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AB5TRACT

Abstract

The heat pipe is an engineering device capable of transporting large amounts of

heat energy. Because a heat pipe is a closeci system, contains no moving mechanical

components and transports heat over very small temperature gradients, it presents an

attractive alternative to conventional forced-convection cooling techniques.

Over the past 4 decades, the principles of heat pipe operation have been

thoroughly investigated. Heat pipes have been implemented in a wide variety of

engineering applications. Despite this, heat pipes have not been used on a large scale

in metallurgical applications. In thi.. regard, an enormous potential for improved

efficiency and productivity remains unexploited.

Heat pipe research at the McGiII Metals Processing Centre has aimed to correct

this. Various metallurgical applications for heat pipe technology have been explored by

Mucciardi, Botos, Chai, Jin and Meratian. The research effort has concentrated on gas­

loaded annular thermosyphons, a subclass of heat pipes. The work presented in this

volume represents the author's contribution to this larger research effort.

A series of experiments has been pertormed in order to investigate important

aspects of the operation of gas-Ioaded thermosyphons. Results from these experiments

were subsequently incorporated into a PC-based computer model for the design and

analysis of annular thermosyphons.
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RESUME

Résumé

Le caloduc est :,m dispositif capable de transporter de grandes quantités de

chaleur avec un faible gradient thermique. Un caloduc est un système fermé qui ne

contient aucune pièce mobile. Ces caractéristiques en font une alternative attrayante

aux modes de refroidissement conventionnels.

Au cours des quatre dernières décennies, les principes d'opération des

caluducs ont été étudié à fond par la communauté scientifique. Les caloducs sont

utilisés dans une grande variété d'applications dans le domaine du génie mecanique,

mais beaucoup moins dans des applications métallurgiques. Présentement, l'industrie

métallurgique gaspille ce grand potentiel d'amélioration d'efficacité de productivité.

Un groupe de chercheurs du Centre de Transformation des Métaux de

l'Université McGiII travaille à corriger cette lacune. Une variété d'applications

métallurgiques des calcducs ont été étudié par Mucciardi, Botos, Choi, Jin et Meratian.

Les efforts de ces chercheurs se sont concentrés dans le domaine des thermosyphons,

un type particulier de caloduc. Les travaux de recherche présentés dans cet ouvrage

ne sont qu'un constituant de ce grand effort de recherche mené à l'université McGiII.

Un programme d'expérimentation a été mené pour étudier les aspects

importants de l'opération des thermosyphons. Les résultats de ces expériences ont été

utilisé pour bâtir un logiciel d'analyse de l'opération des thermosyphons.
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Vertical position of the pipe tip, inner surface ofprotective coating. m.
Vertical position ofthe pipe tip, inner surface of pipe, m.
Vertical position of the bottom of the pipe, m.
Vertical position ofthe vapor/gas interface (inner pipe wall), m.
Vertical position of the vapor/gas interface (outer pipe wall), m.
Zr.o - Zc;, m.
Vertical position of the top of the pipe, m.
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CHAPTER 1: INTRODUCTION

•

Introduction

A heat pipe is a device which moves heat trom one location to another. Properly

employed, the heat pipe can provide decisive advantages over conventional cooling

systems such as water sprays and jackets. A heat pipe contains no moving parts ande requires no extemal power or mass input during operation.

While the advantages of heat pipes have been exploited in other engineering

applications, most notably the cooling of space satellites, the metallurgical industry has

been slow to adopt heat pipe technology. In many ways, ail pyrometallurgical

operations are predicated on the precise, controllable, safe and inexpensive transfer of

heat loads during process steps. It is surprising, therefore, that this segment of industry

has done Iittle or no research into such an innovative means of heat evacuation.

One example of an application which will benefit in coming years trom the

introduction of heat pipe technology is the top-blowing injection lance. Used for BOF

steelmaking, copper processing and other applications, the top-blowing injection lance

must endure severe thermal boundary conditions. Conventional lances rely on either ane elaborate pump-and-channel system of water cooling or disposable "melt-away"

1
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•
designs. The introduction of the heat pipe injection lance will add a new. more efficient

option and open the way for other heat pipe applications in metallurgy.

This work details the author's computational and experimental efforts to

investigate the operation of heat pipe injection lances.

Chapter 2 of this volume iIIustrates the history of the heat pipe. The various

types of heat pipes and their applications are discussed. Emphasis is placed on the

gas-Ioaded annular thermosyphon, a sub-class of heat pipes which encompasses the

heat pipe injection lances presently under study.

• Chapter 3 details the engineering science aspects of heat pipe operation with

regard to known principles of heat and mass transfer. In Chapter 4, various heat pipe

modeling techniques are discussed. Emphasis is placed on the flat-front model, a

model type which will be used to build the software package discussed in Chapter 6.

Chapter 5 describes the bench-top experiments conducted by the author in order

to investigate the behavior of gas-Ioaded annular thermosyphons. The experimental

regime was conceived in order to perform two tasks: 1) To investigate the practical

viability of the heat pipe injection lance and 2) To corroborate the simplifying

assumptions employed in the mathematical model discussed in Chapter 6.

•
Chapter 6 iIIustrates the design and operation of HEATPIPE 1.0, a PC-based

software package created by the author to perform fast, easy simulation of heat pipe

2
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injection lances. Chapter 7 provides a brief conclusion summarizing the results of the

work conducted.

3
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CHAPTER 2: THE HEAT PIPE

The Heat Pipe

2.1 Introduction

A heat pipe is a sealed pipe shell which can be used to transfer large quantities

of heat through small surface areas. In the most general case, a heat pipe consists of a

sealed pipe shell containing a condensable working substance. Figure 2.1 iIIustrates a

basic heat pipe.

During heat pipe operation, one end of the pipe is exposed to a heat source.

This end of the pipe is designated the evaporator, so named because the heat

transmitted through the pipe wall at this point is used to evaporate Iiquid working

substance into the vapor phase. This vapor then follows the small pressure gradient

which exists along the pipe's axis, and subsequently condenses at the other end of the

pipe - the condenser. The latent heat of condensation is released and conducted

through the walls of the container and into the external environment From this point,

the working substance condensate returns to the evaporator in Iiquid form. Often, a

capillary wick is required for this function.

4
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•
Having retumed back to the evaporator section, the condensate once again will

be vaporized and propelled axially to the condenser. In this way, the Iiquid and vapor

flowform a closed circuit Net heat transfer is accomplished from the working

substance's endothermic evaporation in the evaporator and subsequent exothermic

condensation in the condenser.

Vapor

CONDENSER
(Heatout)

t
ADIABATIC

SECTION

t Wlck '"""-"
Structure Uquld

Condensate
Return

EVAPORATOR
(Heatin)

\
•

Figure 2.1
SChematic of a '!Yplcal HeatPipe

ln between the condenser and the evaporator sections may be situated an

insulated adiabatic section. In this section, neither condensation nor evaporation take

• place.

5
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CHAPTER 2: THE HEAT PIPE

2.2 Advantages of a Heat Pipe

The principal advantage of a heat pipe is that it may transport enormous

quantities of heat across a very small pressure gradient For this reason. heat pipes

have been termed "Superconductors of heat" by more than one author' .n • Indeed. it's

effective thermal conductivity is orders of magnitude more than even the most heat

conductive soUd metals.

Furthermore. because the latent heat of evaporation for working substances is

generally quite high. an enormous amount of heat transfer can be accomplished by

means of a very small amount of mass transfer. In a sodium-charged heat pipe for

example, one gram of sodium changing phase fram liquid to vapor (evaporation) will

absorb roughly as much heat energy as 32 grams of sodium undergoing a 1000 C

temperature increase.

An additional advantage of heat pipes is that the working substance and the

various sections of the shell exhibit, individually, virtually pertect isothermal behavior.

.....The condenser surface of a heat pipe will tend to operate at uniform
temperature. If a local heat load is applied. more vapor will condense at
this point, tending to maintain the temperature at the originallevel.. ... lU

When the heat pipe is operating within normal parameters, the working

substance vapor and Iiquid phases are at or very near thermal equilibrium. This facto

coupled with the extremely small pressure gradients within the pipe, give rise to a

working substance which is almost completely isothermal.

6
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• 2.3 Types of Heat Pipes

Heat pipes may be divided broadly according to the mode of vapor lliquid flow

within the pipe" , the flow regimes being parallel-f1ow, counter-flowand cross-flow. Heat

pipes are also classified according to the mode of condensate returnv
• The various

methods of condensate return are Iisted in table 2.1 Of the Iisted pipes, the most

common and the most robust is the gravity-driven thermosyphon.

