CANADIAN THESES ON MICROFICHE

&

THESES CANADIENNES SUR MICROFICHE

I * National Library of Canada

Callections Development Branch

.
Canadian Theses on -

Microfiche Service sur microfiche

Ottawa, Canada
KiA ON4

NOTICE

The quality of this microfiche is heavily dependent
upon_the quality of the original thesi$ submitted for
microfilming. Every effort has been e to ensure
the highest quality of reproduction possible.

If pages are missing, contact the university which
granted the degree.

Some pages may have indistinct print especially
i1 the original pages were typed with a poor typewriter
ribbon or if the ugiversity sent us a poor photocopy.

. )

. Previously copyrighted materials {journal articles,
publifhed tests, etc.) are not filmed.

Reproduction in full or in part of this film is gov-
- erned by the Canadian Copyright Act, R.S.C. 1970,
c. C-30. Piease read the: authorization forms which
accompany this thesis, ‘

—

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

ML-339 (v, B2/08)

.S.B.N.

Bibliotheque nationale du Canada
Direction du développement des collections

Service des théses canadiennes

AVIS
La qualité de cette microfiche dépend grandement de
la qualite de la thése soumise au microfilmage. Nous

avons tout fait pour assurer une qualité supérieure
de reproduction.

S'il manque des pages, veuillez communiquer
avec |'université’ qui a conféré le grade.

La gualité d'impression de certaines pages peut
laisser & désirer, surtout si les pages originales ont été
dactylographiées a I'aide d'un ruban usé ou si I'univer-
sité nous a fait parvenir une photocopie de mauvaise
qualité.

Les documents qui font déja I'objet d'un droit

. d'auteur (articles de revue, examens publiés, etc.) ne

sont pas mierofilmeés.

La reproduction, méme partielle, de ce microfilm

. est soumise a la Loi canadienne sur le droit d‘auteur,

SRC 1970, c. C-3C. Veuillez prendre connaissance des
formules d’autorisation qui accompagnent cette thése.

LA THESE A ETE
. MICROFILMEE TELLE QUE
NOUS L'AVONS. RECUE

" Canadi



MEASUREMENT AND PREDICTION OF TRANSITION BOILING
HEAT TRANSFER OF SUBCOOLED WATER AT LOW FLOW

AND ATMOSPHERIC PRESSURE !
BY

HELMY S. RAGHEB

.

THESIS SUBMITTED TO THE SCHOOL OF GRADUATE STUDIES OF THE
UNIVERSITY OFr OTTAWA AS‘;ibARTIAL FULFILLMENT OF
9 THE REQUIREMENTS FOR THE DEGREE OF DOCTORAT EN PHILOSOPHIE

.. R
IN MECHANICAL ENGINEERING -

DEPARTMENT OF MECHANICAL ENGINEERING
. UNIVERSITY OF OTTAWA

S JANUARY 1984

P
‘(:'Helmy $. Ragheb, Ottawa, Candda, 1984

-



UNIVERSITE DOTTAWA

| UNIVERSITY OF OTTAWA



(i)

ACHNOWLEDGEMENTS

I am indebted to many for dssistance in preparing this thesis. Foremost
is my wife, Mons, who endured me during the preparation.

I also appreciate the support, guidance and encouragement of
Professor S.C. Cheng who initiated the present investigation.

I would like to pay particular thanks to Dr. D.C. Groeneveld of AECL who
offered constructive comments throughout this work.

Thanks also are due to the technical staff of the Hechanical'Engineering
Workshop for their cooperation.

Finally, I wish to acknowledge the financial support of U.S. NRC and
Argonne National Laboratory) Illinois, U.S.A.



»

- ABSTRACT

A rvelatively simple techmique has been developed to ohtain transition
boiling data wsing a high thermal inertia test section. Complete hotilimg
eurves have been whtained for subeooled water at low flow and atmospheric
pressure. - -

The following effects on the tranaition boiling section of the boiling
eurve were stwdied in detail (a) flow conditions (mass flux, subcooling),
(b) method of analysis (1-D, 2-D conduction), {e) method of operation
(transient, steady-state), and (d) experimental equipment (test section
arrcngement,. test section construction, heated surfaee properties).

