higher vapor velocity, entrained droplets may cause the lower heat transfer .

coefficients.

The difference in experimental conditions between experiments 1 to 3

and 4 to 6 is the immersion depth (Table 3.4). Immersion depth for experi

ments 4 and 6 is higher than that for experiments 1 to 3 and as a consequence

the heat pipe transports more energy and operates at higher pressure. The

same explanation can be applied to explain the difference between experiments

8 and 9 and the subsequent group of experiments 10 to 15. Eq. (3.33) can

he used to predict the heat fiow rate from the pressure readings for a specific

operating condition(e.g. constant depth and cooling water temperature) .
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'fable 3.8: Coefficients of the regression for the e.xperiments.

Exp. # CI C2 C3

Exp. 1,2,3 3.6046 -3.5240 -2.3072

Exp. 4,6 4.2789 -2.6975 -2.3739

Exp. 8,9 3.6963 -0.8404 -3.1115

Exp. 10 te 15 1.5032 0.5325 -1.0502
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3.3.2 Sodium Heat Pipe

In addition to the lov: temperature heat pipe using v:ater as the workillg;

fiuid, a high temperature heat pipe employing sodium as the working fiuid

was also constructed and tested. Figure 3.31 shows the testing of the heat

pipe where the bottom part of the pipe was heated by induction furnace and

the corresponding temperature variation of the thermocouples located outside

the heat pipe at different leve1s. After the power of the furnace was turned

on, the thermocouple reading c10sest to the bottom increased sharply due to

the yaporization of the sodium. As the heat input was raised, the amount of

the :,odium vaporized increased and moyed upward. Thus, the templ:rature

at a higher location also increased sharply when the sodium yapor rcached

the leyel of the corresponding thermocouple. As more sodium yaporized,

the inside pressure increased. The temperature that was obtained from the

pressure values was quite similar to that of the thermocouple reading located

10 cm away from the bottom. After the power of the induction furnace was

turned off sorne inert gas inside the pipe was obseryed from the reading of

the pressure transducer. Thus after the heat pipe was cooled down it was

connected to the vacuum pump and the retained inert gas was eyacuated.

Next the heat pipe was tested in a bath of molten matte with the induc

tion furnace. Before immersing the heat pipe into the molten matte, a section

of stainless steel pipe was immersed into the molten matte for five minutes

to eyaluate its ability to withstand the matte. During the five minutes the

pipe ",as dissolved into the molten matte and the diameter was reduccd from

1.3ï5 cm to 1.36 cm.

Figure 3.32 shows the top view of the heat pipe in operation. In this
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t
instance 3.5 cm of the pipe was dipped into the copper matte ",hile the maltt'

temperature was 1150 oC. From the top. a thin dark ring arouud the heat pipe

was observed during heat pipe operation. This was found to he solid matte

that was acting as protective layer over the pipe and prevented dissolution.

Figure 3.33 shows the solid shell of matte after being immersed approximate1y

15 minutes. Corresponding pipe diameters after shen formation are shown in

Table 3.9. For example, the diameter of the pipe with the shen was 2.88 cm

when 3.5 cm of pipe was immersed. This translates to approximately 0.1 cm

of solid shen on the heat pipe for this operating condition.

Table 3.9: Pipe diameter aIter shell formation.

Experimental condition
Diameter

cm

Outer pipe diameter 2.67
3.5 cm immersed 2.88
7.0 cm immersed 2.8

Figure 3.34 shows the temperature variation of the thermocouples. First

peak shows the case when 3.5 cm of the pipe was immersed. Inside pressure

was about 0.3 atmosphere which corresponds to the vapor pressure of sodium

at 765 oC. Figure 3.35 shows the solid shell when 7.0 cm of the pipe was

immersed. The di=eter with the solid shen was 2.8 cm. In this case a thin-
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nér solid shell was formed than in the previous case. The second peak in

Figure 3.34 shows temperature variation for this case. Since it was receiving

more heat from the matte, the heat pipe was operating at a higher temper

ature. The temperature up to 30 cm from the bottom shows very uniform

temperature. Inside pressure of the pipe was about 0.67 atmosphere and the

corresponding vapor ternperature was 840 oC. In both cases the heat pipe was

working weIl even under very corrosive conditions.