Method of Condensate Retum Type of Heat Pipe

Gravitv Thermosvohon

Capillarv Force Standard Heat Pipe

Centrifuaal Force Rotatina Heat Pipe

Electrostatic Volume Forces Electrohvdrodvnamic Heat Pipe

Maanetic Volume Forces Maanetohydrodvnamic Heat Pipe

Osmotic Forces Osmotic Heat Pipe

Bubble Pump Inverse Thermosyphon

Table 2.1

Methods of Condensate Return for Different lYpes of Heat Pipes

The topic of concentration for the balance of this volume will be counter-flow

thermosyphons (gravity heat pipes).

•
7
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• 2.3.1 Thermosyphons

~
Condenser

Adiabatic
Section

Evaporator

~

Figure 2.2

SChamatte of a Thermosyphon

•
As indicated in Table 2.1, a thermosyphon is simply a gravity heat pipe. Because

there is no wick required to retum the condensate to the evaporator section of the pipe,

thermosyphons are often termed wickless heat pipes.

8
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A schematic of a thermosyphon is presented in Figure 2.2. Because gravity force

is necessary to return the condensate to the evaporator. a thermosyphon must be

oriented in such a way that the evaporator section is lower than the condenser. This

requirement places constraints on the use of thermosyphons. The fact that

thermosyphons require no wicks. however. means that they are easier to construct and

more robust in operation.

• 2.3.2 Gas-Loaded Heat Pipes

•

Gas-Ioaded heat pipes. (or VCHP, Variable Conductance Heat Pipes. as they

are better known) were first investigated by Wyatt in 1965'" . In 1967, Katzoff';; noted

that the inclusion of non-condensable gas within a heat pipe could alloweffective

thermostatic control during operation. In 1971 Marcus,"li produced a definitive reference

on VCHP which outlined their advantages over standard heat pipes.

When a non condensable gas exists in the presence of the working substance. it

is swept to the far end of the condenser by the working substance vapor flow. The inert

gas is trapped by the convective flow of the migrating vapor and shuts off part of the

condenser to condensation.

ln non-VCHP heat pipes, an increase in the heat load at the evaporator can

cause a dramatic temperature increase in the working substance. In VCHP pipes.

however, fluctuations in heat load have a much smaller effect on the working substance

temperature. In the case of a heat Joad surge in a VCHP, for instance. the increased

system pressure will compress the inert gas plug and expose more pipe Jength to

9
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condensing vapor. Since there is an increase in the interfacial area between the

working substance and the heat sink. there is less upward pressure on the

temperature. Thus, the temperature increase caused by the increase in heat load is

mitigated.

ln the case of a sudden drop in heat Joad in a VCHP pipe. the lower system

pressure will allow the inert gas plug to expand and choke off the available area for

condensing vapor. Thus. the temperature decrease will be mitigated. In either case. the

presence of the inert gas serves to buffer the effects of heat load fluctuations. Figures

2.3 and 2.4 iIIustrate the use of inert gases in VCHP.

INERTGAS
ZONE

CONDENSER

ADIABATIC
SECTION

EVAPORATOR

Figure 2.3

4 Zone Thermosyphon
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Inerf
Gas
Plug

Shut-OfftZone

~ ~
Shut-Off

Zone

~ / ~ ~

~ ~
~ ~

t

~ ~j ,
;t "

A B

Figure 2.4

Shut-offZone ln a Thermosyphon under

High HeatLoad (A) and Law HeatLoad (B)

• 2.4 Applications

•
Heat pipes. in their simplest form, have been used long before Gaugler's famous

1942 patent applicationlx
• Angier March Perkins' "ever full" water boiler" (Figure 2.5) of

the late 19th century was based on what would now be known as a gravity heat pipe.

11
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Perkins, very possibly the original inventor of the heat pipe concept, correctly

anticipated many of the uses for heat pipes: Heat exchangersXl
, waste heat recovery'IO

and cooling.';;;

FIgure 2.5

Perklns Bolier

The heat pipe did not obtain it's name until the term was coined by M. Graver in

1964x1v
• In 1967, the first satellite heat pipe test was conductedXV

, breaking ground in

what remains the single most important heat pipe application. By 1968, 80XY! scientific

papers had been published on the subject of heat pipes, including those dealing with

novel application in the fields of air conditioning, engine cooling and the temperature

control of eleetronic components.XY!I.xvIII.ldx From the 1970's to the present day,

thousands of scientific papers have been published on many aspects of heat pipe

applications and theory.

12
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• 2.4.1 Heat Pipe Applications in Metallurgy

While heat pipes have been used successfully in a large variety of space and

terrestrial heat transfer applications, there are, as yet, relatively few metallurgical

processes which take advantage of the heat pipe's enormous capacity for heat

removal.

For the metallurgical industry, the potential advantages of implementing heat

pipe technology are enormous. The extremely high heat transfer rates allow the heat

pipe shell, including the evaporator, to operate at temperatures much lower than that of

the heat source"" . This can be of large advantage in many pyrometallurgical

operations, and in particular, in fumaces and converters where apparatus must endure

severe thermal convective environments.

• 2.4.1.1 Work Conducted Outside McGiII

Castin;

InJection
of metol [:J!!tE~~~2::::~t_woterHeot pipe ln

Wattr
OUf

D'.

•
Figure 2.6

The Heat Pipe Usecl10 SupplementCoollng ln a Die. (Dunn, P. 239)
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Outside of the work conducted at McGiII University, the majority of published

papers dealing with heat pipe applications in metallurgy concern improving existing

water-cooling technology in dies and mouIds. Heat pipes have been used to mitigate

temperature gradients within the die as weil as removing heat from hot spots within the

assembly. Figure 2.6 iIIustrates a simple, typical usage of heat pipes within a die

assembly.

Other notable applications of heat pipe technology in the field of process

metallurgy include the use of heat pipes as an alternative to water in the cooling

shanks of graphite arc furnace electrodeslOCi and the use of annular heat pipe sections

as isothermal furnace IinerslOCil
•

• • 2.4.1.2 Continuous Measurement ~f Melt Tem!?~ratu!e_..•••._•.__.••. .

The continuous measurement of melt temperature using a heat pipe-sheathed

thermocouple is a heat pipe application developed at McGiII University by Choi and

MucciardilOCÜ1
•

ln modem steelmaking processes, avoiding problems such as breakouts or

tundish freeze-up often require knowledge of the instantaneous steel temperature in

the tundish. Untortunately, continuous temperature measurement of molten steel is not

always feasible with current technology. One of the major problems is that the

conventional thermocouples employed to measure temperature in the steel cannot

• withstand the severe corrosion around the slag line. This sensitivity requires that the

thermocouples be inserted into a protective refractory sleeve. Because of chemical

14
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attack from the slag, current sleeves have a lifespan of less than 10 hours, after which

time the entire assembly, including the refractory sleeve, must be replaced.

A novel innovation has been developed whereby the thermocouple is protected

by an annular heat pipe sleeve at the slag line. Figure 2.7 iIIustrates this innovation.

Thermocouple Wire

steel

•
Heat Pipe Sleeve

Tundlsh

11111I11I Eii3I
Data

Acquisition

•

Flgùre2.7
Measurementof Steel Temperature wlth a Heat Plpe-Shealhed Thermocouple

The ability of the heat pipe to evacuate large quantities of heat causes solid

accretions to form on the walls of the pipe, thus producing a protective barrier against

further chemical attack from the slag. Using this process, the thermocouple wire is

protected indefinitely and continuous measurement of steel temperature is possible.

15
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._ ?:.~:..~.:.~ !:::!g.~~.~ ..~~.~~~.~~.~ ..~~.~.~.~: .

This is another metallurgical heat pipe application pioneered at McGiII. Meratian

et al. have developed an innovative method by which cooling-curve data for Iiquid

aluminum melts may be generated on a semi-continuous basis.- ."""

For batches of Iiquid aluminum prepared at foundries, melt composition may be

determined by means of producing a cooling CUNe, a technique commonly referred to

as thermal analysis.xxvi The location of the solidus and liquidus temperatures, coupled

with the overall shape of the curve provide a cooling curve "signature" which is

charaeteristic of a given alloy composition. Figure 2.8 iIIustrates cooling curves for two

different batches of 356 alloy ingol

...
..
~ 000

f..
~ 57

550

5.5

« " l " 1 1 l ' , 1 1

•
""",·lln.n-,

Figure 2.8

Coollng Curves Obtalned from Iwo Balches of 356 Alloy Ingot

16



•

•

•

CHAPTER 2: THE HEAT PIPE

The traditional batch method of generating cooling curves involves removing a

sample of metal from the melt and then cooling it in a crucible while monitoring the

temperature change with a thermocouple. This is a ponderous process which is quite

difficult to automate.