Two computational models to predict the transition boiling heat tranafer
for subecooled water at low flow and atmospheric pressure are presented. The
madels itneorporate the effects of mass flux, loecal enthalpy (or inlet
subcooling) end thermal properties of the heated surface. Comparisons of
the pradieted results with the experimental data show fair agreement in
the nucleate nnd transition boiling regions.
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" CHAPTER 1

INTRODUCTION

Safety analysis of water-cooled nuclear reactors aims at the
i

accurate predictions of fuel sheath temperature during postulated
accidents that could lead to a situation where the fuel elements are not
adequately cooled. Inadequate cooling occurs due to either an
accidental increase in power or a decrease in flow. As a result, tﬁb
heat transfer mode changes from forced convection into nucleate boili;g
where the fuel sheath transmits high heat fluxes. A further increasé in
the heat flux is limited by the Critical Heat Flux (CHF). At this point
any attempt to increase the heat flux will result in an inordinate
increase in surface temperature. This phenomenon is usually referred to

as the boiling crisis.

Immediately following the CHF, the heeted surface can no longer

support the continuous liquid-solid contact, and heat transfer

X -

deteriorates due to the spread of ares covered by dry patches. The heat
transfer mode, therefore, changes into less efficient transition
boiling. At higher surface superheat the transition boiling mode will

gradually change tc the inefficient film beiling mode.

The transition boiling mode could also occur in a reversed manner,
in the reactor core, during the Emergency Core Cooling (ECC) phase

following a Loss of Coolant Accident (LOCA). In this case, the injected



v
flow in the core attempts to establish a continuous liquid-solid contact
with fuel sheath. Here, the heat transfer mode changes from.film
boiling to transition boiling before nucleate boiling can be

F)

re-established.

The transition boiling heat transfer mode is unique among heat’
transfer modes in that surface heat flux decreases with an increase in
surface temperature. As shown in Fig. 1.1, the transition boiling is an
intermediate heat transfer mode where thé heated surface tempereture is
too high to maintain nucleate boiling but too low to maintain stable
film boiling. At the low temperature boundary, where the transition
boiling is most efficlent, the heat flux can be predicted by a variety
of correlations for the critical heat flux (CHF). ‘At the high
temperature boundary lies the minimum stable film boiling point (MSFB).
Little is known about this point except that it is affected by flow,‘
subcooling, pressure and surface conditions. Between the two boundaries
there is a scarcity of experimental.data and their conditions are -
limited. This is due.to the unique nature of transition boiling in
which heat flux decreases with an incréase of surface temperature; such
a heat transfer mode is unstable in a heat flux controlled system and

usually requires a temperature controlled system.

A review by Groeneveld1 showed that existing correlations for
transition boiling dg not agree with each other and their data base is
questionable. The apparent discrepancies between the available
correlations and the suspected experimental data have provided the

motivation for this study.

Y



1.3

v
This thesis presents an experimentai and analytical investigation
of the transition boiiing regime using a simple‘technique. The
technique involves the employment of high thermal inertia te;t sections
to stablize the transition boilihg. Data were obtained for subcooled
watgr at atmospheric pressure under forced convective conditionsi The

study identifies the following effects on the transition and f£ilm

. A
boiling section of the boiling curve:
{a) flow conditions (mass flow and degree of suBcooling)

{b) experimental procedure {transient and steady state modes of

operation) t

(¢)  methods of analysis (one dimensional model and two dimensional

“model)

d) experimental equipments (types of test section, heated surface

'fhermal material, etc.)