The heat flow rate of the sodium heat pipe operating in the coppel'

matte was estimated. Heat transport from the heat pipe to ambient air was

considered to be predominantly by radiation, thus, natural convection effects

were neglected. Heat flow by the radiation can be written as

,l"~.. q =AFO'e(r: - r:)

q =heat flow rate

A = area

F =view factor (~ 1)

0' = Stefan-Boltzman constant (5.670 x 10-8 W/m2 • 1(4)

e = emissivity

T. = heat pipe surface temperature

T. = ambient temperature

(3.34)

For the emissivity of the surface, a vaIue of 0.7 was chosen and as such was

taken as a highly oxidized stainless steel surface[132]. Estimated heat flow

rates are shown in Table 3.10. Estimated values are 2288 and 1344 W when

the heat pipe was immersed 7.0 and 3.5 cm respectively.
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Table 3.10: Estimation of heat How rates.

Immersion Length of Surface Heat

depth hot surface temperature f10w rate

cm cm oC W

7.0 45 840 2288

3.5 35 765 1344
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Figure 3.32: Top view of the heat pipe in operation.
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Figure 3.33: Solid shell formation onto the heatl,il.e (immersion d"l.th =3.5 <:III) •
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Figure 3.35: Soli.1 sheD formation onto the heM l'il,e (immersiun <l''I.lh = ï.O cm).
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Chapter 4

Conclusions

4.1 Inverse Beat Conduction Approach

Two mathematical models (l-D and 2-D) th'it track melt temperature have

been developed. Both models use the readings from two embedded thermo

couples to deduce bath temperature.

The I-D model is used when the test piece is incorporated into the wall

of a vessel. As the time step increases, the amplitude of the oscillation in the

calculated values àecreases and the error between calculated and measured

temperature decreases even though the degree of resolution in the analysis is

reduced. A time increment of appropriate length yields a suitable compromise

between oscillation(i.e. variability) and resolution. To find a more appropri

ate forro of the heat transfer coefficient, the efi'ec:t of natural convection was

taken into account. Beat flux was expressed as qin == .b:<Dh - e~)l+n. When

the exponent(n) was set to 0.08 and 0.25 the model showed good agreement

between calculated and measured values for the vertical and horizontal test

pieces respectively. High temperature experiments using an aluminum melt

also showed good agre:mlent for the same mathematical model.
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Laboratory tests haye shown il. 1.0 be reliable proyided the I-D nature of

the system is preseryed. \Yhen this is not possible or feasible. olle l'an n'sort

1.0 the 2-D model which allows for the use of a floating cylindrical probe.

Laboratory tests of such a probe in an aluminum melt have confirmed the

2-D mode\.

4.2 Self-Cooling Sleeve

A la\\' temperature heat pipe employing water as the working fluid and coppel'

as pipe material was tested in a bath of molten tin. Solid tin crust wa~

formed on outer surface of the heat pipe. A simple analysis ta estimate

the thickness of the solid tin shell "'as done assuming one dimensional heut.

conduction through the solid tin. Calculated ratios of the radii were smaller

than e:ll.-perimental values.

Another low temperature heat pipe with water as working fluid and

stainless steel as pipe material was built and tested. A series of experiments

\\'ere perforrned in which the heat pipe was transporting energy al. a rate of

from ïOO 1.01400 W. The calculated solid tin shells were in generallarger than

those measured experimentally. Formations of thinner shells were considered

1.0 he a result of the contact resistance. When the value of the interfacial

conductance was high, the thickness of the tin shell was comparable 1.0 the

computed value.

Film behaviour during condensation has been examined. The experi

mental results were reduced in dimensionless form and compared 1.0 Nusselt's

solution. It was found that heat transfer coefficients are less than the Nusselt

predictions. Possible factors were discussed 1.0 explain such trends.
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Sodium heat pipe was built and tested in a bath of molten copper matte.

SuliJ copper matte, protective layers of 0.1 and O.Oï cm in thickness were

formcd on the heat pipe when immersion depths were 3.5 and ï.O cm respec

tively. Without any fonn of cooling, stainless steel was dissolving relatively

quickly in the molten matte and the diameter was reduced from 1.375 to 1.36

cm in five minutes. Thus a heat pipe self cooling sleeve is suitable protec

tion for an immersion thermocouple, however, one would need to select the

pipe and working substance with care to eosure compatibility with the melt.

Nonetheless, it has been shown that self cooling sleeves are indeed viable.
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Appendix

Thermal Properties of Sodium

The properties of sodium in the vapor state are expressed in tenus of tem

peratures, which are in degrees Kelvin in the follol\"Îng property equatiolls:

Saturation vapor pressure[133]:

.'