The heat pipe aluminum probe, however, is semi-continuous, and is highly

suitable for automated data acquisition.

Thermocouple

~
Data

Acquisition
Heat
Pipe

Annulus

Figure 2.9

Cross-section SChamatte of HeatPipe A1umlnum Probe
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As with the thermocouple sheath heat pipe, the working substance in the

aluminum probe heat pipe shell is contained within a steel annulus. The central core at

the bottom of the pipe is used to trap a relatively small aluminum pellet for analysis.

When the heat pipe chamber is depressurized, the working substance

temperature decreases and heat is absorbed from the melt trapped in the core section

(see Figure 2.9). The cooling curve for this trapped sample is recorded by means of a

thermocouple attached to a data acquisition system. Once the cooling curve has been

generated, the heat pipe outer annulus is pressurized, the working substance heats up

and the sample is remelted. Anorner cycle is ready to begin.

The Mitsubishi process is the only known process for copper production which is

truly continuous. Matte conversion is done continuously, as opposed to the batch-type

process used with Peirce-Smith converters.XXVII The distinguishing elements of the

Mitsubishi process are as follows (Botos, p.11) :

1) Smelting and converting reactions take place in separate fumaces.

2) Transportation of melt is carried out through launders connecting the
fumaces.

3) Top blowing lances are used for air blowing and solid materials feeding.

Figure 2.10 provides an overview of the Mitsubishi process.

18
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Top-B/owlng Lances

Converting
Furnace

Slag-Cleanlng
Furnace

Smelting
Furnace

•
Figure 2.10

The Mltsublshl Process for Copper Production

One of the main difficulties with the Mitsubishi process is that the top-blowing

lances which are fundamental to the processlOMli dissolve continuously during the blow

due to a combination of high temperatures, chemical attack and dissolution by matte

and blister copper. This results in a substantial materials cost, since the high chromium

stainless steel lances are expensive to replace.

Another serious problem involves the positioning of the lance tip within the

fumace. Under ideal conditions, the lance tip is situated 0.5 m trom the bath surface

(Botos, p.15). Given that the lance is continuously dissolving, the exact position of the

lance tip within the fumace is not known with certainty during the blow. This means that

it is impossible to optimize the process.

• These problems motivated the development of the heat pipe injection lancelOcix

for testing at the Kidd Creek copper production facility. The heat pipe injection lance

19
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was first tested at Kidd Creek on August 13, 1991 and successfully resisted failure for a

period of 2 days. The success of this and subsequent tests suggests that heat pipe

injection lances will Soon have a prominent role in installations employing the

Mitsubishi process. Figures 2.11 and 2.12 schematize the role of a heat pipe top­

blowing injection lance.

Flgl.!fe 2.11
Heat Pipe Injectlon lance vs. Norrnallnjectlon Lance

t
I~
10
~I.e
I~c
I~

1
'V

Heat Pipe
Lance

Convenfional
Lance

•

•
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INERTGAS
ZONE

1
1 CONDENSER
I~-

t 1ADIABATIC
t~;fTilliÙ SECTION

~ EVAPORATOR ..
~\----'~

REAGENT
GAS FLOW

• Figure 2.12
Schematlc of a 4-Zone Annular Heat Pipe Injection lance
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Of the top lances used with-bath smelting processes, the most prominent is the

BOF oxygen lance which is used to inject pure oxygen into a pig iron melt. The vast

majority of integrated steelmaking concems now use this process to produce steel.

Because of the extreme temperatures encountered in oxygen steelmaking, it is

necessary to cool the BOF lance with a relatively large quantity of water that is pumped

within a cooling jacket.

Recent innovations by Mucciardi et al. of the McGiII Department of Metallurgical

Engineering have demonstrated a viable alternative to the water-cooled BOF injection

lance.

.....A laboratory scale, oxygen top blowing. injection lance for BOF
steelmaking has been developed and tested. This novel lance, based on
heat pipe technology, can be operated without any cooling circuit

whatsoever. Heat fluxes of about 1 MW/m2 at the lance tip are readily
dissipated even with the lance operating at typical industrial rates of
decarburization and oxygen utilization..... xxx

The heat pipe BOF steelmaking lance works in much the same fashion as the

lances designed and tested for the Mitsubishi copper production process. As yet, heat

pipe BOF lances have only been tested in laboratory-scale steelmaking experiments.

These experiments have yielded excellent results and indicate that BOF steelmaking

lances have the potential to become an important heat pipe application in metallurgy.

A photograph of an experimental heat pipe BOF steelmaking lance is shown in

Figure 2.13.
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Figure 2.13
Photo of Experimentai Heat Pipe BOF Sleelmaklng Lance

..~ ~:.~.:!..:~ ~.~~~..~!.!?~_~~.~~~r:!.~_~ol::.:Is:...-. __

Following the continuous casting of steel, the rolled sheet""'" is typically cooled

with a series of water sprays. A project has been initiated at McGiII University by Frank

Mucciardi and Ning Jin to apply heat pipe cooling rolls to the task of cooling the metal

sheet. lOOCli

By using heat pipe rolls, heat can be extracted from the 'evaporator' (the angular

segment of the roll which is in contact with the metal at a given instant) and used to
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vaporize the thin working substance film which coats the inner wall of the hollow heat

pipe roll. The vapor condenses on the 'condenser' area (the angular segment which is

not in contact with the metal). Heat removal rates couId be increased by blowing air or

water through a parallel pipe network running axially within the core of the roll. Figure

2.14 iIIustrates how heat pipe rolls might be used to cool steel sheet

" tHeat Pipe Coollng Rolls

Figure 2.14
HeatPipe Rolls

While this project is still in its preliminary stages, initial design projections are

very encouraging.
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Heat Pipe Operation

• 3.1 Working Substance

•• 3.1.1 Chemical Compatibility

Chemical compatibility between working substance and pipe shell is necessary

for heat pipe longevity. Certain combinations have been found to be excellent, such as

copper/water or Pyrexlfreon. A copperlwater heat pipe operating at 1200 C for 135,000

hours-'i, for instance, established what is thought to be the current world recorà for

operating longevity (Dunn, p.56). On the other hand, certain combinations have been

found to be reactive. In an aluminum/water pipe, for example, the water will oxidize the

aluminum and produce hydrogen gas. The H2 gas, which is inert, will rapidly

accumulate and completely plug the condenser""'""' . Sodium, potassium and cesium,

popular choices for high-temperature applications, are compatible with stainless steels

(Silverstein, p.57) and other modified steels.

•
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• 3.1.2 Thermal Stability

Experiments conducted at McGiII by Meratian et al. have shown that alloy

constituents can be eliminated selectively from the active working substance pool by

means of solid-phase precipitation and escape to the pressure controlline. >OO<V This

produces the undesirable result that the composition of the working substance pool will

progressively degrade over time. Utmost care must be taken in the use of metal alloy

working substances and organic f1uids (Dunn, p.91) to ensure that this phenomenon

does not, eventually, corrupt the function of the working substance.

• 3.1.3 Condensate

For the condensate retum, it is desirable that the Iiquid wet the pipe and travel

as a stable film which has approximately constant thickness over a given pipe section.

If this is not the case, then the condensate may be shuntecl into riwlets. In the

evaporator, above the Iiquid pool. certain wall sections will be 'dry' and hot spots will be

produced. These areas of heat concentration can lead to pipe failure. This iIIustrates

the desirability of a pipe-wetting working substance.

The condition for wetting to occur between a given liquid and a given surface is

the following: That the total surface energy is at a minimum when the angle of contact

• between the liquid droplet and the surface is less than 90 degrees. Figure 3.1

iIIustrates the conditions of wetting and non-wetting.
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•
Surface

l
Liquid

e <900

contact e t t> 90
0

conac

•

Figure 3.1
Wettlng (left) and Non-Wettlng (Rlght) of a Surface

3.1.3.2 Flooding Limit and Entrainment Limit

•

Condensate retum to the evaporator may also become unstable if the interaction

between the counter current Iiquid/vapor f10w and the viscous shear forces occurring at

the Iiquid/vapor interface inhibit the retum of liquid to the evaporator.

n ••• When this occurs, the heat pipe is said to have reached the flooding
limit. Further increases in the heat input result in increased vapor
velocities. which may cause the Iiquid f10w to become unstable. In the
most severe cases, waves may forrn and the interfacial shear forces may
become greater than the Iiquid surface-tension forces, resulting in Iiquid
droplets being pick.ed up or entrained in the vapor f10w and carried to the
condenser. This entrainment of liquid droplets can Iimit the axial flux and
is referred to as the entrainment Iimit... A1though both f100ding and
entrainment result in excess Iiquid accumulation in the condenser and
dry-out of the evaporator•..• they can be differentiated by the presence of
Iiquid droplets entrained in the vapor stream.•." lOOM

Various authors have presented mathematical correlations for predicting the

onset of f100ding and/or entrainment in therrnosyphons as a function of the

27



Eq.3.1

CHAPTER 3: HEAT PIPE OPERATION

thermodynamic and f1uid properties of the working substance. Peterson and Bage have

examined 16 different mathematical correlations of this type. Unfortunately, they report

that the studied correlations yield variations spanning a geometric factor of five (p.152).

• 3.1.4 Temperature Range

While, theoretically, a heat pipe may be operated at virtually any internai

pressure, it is generally desirable for the system pressure to be at or below

atmospheric. This stipulation, in turn, prescribes the allowable temperature range for

any given pure working substance since the vapor pressure and temperature for a puree substance are coupled by the well-known Clausius-Clapeyron equation :

m( Pws ) - a b
101300 -"1:+

ws

Figure 3.2 iIIustrates the operating temperature range for various heat pipe

f1uids. The temperature range calculated corresponds to the pressure range of 6895 Pa

to 689 500 Pa•

•
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Sodium
Potassium

t-

e-
Cesium

Mercury

Naphtalene

IWater .i:

Figure 3.2

Operatlng Range for seven Worklng Subs1ances

• 3.1.5 Working Substance Heat Transport Capabilit)'

Just as important as the temperature range, however, is the Uquid Heat Transfer

Parameter(Silverstein. p.S4) also known as the Ment number (Dunn. p.24). This index,

defined in equation 32, may be used to determine the heat transport capability of a

given working substance.

Eq.3.2

•
Phi is a positive function of density, latent heat of evaporation and surface

tension. As one might expect. it varies inversely with Iiquid viscosity.
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• 3.1.6 The BoiJing Limit

Boiling occurs when fluid is evaporated to the gas phase at a solid-liquid

interface. The vapor originates as bubbles which form at the heating surface. The

phenomenon is complex to analyze because the heat and mass transfer is partially

governed by the growth and movement of these bubbles as they rise to the liquid

surface. The vapor bubble dynamics is, in turn, a function of temperature differential,

surface microstructure, fluid thermophysical properties, the f1uid flow regime and other

parameters.

•

•

Figure 3.3 iIIustrates the different regimes of boilinglOO<Vii . The highest boiling heat

transfer coefficients are yielded under the nucleate boiling regime wherein bubbles

begin to form on the heated surface, travel through the liquid and are subsequently

dissipated at the surface of the Iiquid. With increasing heat differential, however,

bubbles are formed so rapidly that they completely blanket the heating surface and

prevent the inflow of fresh Iiquid. The bubbles then coalesce into a vapor film which

coats the heating surface. Heat must now be conducted through this gas film and the

heat flux is reduced. The onset of this gas film phenomenon is termed the critica/ heat

flux. q"cnt.b is generally on the order of 106 W/rrIllOO<Viii. This maximum heat flux is often

referred to as the bumout point or the boi/ing crisis or, in the case of heat pipes, the

boi/ing limit.
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Figure 3.3
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q"cril,b for a given substance has been estimated byZube~ based on the

stability requirements of the interface between the vapor film and the Iiquid. See

equation 3.3.

• 3.1.7 Diffusion Freeze-Out

Eq.3.3

•
When the heat sink temperature is below the freezing point of the working

substance (as is often tI:Ie case with liquid metal heat pipes). working substance vapor

which diffuses into the inert gas zone may freeze on the pipe walls, thus depleting the
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available inventory of working substance. If the process continues unabated and

sufficient quantities of the lA'Orking f1uid are permitted to solidify in the inert gas zone,

the pipe will cease functioning due to diffusion freeze-out. This phenomenon has been

studied extensively by Edwards, et al.x1
•

• 3.2 Heat Pipe Shell

• 3.2.1 The Sanie Limit

As the heat Joad on a thermosyphon increases, so does the vapor f10w from the

evaporator to condenser. Under extreme heat load. vapor velocities may become

extremely high, particularly at the mouth of the evaporator, where mass f10w is highest.

The sonie limit is encountered when the migrating vapor in a heat pipe attains sonic

speeds. When the sonic limit is encountered, the application of additionaJ heat Joad

fails to increase the mass f10w of vapor. Instead, the evaporator temperature increases

unabated, and large axial heat gradients develop in the working substance.

Dunn (p.73) reports the sonic Iimit as follows :

( )
1.5

Qtot =Acs . 0.474· K· Pv· P Eq.3.4

A heat pipe must have sufficient cross-sectional area to accommodate the vapor

• f10w which results from the applied heat Joad.
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• 3.2.2 Fluid Inventory

Fluid inventory in a pipe must be sufficient to wet ail internai surfaces during

pipe operation. If the liquid reservoir at the evaporator is too large, however, the f10w of

vapor bubbles from the evaporator wall surface will be hampered by the hydrostatic

head pressure of the pool. This pressure differential will give rise to an axial

temperature gradient Strel'tsoVCSI has proposed an equation which yields the optimum

fluid inventory for a thermosyphon:

Eq 3.5

•

•

3.3 Boundary Conditions

• 3.3.1 Evaporation of the Working Substance

If the boiling limit is respected, the heat transfer regime in the evaporator wiil be

one of nucleate boiling. The turbulent mixing in the Iiquid film which is caused by

bubble growth and detachment gives rise to very high heat transfer coefficients. Boiling

heat transfer rates in the nucleate boiling regime may be estimated using the

Rohsenow correlationldll
:
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Eq.3.6

Despite the non-linear dependence of heat flux on temperature difference. it is

nevertheless quite common to approximate the non-linear relationship with a Iinear

expression of the following form :

Eq.3.7

• 3.3.2 Condensation of the Working Substance

The amount of heat rejected to the condenser is equal to the mass of vapor

which condenses multiplied by the working substance's latent heat of vaporization. If

the Iiquid wets the surface of the heat pipe, the condensation regime is known as film

condensation. Otherwise, the process is called dropwise condensationxliil
•

Under.the film-condensation regime, the pipe surface is blanketed by the

condensate film, which grows in thickness as it moves down towards the evaporator.

Heat transfer through the film is driven by the difference between the vapor saturation

and wall surface temperatures. The film condensation process, as schematized with the

• incorporation of Nusselt's modeling assumptionsxliv is iIIustrated in Figure 3.4.
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"'~··l··l··l ~~1~11y
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Figure 3.4
Nusselfs Analysls of Lamlnar Film Condensation on a Vertical Surface

Nusselt's analysis is conducted under the assumption of laminar f1ow, constant

property f1uid, pure vapor at it s saturation temperature, negligible shear force at the

Iiquid-vapor interface, negligible momentum and energy transfer by convection in the

• condensate film in addition to Prandtl's standard boundary layer approximations.

Because the film thickens with distance, the local heat transfer coefficient will decrease
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with distance. Thus, the mean heat transfer coefficient for a given segment will be a

diminishing function of length. Equation 3.8 presents Nusselt's computed heat transfer

coefficient for film condensation on a vertical surface.

Eq.3.8

• 3.3.3 Cooling of the Condenser

At the extemal wall of the outer pipe shell, the summation of the convective and

radiative heat fluxes yields the total cooling of the pipe. Radiation is generally the

primary mechanism for the cooling of high temperature Iiquid metal heat pipes. In low

temperature pipes, or high temperature pipes with water cooling jackets, convection is

generally the dominant heat transfer mechanism.

• 3.3.3.1 Radiation -----------_.- __ __ _._.__._.._ _._ _ .

The quantity of radiative heat which a body exchanges with the outside

environment is govemed by the Stefan-Boltzmann law of thermal radiation, iIIustrated in

equation 3.9.

• Eq.3.9
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• 3.3.3.2 Convection

ln the case where natural convection cools the condenser section, the following

relation for vertical walls (Holman, p. 343) may be used.

k Ig.B ·(-r-r )./3·C .1/ ll§
=1 . ....i... 'l / loT env c p,f r i Jhcon'O/ 2·k

e VI 1
Eq.3.10

The subscript, f, describes the various f1uid properties as being film properties.

These properties are evaluated at the film temperature, which is often estimated ase ~ (T.-Tonv).