11 1 -.~••
P = 2.29 x 10 x 1'0.5 X 10

Density of sodium vapor[133]:

1 - ••••
p = 6.335 X 108 x 1'1.5 X 10"-

Viscosity of sodium vapor[134]:

f.l = 6.083 X 10-9 x l' + 1.2606 x 10-5

Enthalpy of sodium vapor[133]:

-13600
11/ = 271831 - 1595.3 x l' - 0.29024 X 1'2 +2.4 x 106 x exp l'

h/g = 4636437.26 - 180.817 x l'
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Thermal properties of sodiwn in the solid and liquid state[135, 136] are

tabulatcd as follows:

Thermal properties of solid sodium[135].

Density Specifie heat Conductivity

Temp. Density Temp. Specifie heat Temp. Conductivity
J{ kg/m3 J( J/kgK J( W/n.](

273 972.5 2n 1200 100 136
283 970.5 298 1223 150 140
293 968.4 323 1256 200 142
303 966.3 348 1308 250 143
313 964.2 371 1364 371 141
323 962.1
333 959.9
343 957.7
353 955.5

363 953.2

371 951.4
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Thermal properties of liquid sodium[136).

Density Specifie heat Conductivity

Temp. Density Temp. Specifie heat Temp. Conductivity
li: kg/m3 li: J /kgli: l'; IF/ml';

373 927 3i! 1385 4ï3 81.5
473 904 3ï3 1384 5ï3 75.7
573 882 4ï3 1340 6ï3 71.0
673 859 5ï3 1305 7ï3 67.2
ïï3 834 6ï3 1279 8ï3 63.9
873 809 7ï3 1262 973 61.0
973 783 8ï3 1255 1073 58.3

1073 757 973 1255
1073 1269
1Iï3 1289
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• B Thermal Properties of Water

Thermal properties of water[137].

'--.

Temp. Pressure Density
Heat of

vaponzation

oC p. P, Po h,g
atm. kg/ms kg/ms kJ/kg

.

121.1 2.0295 941.84 1.1591 2194.3
120.0 1.9594 942.73 1.1216 2197.5
118.9 1.8915 943.62 1.0851 2200.5
117.8 1.8254 944.51 1.0496 2203.8
116.7 1.7612 945.40 1.0150 2206.8

115.6 1.6990 946.30 0.9814 2209.8
114.4 1.6385 947.19 0.9486 2213.1
113.3 1.5798 948.03 0.9168 2216.1
112.2 1.5228 948.87 0.8858 2219.1
111.1 1.4675 949.77 0.8557 2222.1

110.0 1.4139 950.62 0.8264 2225.1
109.4 1.3877 951.02 0.8121 2226.8
108.9 1.3619 951.47 0.7979 2228.2
108.3 1.3366 951.86 0.7840 2229.8
107.8 1.3115 952.32 0.7703 2231.2

107.2 1.2869 952.71 0.7567 2232.8
106.7 1.2627 953.11 0.7434 2234.2
106.1 1.2388 953.56 0.7303 2235.8
105.6 1.2153 953.96 0.7173 2237.2
105.0 1.1922 954.36 0.7045 2238.8

104.4 1.1694 954.81 0.6919 2240.2
103.9 1.1470 955.21 0.6795 2241.6
103.3 1.1250 955.61 0.6673 2243.2
102.8 1.1033 956.01 0.6553 2244.6
102.2 1.0820 956.41 0.6434 2246.3
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lO1.ï 1.0610 956.81 0.631ï 224ï.ï
101.1 1.0404 95ï.21 0.6202 2249.0
100.6 1.0200 957.61 0.6088 2250.ï
100.0 1.0000 958.01 0.5977 2252.1
99.4 0.9803 958.41 0.5867 2253.5

98.9 0.9610 958.81 0.5758 2255.1
98.3 0.9420 959.22 0.5652 2256.5
97.8 0.9232 959.62 0.5546 2257.9
97.2 0.9048 960.02 0.5443 2259.5
96.7 0.8867 960.42 0.5341 2260.9

96.1 0.8689 960.83 0.5240 2262.3
95.6 0.8514 961.17 0.5142 2263.9
95.0 0.8342 961.58 0.5044 2265.3
94.4 0.8173 961.98 0.4949 2266.ï
93.9 0.8006 962.39 0.4854 2268.1

.~

93.3 0.7843 962.73 0.4761 2269.7
92.8 0.7682 963.14 0.4670 2271.1
92.2 0.7524 963.49 0.4580 2272.5
91.7 0.7369 963.89 0.4492 2273.9
91.1 0.7216 964.24 0.4405 2275.5

90.6 0.7067 964.65 0.4319 2276.9
90.0 0.6919 965.00 0.4235 2278.3
89.4 0.6775 965.40 0.4152 2279.7
88.9 0.6632 965.75 0.4070 2281.1
88.3 0.6492 966.16 0.3990 2282.7