• 3.3.4 The Reagent Gas

•

While natural convection and radiation typically cool the extemal shell, heat may

also be released by means of working substance condensation on the outer wall of the

inner pipe, as iIIustrated in Figure 3.5, below. The reagent gas.which f10ws through the

inner pipe will increase in temperature as it absorbs heat Trom the inner pipe wall. In

this manner, the reagent gas can obtain substantial preheat. A control volume energy

formulation for t'le gas f10w is iIIustrated in Equation 3.11 and Figure 3.6. Turbulent

dissipation is neglected.

Eq.3.11
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Figure 3.6

Energy Balance on a Segmentof Gas Flow
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Modeling

4.1 Aspects of Heat Pipe Modeling

Because thermosyphons lack a wick structure, many aspects of their modeling

are relatively straightforward. In variable conductance thermosyphons, however,

difficulties arise conceming treatment of the interfacial layer between the convecting

vapor and the stagnant inert gas.

•...Temperature and concentration gradients in the region in between the
gas and vapor drive the double-diffusive natural convection component
The low velocities in the diffusion region require the use of full elliptic
equations, rather than the simpler parabolic forms... The greatest
difficulties arise from the complicated nature of the boundary conditions.
Phase ec;uilibrium requires a highly non-Iinear relationship between the
gas concentration and the temperature at the wall...: xlv

The most complex numerical models, such as that of Hijikata et al.xlvi include

diffusive transport in the interface region, wall conduction and a two-dimensional

treatment of inert gas distribution. Unfortunately, the enormous complexity of full-blown

• 2-D models renders them mathematically time-consuming and, in the case of Hijikata et

al., able to accommodate only a limited range of operating parameters.xIvii 1-0 models,
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such as those of Van der Voorenx
'",,, , Bobcoxhx and Edwards et al.' provide more robust

alternatives.

• 4.2 The Flat Front Madel

For initial design calculations, less complexity is required. The fiat front model

proposed by Dunn (p.213) employs the following assumptions :

• Steady-state.
• Inert gas obeys the ideal gas law.
• A sharp interface exists between the gas and vapor. Gas-vapor mixing due to

buoyancy effects and diffusion are ignored.
• Axial wall-conduction effects are ignored.
• Working substance is isothermal and Tws =T$0\.

• Heat pipe pressure is constant. P =Pws =P$O\ =Pig •

Previous authors have successtully employed the flat-front model at McGiII to

model heat pipe injection lancesli
•

• 4.2.1 Accuracy of the Flat Front Madel

For a steady-state inert-gas-loaded variable conductance thermosyphon, the

inaccuracies of the flat-front model stem from the assumption of a step profile in both

the axial temperature distribution and gas concentration. This is iIIustrated in

Figure 4.1 .•
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Temperature Distribution

---~-

Actuel
_ _ _. Flat-Front

Apprcixlmotlon

~ottom

---------
1

~op

T\1~l~j{:~i~~lli!~~:~t~:IJJ~rt :~~S: ...

1.0 r -----:-::::-=------~
1

1 1
! 1lilI'''''''IiiiiiiiO _

! 0.0
Zoottom ~op

••
Figure 4.1

Flat-FrontApproximations ln the Temperature and lnertGas Distributions
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..............~:.?:..!.:.!.....~~.~~~:.~ ..~.~~.Y..~!~............................................................................................................................................. ..

Bobco has performed a parametric study to determine the error incurred by

adopting the flat-front model versus his own more sophisticated first-order axial mode\.

His datamiIIustrates that. in the case of thermosyphons without gas reservoirs. adoption

of the flat-front model renders sizable error.; only when the heat loads are small. as

iIIustrated in Table 4.1

'1' le (fiat frontl le (1st ord.) le % Err. T..... (fiat front) T..... (1st ord.) T..... %Err.

5.55 .167 .226 26.1 44.6 Oc 44.6 Oc 0.00

27.6 .636 .690 6.1 51.9 Oc 52.3 Oc o.n

55.6 .941 .9n 3.6 n.4°C n.9°C 0.65

Tobie 4.1
Results from Bobco's Comparlson of Flat-Front Model vs. 1st Order Axial Model

4.2.1.2 Pe~erson's ~~!y.~!s _._..._......__.__.. ....... ....._. ..._..._.......

pétersonllil has presented a two-dimensional diffusion model based on previous

work by Hijikata. Chen and Tien (1984). Peterson's improvement consists of greatly

simplifying the model and broadening its application with the inclusion of a modified

integral formulation of the species equation. Peterson then performed a parametric

study on the extent of the error incurred by using the flat-front model versus more

complex models.
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•...The relative simplicity of the integral formulation allowed this
parametric study, since over 500 integral cases can be solved with the
amount of computation required for one exact 2-D case..:

Figure 4.2 iIIustrates the extent of flat-front error in predicting the length of the

shut off zone as a function of two dimensionless variables, Wand E.
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•

Figure 4.2

Prediction of Shut-ottZone: Four DifferentModels vs. Flat-FrontModel
(Paterson, 1988, Fig. 2-4)

Figure 4.2 iIIustrates that significant errors are incJrred by using the fiat front

model only in the case that Wand E are suitably high. Also evident from the figure is

the fact that 2-D effects are completely negligible at ail but the smallest values of E.
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Table 4.2 iIIustrates Wand E values for two representative heat pipe injection lance

applications.

Botos.1992 Mucciardi. Jin and Kay. 1994

Mark 1Injection Lance BOF Lance

Pipe Matenal Stainless Steel Slainless Steel

Workino Substance Sodium Sodium

Pipe Lenoth (m) 6.00 .95

Ooeratino Pressure (kPa) 202 3

T 1237 864

Inert Gas Amon Helium

C. 1.944 x 10'2 4.176 x 10"
MWv

23 23

0 3.18 x 10" 2.66 X 10"

le 3.6 x 10· 3.6 x 10·

h..... 130 71.5

IT... -T....l 939 570

r, 2.46 x 10'2 1.12 X 10'2

E 1.68 .205

ka 15 15

At 9.45 x 10" 1.64 x 10"

W .89 3.90

Table 4.2

Values of W and Efor Two Heat Pipe Injection Lances
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Comparing these values of E and Wwith the curves presented in Figure 4.2, it

may be seen that the error incurred by using the fiat front model for modeling heat pipe

injection lances is extremely low - on the arder of 1 pipe radius length of error in

estimating the inert gas shut-off zone.
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The Transparent Heat Pipe

5.1 Introduction and Motivation

A low-temperature, laboratory-scale, transparent heat pipe injection lance was

constructed and tested in order to investigate the validity of the assumptions invoked in

the flat-front mode!. In particular, the following questions were to be answered :

1) How realistic is the assumption of an ideal flat-front temperature profile?

2) Given a certain set of boundary conditions, can the inert gas 1vapor front

become "tilted' as suggested by Coscia 1(p.26) ?

3) What is the effect, if any, of the use of different inert gases ?

4) What factors influence the onset of diffusion freeze-out ?

• 5.2 Apparatus

• The thermosyphon tube was constructed from 1 mm gauge pyrex according to

the geometric specifications iIIustrated in Figure 5.1.
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•
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Figure 5.1
Pyrex Thermosyphon Tube
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Figure 5.2

Pyrex Tube and Perlpherals
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Figure 5.2 iIIustrates the complete experimental setup used to test the pyrex

thermosyphon injection lance. The reagent gas used was air, supplied under pressure

from a standard wall outlet and fed into the central core of the pipe. The power source

consisted of an AC-driven heating coil with variable voltage input indexed from 1 to

100.

The outer annulus of the pipe was accessible through the two small ports which,

during pipe operation, served as access points for the pressure transducer and the

thermocouple. The pressure monitoring port also served the vacuum line and the inert

gas inventory line. These lines were sealed off during pipe operation. The sealed line

connections were made using Swagelok ™ fittings, segments of 14 inch 00 stainless

steel tubing, and 14 inch ID plastic tubing fastened with steel tension bands. The tip of

the thermocouple wire was inserted into the tube and fastened into place with a

Swagelok ™ reducing union. Once in place, a special nylon fitting allowed the tip of the

thermocouple to be moved axially without compromising tne sea!. Once sealed, the

system remained airtight for ail tested internai pressures between .01 and 5

atrnospheres.

5.3 Working Substance Selection

Because of their commercial availability, surface wetting characteristics and

desirable thermodynamic properties, water, Oowlherm A, acetone, methanol, ethanol,

and refrigerants such as R11, R113, R22. R115 ana R1SB1 1
" are working substances

commonly employed in low temperature heat pipe research. However, due to the low
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freezing points of these substances, none of the above listed fluids allow the study of

diffusion freeze-out at normal amblent conditions. Therefore, a fluid with a higher

melting point than conventionallow-temperature heat pipe working fluids was sought.

According to this criterion, naphthalene (C,oHa) was selected as the working fluid used

for the experimental program conducted with the pyrex thermosyphon.

Naphthalene is a commercially available hydrocarbon known best as the

distinctively malodorous constituent of the common mothball. To this author's

knowledge, no experimental work utilizing naphthalene-Ioaded heat pipes has been

published to date. Some properties of naphthalene are Iisted in Table 5.1.

NAPHTHALENE, C,oH.

Molecular WeiQht 128.1 grams.

Densitv 20·C) 1.145 Kg/\.

Melting Point 80.2 ·C.

Boiling Point at 1 atm. 217.9 ·C.

Consistencv of solid phase Chalkv, OpaQue, White.

Consistencv of IiQuid phase Transparent.

Table S.l
Propertles of Naphthalene

Through the pyrex tube's charging ports, the lance was charged with sufficient

quantities of naphthalene to bring the evaporator's liquid pool height to 5.5 cm prior to

• pipe startup.
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Preliminary experimerots indicated that the naphthalene, in Iiquid phase. readily

wetted the pyrex tube and produced a stable condensate film. Naphthalene precipitate

was found to be chalky and opaque, and thus readily distinguishable from the

transparent Iiquid phase by a cursory visual examination. This property would prove to

be extremely important in the experimental observation of diffusion freeze-out which

followed.

5.4 Inert Gas Selection

Ouring steady-state thermosyphon operation, the segregation of vapor and inert

gas is produced by the convective force of the migrating vapor. White convection

dominates the f1uid f10w regime close to the evaporator, the low vapor velocities in the

vicinity of the vapor/inert gas interface area allows some diffusion to take place. In

general, pressure-driven convective forces abet the creation of a sharp interface white

diffusive forces have the opposite effect.

A third important force, however, can have a decisive effect on the integrity of

the interface. This force is the gravitational body force which acts on both the vapor

and gas. If the vapor has.a higher density than the inert gas, then buoyancy forces will

tend te abet the presence of a sharp, stable interfacè. On the other hand, if the inert

gas has a greater density than the vapor, severe instabitities may arise at the interface.

At points, pockets of inert gas may sink weil below the interface area and cool the

vapor in the immediate vicinity. This, in tum, may give rise to homogenous precipitation

within the vapor f10w and a localized depletion of the vapor, thereby causing a pressure
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drop and an exacerbation of the instability. This can lead to the complete breakdown of

the interface.Iv

For this reason, three inert gases with different densities were tested. The tested

gases are listed in Table 5.2. For naphthalene, pv...mis 3.177 Kg! m3
.

InertGas Plo...... Pv.-.! Plo"""

Helium 0.166 Kg! m3 19.14

Air 1.195 Kg! m3 2.65

Sulfur Hexafluoride (SFs) 6.071 Ka! m3 0.52

Table 5.2
Inert Gases and thelr Densitles

5.5 Temperature Profile

As discussed previously, the flat-front model invokes the assumption that the

axial temperature and inert gas concentration profiles within the pipe may be expressed

as step functions. This assumption was tested using the pyrex thermosyphon.

• 5.5.1 Experimental

• The pyrex tube was loaded and tested with air, helium and SFs. In the case of

air, the pressure transducer port was left unsealed, allowing the system to operate at
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ambient atmospheric pressure. In the case of helium and SFs, it was necessary to seal

the pressure port so that the inert gas composition would not become diluted by

infiltrating air. The gas-Ioading, in these two cases, was done is such a fashion that the

system operating pressure would be approximately atmospheric.

For the three tests, the variable supply voltage setting was set to 60 and no

reagent gas f10w was administered. Prior to temperature measurement, the system was

aUowed ample time to achieve steady state. The tip of the thermocouple probe was

then positioned axiaUy within the outer annulus so that the axial temperature profile

could be observed.

8.----------------------------

Radial temperature variations, for ail three gases, were found to be negligible. In

the case of He and air, no unsteady variations in temperature profile were observed. In

the case of SFs, however, transient local fluctuation were often severe. Data coUected

for the SFs loar.!::!d pipe, therefore, wa'i time-averaged over a span of 2 minutes per

data point Figure 5.3 iIIustrates the temperature profiles observed.

Figure 5.3 iIIustrates that in the case of air and helium loading, segregation of

the hot vapor from the cool inert gas is quite pronounced. In the case of SFs, however,

the countervailing buoyancy forces have severely disfigured the step profile.

•
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Temperature vs. Helghtfor 3 Different lnert Gases
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• 5.6 Flow Field Visualization

• 5.6.1 Pipe Loaded with Air and Helium

•

•

For the air and He-Ioaded pipes, condensation "rings" were observed

demarcating the transition point from the vapor-rich region to the gas-rich region.

These rings were observed on both the outer and inner pipes, and their position

relative to each other allowed a determination of the shape of the front region. In the

case of the rings observed on the outer pipe, they were typically situated 1-2 cm below

the lowest diffusion freeze-out precipitate which had collected on the outer pipe. In the

case of the rings which developed on the inner pipe, the)' were typically located less

than 1 cm below the lowest diffusion freeze-out precipitate which had collected on the

inner pipe. Figuie 5.4 and Table 5.3 iIIustrate the slanted nature of the interface at

various boundary conditions.

experimentaI Run Reagent Gas Air Flow Zt..•.{m) Angle of Interface Inclination

Imls, air al S.T.P.l

a 0.0 .000 0°

b 30.5 .012 38.'fl

c 63.0 .031 64.1°

d 111.0 .038 68.5°

Table 5.3

Interface Geometry atDureront F10wrales for Air loaded pipe, 1 atm.
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Figure 5.4 and Table 5.3 iIIustrate that even at very high reagent gas flowrates.

and the correspondingly high heat flow extracted at the wall of the internai p:"e. the

disfiguration of the interface region is minimal. Vertical deflection of the front region is

on the order of 1 pipe diameter. As such. the experiments with light inert gases

(pv...""p;g,..m> 1) indicate that the assumption of a flat-front is valid even in those cases

where the disparity between ambient and inner pipe boundary conditions is

considerable.
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Figure 5.4
ln1erface Region for 4 DifferentFlow Condltlons (Table 5.3)
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•
• 5.6.2 Pipe Loaded with SF6

Figures 5.5 and 5.6 iIIustrate the difference between the f10wfield behavior in an

air-Ioaded (P......,IPig...m> 1) and an SF6""loaded pipe (Pv.....,Ipig...m< 1). In both cases, pipe

pressure was 1.0 atm., voltage level was set to 55, and reagent gas velocity was 45.0

rn/s. In the air-Ioaded pipe, as with the He-Ioaded pipe, buoyancy forces abet

convective forces in the establishment of a stable, near-horizontal interface. However,

no clear interface exists in the SFs loaded pipe. This absence, iIIustrated numerically in

the near-uniform temperature decay presented in Figure 5.3, is iIIustrated graphically in

Figures 5.5 and 5.6 below.

• Since there is no discrete interface region in the SF6""loaded pipe, the

characteristic interface "rings" observed in the presence of a Iight inert gas are absent

While the interface regions in the presence of both air and He were highly stable, the

same could not be said for the SF6""loaded pipe. Large oscillations in the rate of vapor­

phase condensation were observed, giving rise to pressure fluctuations and unsteady

f1ows, including vortex f1ows. The absence of any discrete front allowed a copious

recirculation f10w of vapor and inert gas. This, in tum, produced a high solid-phase

deposition rate towards the upper extremity of the pipe.

•
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Figure 5.5

Air-Loaded Pipe (A) Exhibiting Steady Flow Behavior and

SF6-Loaded Pipe (R;:snd C) Exhibiting Uns1eady Flow Behavior

A B

Figure 5.6
Solid Phase Precipitation afler 10 minuies of Operation

in Air-Loaded Pipe (A) and SF6-Loaded Pipe (B)
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• 5.7 Pyrex Heat Pipe Endurance Tests

Endurance tests were staged in order to determine the effect of inert gas

selection on total elapsed time till the onset of complete diffusion freeze-out.