87.8 0.6355 966.51 0.3911 2284.1
87.2 0.6220 966.86 0.3833 2285.5
86.7 0.6088 967.27 0.3757 2286.9
86.1 0.5958 \167.62 0.3681 2288.3
85.6 0.5830 967.97 0.3607 2289.7

85.0 0.5705 968.32 0.3535 2291.1
84.4 0.5582 968.73 0.3463 2292.7~

83.9 0.5461 969.08 0.3393 2294.1
-",
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•• 83.3 0.5342 969.43 0.3324 2295.5
82.8 0.5225 969.79 0.3256 2296.9

82.2 0.5111 970.14 0.3189 2298.3
81.7 0.4999 970.49 0.3123 2299.6
81.1 0.4888 970.85 0.3059 2301.0
80.6 0.4780 971.20 0.2996 2302.4
80.0 0.4674 971.55 0.2933 2303.8

79.4 0.4570 971.91 0.2872 2305.2
78.9 0.4468 972.26 0.2811 2306.6
78.3 0.4367 972.61 0.2753 2308.0
77.8 0.4269 972.91 0.2694 2309.4
77.2 0.4172 973.26 0.2637 2310.8

76.7 0.4078 973.62 0.2581 2312.2
76.1 0.3985 973.97 0.2526 2313.6
75.6 0.3894 974.27 0.2472 2315.0
75.0 0.3805 974.63 0.2419 2316.4

C"" 74.4 0.3717 974.98 0.2367 2317.8,

73.9 0.3631 975.28 0.2315 2319.1
73.3 0.3547 975.64 0.2265 2320.5
72.8 0.3464 975.93 0.2215 2321.9
72.2 0.3383 ~76.29 0.2167 2323.3
71.7 0.3304 976.59 0.2119 2324.7

71.1 0.3226 976.94 0.2072 2326.1
70.6 0.3150 977.24 0.2026 2327.5
70.0 0.3075 977.60 0.1982 2328.9
69.4 0.3002 977.90 0.1937 2330.3
68.9 0.2931 978.20 0.1894 2331.7

68.3 0.2860 978.50 0.1851 2333.1
67.8 0.2792 9'78.85 0.1809 2334.5
67.2 0.2724 979.15 0.1768 2335.9
66.7 0.2658 979.45 0.1728 2337.2
66.1 0.2593 979.75 0.1689 2338.6

( 65.6 0.2530 980.05 0.1650 2340.0
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65.0 0.2468 980.41 0.1612 2341.2
64.4 0.2408 980.il 0.1575 2342.6
63.9 0.2348 981.01 0.1538 2344.0
63.3 0.2290 .981.31 0.1503 2345.4

62:8 0.2233 981.61 0.1468 2346.8
62.2 0.2177 981.92 0.1433 2348.2
61.7 0.2123 982.16 0.1399 2349.5
61.1 0.2069 982.46 0.1366 2350.9
60.6 0.2017 982.76 0.1334 2352.1

60.0 0.1966 983.06 0.1302 2353.5
59.4 0.1916 983.36 0.12il 2354.9
58.9 0.1867 983.60 0.1241 2356.3
58.3 0.1819 983.91 0.1211 2357.7
57.8 0.1772 984.21 0.1181 2359.1

57.2 0.1727 984.45 0.1153 2360.2
56.7 0.1682 984.75 0.1125 2361.6
56.1 0.1638 985.06 0.1097 2363.0
55.6 0.1595 985.30 0.1070 2364.4
55.0 0.1553 985.60 0.1044 2365.8

Thermophysical properties of s:\turated water[132].

Temp. Specifie
Viscosity Thermal Surlace

heat conductivity tension

J( kJ/kgK Ns/m2 W/ml( N/m
cp,l cp,g fJI·106 fJg . 106 kl ·102 kg .103 U1.103

273.15 4.217 1.854 1750 8.02 569 18.2 75.5
275 4.211 1.855 1652 8.09 574 18.3 75.3
280 4.198 1.858 1422 8.29 582 18.6 74.8
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285 4.189 1.861 1225 8.49 590 18.9 ï4.3
290 4.184 1.864 1080 8.69 598 19.3 ï3.ï
295 4.181 1.868 959 8.89 606 19.5 -') -1 _./

300 4.179 1.872 855 9.09 613 19.6 71.7
305 4.178 1.877 769 9.29 620 20.1 70.9
310 4.178 1.882 695 9.49 628 20.4 70.0
315 4.179 1.888 631 9.69 634 20.7 69.2
320 4.180 1.895 577 9.89 640 21.0 68.3

325 4.182 1.903 528 10.09 645 21.3 67.5
330 4.184 1.911 489 10.29 650 21.7 66.6
335 4.186 1.920 453 10.49 656 22.0 65.8
340 4.188 1.930 420 10.69 660 22.3 64.9
345 4.191 1.941 389 10.89 668 22.6 64.1

350 4.195 1.954 365 11.09 668 23.0 63.2
355 4.199 1.968 343 11.29 671 23.3 62.3

.' 360 4.203 1.983 324 11.49 674 23.7 61.4, 365 4.209 1.999 306 11.69 677 24.1 60.5
370 4.214 2.017 289 11.89 679 24.5 59.5

373.15 4.217 2.029 279 12.02 680 24.8 58.9
375 4.22 2.036 274 12.09 681 24.9 58.6
380 4.226 2.057 260 12.29 683 25.4 57.6
385 4.232 2.080 248 12.49 685 25.8 56.6
390 4.239 2.104 237 12.69 686 26.3 55.6

400 4.256 2.158 217 13.05 688 27.2 53.6
410 4.278 2.221 200 13.42 688 28.2 51.5
420 4.302 2.291 185 13.79 688 29.8 49.4
430 4.331 2.369 173 1U4 685 30.4 47.2
440 4.36 2.46 162 14.50 682 31.7 45.1

450 4.40 2.56 152 14.85 678 33.1 42.9
460 4.44 2.68 143 15.19 673 34.6 40.7
470 4.48 2.79 136 15.54 667 36.3 38.5
480 4.53 2.94 129 15.88 660 38.1 36.2

;( 490 4.59 3.10 124 16.23 651 40.1 33.9
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500 4.66 3.2i

1 118 16.59 642 42.3 31.G
510 4.i4 3.4i 113 16.95 631 44.; 29.3
520 4.84 3.iO 108 li.33 621 4;.5 26.9
530 4.95 3.96 104 li.i2 608 50.6 24.5
540 5.08 4.2i 101 18.1 594 54.0 22.1

550 5.24 4.64 9i 18.6 580 58.3 19.i
560 5.43 5.09 94 19.1 563 63.i lï.3
570 5.68 5.6i 91 19.i 548 i6.i 15.0
580 6.00 6.40 88 20.4 528 i6.i 12.8
590 6.41 i.35 84 21.5 513 84.1 10.5
600 i.OO 8.i5 81 22.7 497 92.9 8.4
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C Thermal Properties of Stainless Steel

Thermal properties of stainle~' steel[13SJ.

Conductivity Specifie heat

Temp. Conductivity Temp. Specifie heat
K W/mK K J/kgK

80.4 8.3 71.8 286.5
107.6 9.7 114.0 329.7
154.8 11.5 162.9 367.0
195.2 12.8 197.9 392.3
247.3 14.2 270.0 433.4
299.3 15.2 337.3 465.0
379.1 16.5 435.1 500.7
442.5 17.5 587.6 540.7
516.5 18.4 736.5 561.8
611.1 19.8 967.7 604.5
687.8 20.8 1231.1 648.2
763.7 21.7 1468.5 690.2
855.7 22.8
980.9 24.7

1182.1 26.9
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Claims to Originality

Continuous temperature measurement of molten steel in new as well as

existing steelmaking processes is not always feasible ",ith current technology.

Conventional thermocouples cannot withstand the severe corrosion around the

slag Hne for a sustained period of time, although, molten steel temperature

can have a profound e1fect on the qualit.v of the product during the continuous

casting operation. A knowledge of the instantaneous steel temperature in the

t.undish can serve as 1\ valuable tool in the quest for better quality. Tlùs

thesis contains many original features that should pernùt one to achieve a

continuous steel temperature measurements in the tundish including:

1. Two mathematical models (l-D and 2-D) that track melt temperature

have been developed using the readings from two embedded thermocou

ples to deduce bath temperature. Formulation of the inverse heat con

duction problem(IHCP) was refined and incorporated into these models.

2. Thermal diffusivity(a) as a function oftemperature can be computed(Eq.

(2.29)) from a knowledge of three temperatures as measured by thermo

couples located at equal spacings in the test section.
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4. An equation has been derived in an effort to allow for the prediction of

the heat flow rate from the pressure transducer readings.

5. An annular heat pipe using sodium as the working fluid and st,'.Ïnless

steel as the pipe material was built and tested. It was shown that the

thermocouple probe can be protected from severe corrosion around slag

line by the solidification of slag onto the heat pipe which then serves to

protect the probe.

189