As Figures 5.7 al'!d 5.8 iIIustrate, the effect of the Pv...""Pig...mratio is a critical

factor with regard to the rate of solid phase precipitation within the pipe. In the case of

air (Pv...""Plg...m> 1), the presence of the well-defined front interdicts the migration of

vapor to the cold upper extremity of the pipe. The absence of such a well-defined front

permits much faster liquid pool depletion in the case of SF6• With both gases, the

higher voltage level (Figure 5.8) rendered slower dry out times than with the lower

voltage level (Figure 5.7). This was due to the tact that the unheated area available for

solid phase precipitation is inversely proportional to the condenser height (which is

itself a positive function of heat load).

Given these results, it is relevant to consider the Mark 1lance of Botos discussed

in Chapter 2. The Mark 1lance employed sodium as a working substance

(Pv...m =.243 kg/mi and nitrogen as the inert gas (pig,atm =1.16 kg/mi. For this lance,

the Pv...""plg...m ratio was 0.209, much lower than even the 0.52 ratio of the tested

SF~naphthalenecombination. In terms of slowing the onset of diffusion freeze-out in

such high temperature applications, the use of helium (Pig...m= .166 kg/mi instead of

nitrogen presents obvious advantages.

•
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5.8 Pipe Wetting at Evaporator

As discussed, it is desirable for the working substance condensate to wet the

pipe's hot internai surfaces. This is particularly important in the evaporator section of

the heat pipe. In the non-wetting case, sections of the evaporator wall will not be

protected by the condensate film and dry "hot spots" will emerge. These spots can, in

the worst case, lead to pipe failure.

Hot spots emerge due to the conjugate effect of vaporlfilm shear stresses and

high wall heat flux. As such, they are most Iikely to be found in the evaporator, above

the top of the Iiquid pool. In the case where evaporator boundary conditions vary

azimuthally, the hot spots are most Iikely to appear at the points where the heat flux is

highest The Iiquid is shunted to rivulets which circumnavigate the points of high heat

flux. The formation of a hot spot resulting from high vapor/liquid shear stress and

locally varying heat flux is "chematized in Figure 5.9.

Figure 5.10 iIIustrates the appearance of hot spots in the pyrex thermosyphon at

high heat load (voltage =85).

This problem of hot spots can be eliminated if the condensate flo\l\; is protected

from the shear force of the vapor in the presence of the applied heat Joad. This may be

accomplished by using several wraps of fine metal mesh to Jine the inside of the pipe in

the evaporator region.
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A 5-fold wrapping of 100-mesh (150 j1.m) stainless steel mesh was used in the

pyrex thermosyphon to successfully eliminate the onset of hot spots. This practice is

iIIustrated in Figure 5.11.

Heat
Source

VaporFiow

Area
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•
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:--_ Liquid Pool
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Liquid Flow
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Figure 5.9

Ukely location of HotSpots ln a Heat Pipe
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•

Figure 5.10

Hot Spots ln Pyrex Thermosyphon (Voltage Level = 85)

Figure 5.11

Elimination of HotSpots ln Pyrex Thermosyphon

Using 150 !Lm Stalnless steel Mesh (Voltage level = 85)
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HEATPIPE 1.0
nEATPIPE 1.0 is a control volume, finite difference software simulation package

created to model the steady state behavior of annular reflux thermosyphon injection

lances. HEATPIPE 1.0 employs the flat-front model discussed earlier in this volume. It

has been used successfully at the McGiII Metals Processing Centre in the design and

analysis of heat pipes for a wide variety of applications. >Xiv. - HEATPIPE 1.0 has been

written in FORTRAN for MS-DOS PCs. The input and output interfaces have been

created using HS-PRO liN subroutines and utilities

Users of HEATPIPE 1.0 employa graphical user interface in order to input the

data pertaining to the pipe. working substance and boundary conditions of interest The

57 unknoWlls are calculated iteratively using the welt-known Newton-Rapheson

method1v
; • Model results are presented graphicalty to the user following the successful

completion of a simulation.
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6.1 Model Construction

6.1.1 Nades

•

Vertically. the pipe is sectioned into 5 discrete areas. The Inert Gas Section

contains no nodes because it is assumed that negligible heat transfer takes place in

this zone. As is the case with the Condenser Section, the length of the Inert Gas

Section is not known prior te implementation of the mode!. In a gas-Ioaded

thermosyphon, the position of the gas/vaporfront (and, thus, the lengths of the Inert

Gas and Condenser sections) is an unknown parameter. Vertically, the condenser

section contains 3 nodal slices. These 3 nodal slices are spaced evenly through the

condenser section which, as mentioned, is of unknown length prior to solving the

system. Different boundary conditions may be applied to each of the condenser's 3

nodal slices.

The Adiabatic Section and t'le Evaporator Secbon are both of known length. The

Adiabatic Section contains 1 nodal slice. The Evaporator Section contains 2 nodal

slices. The relative size of the control volumes associated with the two nodal slices in

the evaporator may be changed freely, as may the boundary conditions associated with

each.

The tip area of the pipe receives special consideration since this is the point

where the maximum temperature in many lance applications may be found. Boundary

conditions at the tip are independent of the boundary conditions implemented at t'1e

two axial control volumes of the evaporator.
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Figures 6.1 and 6.2 iIIustrate the allocation of nodes in the HEATPIPE 1.0

mode!.

6.1.2 Heat Pipe Types

HEATPIPE 1.0 may be used to model Type 1and Type 1/ thermosyphons. In a

Type 1thermosyphon, the inert gas inventory is a fixed parameter and system pressure

is unknown. In a Type li thermosyphon, the system pressure is fixed by adjusting the

inert gas inventory. In this case, the precise inventory of inert gas contained within the

pipe is a variabl~ which must be solved for. In either case, the total number of system

variables remains unchanged.
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",

Protective Cooting

Outer Pipe

Inner Pipe

• Figure 6.2

Cross-section of a Nodal Ring ln the HEATPIPE Model

69



CHAPTER 6: HEATPIPE 1.0

• 6.1.3 Variables and Equations

HEATPIPE 1.0 uses user-input boundary conditions and material properties to

solve a system of 57 equations and 57 unknowns. The unknowns are Iisted in Table 6.1

,,:.. 1 1 ......DeD

q,... for 1=1..6 Energy transfer fram environmenl ta wcrking substance. ith node. W. 6

qLP for i=1 ..6 Energy expelled from wcrking substance ta reagenl gas. ith node. W. 6

q.p Energy absorbed by wcrking substance thraugh lance tip. W. 1

T... fori=1..6 Bulk temperature of reagent gas, ilh node, K. 6

TLP for ;=1..6 Temperature of inner wall of inner pipe, ilh node, K. 6.e TLe for i=1..6 Temperature of oute; wall of Inner pipe. ilh node. 1<. 6

TL. for 1=1..6 Temperature of Inner wall of outer pipe. ith node, K. 6

Tu for i=1..6 Temperature of Inner wall of protectI',-e coating. K. 6

T... for i=1 ..6 Temperature of outer wall of proteclive coating. ilh node. K. 6

T....T... and T... Temperatures al bottom of the pipe. K. 3

le Lenglh of active condenser, m. 1

1.... Lenglh of b10cked off reglon predicted by fiat Iront mode! = ~·Ie, m. 1

V.. Volume consumed by Inert gas plug. m' 1

T_ Temperature of working substance, K. 1

P (Type 1pipe) or System pressure or Moles of Inert gas contaIned ln the pipe. 1

"'" (Type Il pipe)

1 T ...... 1 57

Table 6.1• Variables Employed ln HEATPIPE Model
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EQUATION DESCRIPTION NUMBER

'L". =2·;: 0'... '/, .h,... (T...... -7;.• )+ jJ&F •(T...'" _7;.•4) Eq.6.1
6q trom enwonment. node i

q lhrough ouler C08ling. node i q =2·;r·I·k ·ln [)( }(T. -T. )Eq.6.2 6
loAo 1 e r,J l.x IJ

q lhraugh ouler pipe sheU. nodo 1 q =2·;r·I·k·ln [";<}(T. -T.) Eq.6.3 6
... 1 $ liA IJ 1..

q Irom ouler pipe shonla Wllf10ng q•• =2·;r 'r.•.f.·h •._CT,.J -T_) Eq.6.4
substance node i 6

q Irom WO<long .ubstance la innor q•• =2·;r . r, ·f, ·h ,._CT_ - T,..,) Eq.6.5
Dioo sheU. node 1 6

q lhrough innor pipe shon. nodol q.. =2·;r·1, ·k,·ln [X].(T,.,-T,,b) Eq.6.6 6

a lIto _ .... node i
q.. =2·;r ·r. ·f.·h ..,CT,,/o -T,.. ) Eq.6.7

6

ft Irom onWonmont. Ianco tiD
q.... Ia..-.A.- .(T_... -T.... )+pcF·(T..,..... -T....<1) Eq.6.8

1

q lhrough ouler C08ling. Ianco tip
k< .~.._ '(4.• - 4.10) Eq.6.9 1qlip

t<

q lhrough oWJr pipe.1anco tip
k, . A..._ . (T",b - 1",.,>

Eq.6.10 1qlip
t,

q Irom otùr pipe shoII ta worldng q... =h"P..... •~.._ '(4.< - T.... ) Eq.6.11
substance Ianco tio 1

dP... Eq.6.12
R_...holll occum.

'L..=p 'v ·-\·c .(7; -7: )-v.-\.- 6' w ~.... '" l-l,ot. d;

q.. + tCq,.. -q,,/o) = 0 Eq.6.13 1
Work!M SUbstance a Balanco '01

Clausius-Cla~ ln (P"I3.10}; +0 Eq 6.14
1-

Lonnth COlISOMItion
l''JI +1< = l, Eq.6.15

1

IG L.....1Volume Rolia
V.. = l''JI .(r,2 _r<2) Eq.6.16

1

Ideal Gas Law
P')" •V.. =n.. ·R·T.. Eq.6.17

1
Tot:l 57

Table 6.2

Equations Employed ln HEATPlPE Model

71



•

•

CHAPTER 6: HEATPIPE 1.0

Table 6.2 lists the equations used to solve for the variables Iisted in Table 6.1.

Equations 6.2, 6.3 and 6.6 represent the forms for steady 1-0 radial conduction heat

transfer for a circular cross-section. Equations 6.1 and 6.8 represent the forms for

steady 1-0 radiative and convective heat transfer to an exposed surface. Equations

6.4, 6.5, 6.7 and 6.11 represent the heat flow from a surface to a fluid by a purely

convective mechanism. Equations 6.9 and 6.10 represent the conduction equation for a

1-0 Cartesian system. Equation 6.12 represents the energy balance on the reagent gas

with two terms: one representing the temperature inerease in the gas, the other

representing the loss of energy due to depressurization of the gas stream. Equation

6.13 represents the global energy balance on the working fluid. Equation 6.14

represents the relation between pressure and temperature which exists for a given

working fluid. Equations 6.15 and 6.16 represent geometric identities. Equation 6.17 is

the equation of state for the ideal gas.

6.2 Input

HEATPIPE 1.0 solves the steady-state representation of a thermosyphon

injection lance using user-input parameters. The pipe geometrY, hp.at transfer

coefficients, radiative coefficients, reagent gas properties and working substance

characteristics may ail be stipulated by the user.

Figures on the following pages iIIustrate the interface employed by the user to

input the various simulation parameters. Figures 6.3, 6.4, 6.5 and 6.6 iIIustrate,

respectively, the Main Menu screen. the Working Substance sereen, the Boundary
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Condition screen and the Pipe Configuration screen for the simulation of a

Type 1. laboratory scale. oxygen top blowing injection lance for BOF steelmaking.

For each individual field in the various input screens. a special message bar at

the bottom of the screen informs the user of the units of input and the maximum and

minimum values which may be applicable. The F10 and ESC keys (or the

corresponding icons) are used to either confirm or abort data input.

The input routines also contain basic error-checking features. For instance.

entering an inner pipe. outer radius less than the inner pipe. inner radius is not

permitted.

For the thermodynamic properties of the working substance (Figure 6.4) the user

has the option of describing the equilibrium temperature-pressure relationship of the

working substance vapor by means of entering either a non-atmospheric P-T point or

the latent heat of evaporation of the substance. For the working substance screen.

entry of the surface tension at the vapor-Iiquid interface is not a required input. This

quantity is only required should the user wish to compute capacity-limiting heat f1ows.
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Figure 6.3
Maln Menu SCreen for HEATPIPE 1.0
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• 6.3 Computation

The information input by the user using the Working Substance, Pipe

Configuration and Boundary Condition screens is combined to produce a simulation

input file. Figure 6.7 iIIustrates the Simulation Execution menu, which allows the user

to freely mix Boundary Condition, Working Substance and Pipe Configuration files.

Thus, a user may retain a database of independent substances, pipes and

environments which may be malched freely for any given simulation. The user is also

free to select the mathematical threshold for the termination of the simulation and the

maximum allowable iterations for an uninterrupted simulation run.

Figures 6.8, 6.9 and 6.10 iIIustrate the manner in which the user is updated

during the iterative computation. In the case where a simulation remains incomplete,

the user is asked whether he or she wishes to continue computation and, if so, for how

many additional iterations. Extensive testing of the HEATPIPE 1.0 model has shown

that the model will a/ways converge for Type 1pipes. Convergence for Type Il pipes,

however, is not guaranteed since the fixed system pressure does not allow for

temperature variation in the working substance. For high heat loads in Type Il pipes,

even a situation in which Ic=~ may not allow sufficient evacuation of heat from the

working substance. Under these circumstances, the model will not converge for Type Il

pipes. This non-convergence accurately reflects the non-viability of such a steady-state

scenario under real physical conditions.

•
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• _e__6_o4_0_u..,:tp_u_t _

Following the successful termination of a simulation, the u~er may

examine the values of the calculated variables. Figure 6.11 iIIustrates the Output

Menuwhich the user employs to invoke the various output options. Figures 6.12

through 6.15 iIIustrate the various output screens for the input conditions

iIIustrated in Figures 6.4 through 6.6. Figt.:re 6.12 iIIustrates the output of the

pipe's Temperature Profile. Figures 6.13 and 6.14 show the computed Heat

Flows (Watts) and Heat Fluxes (Wattslmî. Figure 6.15 i!lustrates the output of

the main System Parameters. The system parameters screen may be output

either to scale or "stretched" radiaUy, as in the case of the temperature and heat

f10wfflux sereens. The system parameters sereen contains several quantities of

interest. including, among other results, the maximum vapor velocity within the

pipe, the percentage of heat recycled to the reagent gas, the percent of

available condenser used and the total power extracted from the heat source.

Figure 6.11

OutputMenu SCreen for HEATPIPE 1.0
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• 6.5 Evaluation of Model Results

. HEATPIPE 1.0 has been used successfully in the simulation of a novel heat pipe

probe for the thermal analysis of aluminum casting alloys""" and other

applications!vi; .!vi;; . HEATPIPE 1.0 has been particularly useful, however. in the design

and analysis of laboratory-scale heat pipe BOF steelmaking lances. The data

presented in Figures 6.4 through 6.15 represents actual input parameters and model

results for the simulations run by Mucciardi et al. in parallel with the first heat pipe BOF

experiments""" in 1993. Table 6.3 iIIustrates the agreement between the predicted

model results and the experimental data.

•

Experimental Data HEATPIPE 1.0 %Error

IMucciardi. Jin & Kav. 19941

Reagent Gas Preheat rCl 430.0 478.4 11.2

Evaporator Wall 870.0 oC 877.0 oC 0.6

Temperature 1143.0 K 1150 K

Condenser Wall 559.0 oC 582.0 oC 2.8

Temperature 832.0 K 855 K

% of Available 87.0 84.3 3.1

Condenser Used

SyStem Pressure (Pa) 3650 3400 6.8

Table 6.3

Results from Experimentai Data and Compuled Simulation
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Conclusion

During my terrn of study at McGiII, substantial and meaningful progress has

been made toward implementing heat pipe technology in the metallurgical industry.

Work conducted by myself and my colleagues at McGiII have dramatically iIIustrated

the advantages of heat pipes over conventional cooling systems. The computational

utility which 1have produœd and the experiments which 1have conducted are part of

this larger research effort.

With regard to the experiments, there are 3 import~nt conclusions which may be

drawn:

1.' The choice of inert gas is an extremely important parameter in gas-Ioaded

therrnosyphon operation. In order to produce a stable interface with minimal

penetration of migrating vapor, the Iightest possible inert gas should be selected.

Helium, agas which is non-reactive. extremely Iight and commercially available is a

suggested choice for ail applications.

2. For cases in which the density of the inert gas is less than the density of the working

substance vapor, the deflection of the gas/vapor interface is minimal and the flat-
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front model may be employed. This was found even when very large discrepancies

existed betwean the boundary conditions presented at the extemal environment and

those presented by the reagent gas f1ow.

3. A metal mesh liner should be used in the evaporator in order to avoid the onset of

dry "hot spots" on the inner wall of the outer pipe.

Hopefully, this research will soon be conducted on a larger scale and the pace

of integration of heat pipe technology into the metallurgical industry will accelerate.
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