This study also presents two computational medels to predict

transition boiling heat transfer for water at low flow and ‘atmospheric

. =

pressure. The first model is semi-empirical and the second is
analytical. The models incorporate effects of mass flux, local

enthalpy and thermal properties of heated surface, Comparisons of' the

predicted results with experimental data show fair agreement in the

transition boiling region. : :
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CHAPTER 2

THE _TRANSITION BOILING — SURVEY OF LITERAfURE

History \/ -

It was commonly known that the\&eat flux, q, transmitted from a
metallic surface to boiling water, increaseg with their temperature
difference AT. However, it was not known whether the hea&{flux,.q,
had a maximum and minimum value until 193§, when Nukiyamal observed
the existence of several modes of Soil;ng:over an electrically heated
WL{e submerged.ln a pool of water. 1In his experiment it was found that
the heat flux, q, reached 1t£ﬁﬁzi1muﬁ value at point (b) as shown in

Fig. 2.1, when the wire w eated in-pool boiling. Beyond point (b), )

the fluid could not accgépt heat as: fast as being suppl1ed by constant

electric heating.. Thus the heat added was stored partially in the wire,

causing the surffce‘temperature to rise‘drastically from (b) to {(a}, and
the wire melted. O©n the other hand, %t was shown by experiment - using

.

8 platinum wire to prevent meltlng — that at very high temperatures, q
A

could be large due to radiation along path (a-d). Therefore, Nukiyama

egpectéﬂ-that q haé a minimum value between {(a) and (b).

Indeed, by decreasing the electric power, the change of q traced
along a smoocth curve (& -~ c¢), followed by a sudden jump (c - e). He
/
wrote: "It must, however, be expected that though g decreases due to- the

inereasing volune of steam in the vieinity of the surface, it must have

its minimum value where 1% begins to inerease again'.

Ry

»
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The work of Nukiyama led Drew and Mueller to hypothesize the

existence of the transjition boiling region. Lookiﬂg back at previous

,
work as long ago as f%as,»they found some repoited tests on a sea-water

evaporator which gave»aniindication of an upper limit for the overall

heat transfer cdoefficient at temperature differences between 40° and

¢ > S~

50°C, and at least suggest an-actual decrease in the rate of boiling
when the temperature difference was raised to higher values. Therefore,-

they referred to Nukiyama's'étudy as the first to deliberately

investigate the possibility of a maximum limit for the heat transfer to

occur at méderate temperature differences.
; -

In their study on the behaviour of boiling organic liquids, Drew

and Mueller considereg the film beiling region to comprise all boiling

at a temperature difference -in excess of TC (see Fig. 2.2).

. HEF

However, they referred to the possibility ®f the existence of a

"transition" range just beyond T

. In thi mechani
CHF is range a anism

‘ distinct from film and nucleate boiling could exist.

’

The existence of the transition boiling mode was also observed by

metallurgists who have-obtained cooling curves during quenching

<

f

processes. A typical of this curve is shown in Fig. 2.3. By following
the curve from right to left, it can be seen that the result of plotting
the rate of heat transfer of q versus Tw is, the boiling curve. Such
terms as 'partial’' or 'unstable' film boiling were first introduced and
then dropped in favour of the term 'transition' that did not commit

anyone to a hypothetical mechanism.



.2

2.3
Witte and Lienhard3 have recently introduced an advanced idea
which suggests that the 'transition' region ought to be viewed as an
ex\22>ion of either film boiling or nucleate boiling. 1In eff%ct, tﬁey

suggest two 'transition’ bofling curves.

The two curves (see Fig. 2.4) are labelled ’'nucleate’ and 'film*
Boiling. As AT is increased independently, in the nucleate boiling
regime,. there ;ill be an increase in nucleation sites and an increased
tendency to separate liquid from the heated surface just beyond the
Critical Heat Flux. As the surface grows hotter, the duration of liquid
contact will be reduced. The film boiling curve is also extendgd to the
left beyond conventional minimum heat flux point. When AT is reduced
independently, there will be some liquid-solid contact. Although the
contact is slight it leads to substantial increase in the rate of
g;neration of vapour, thus gq begins to rise. Here, the basic film
boiling process is preserved but it is increasingly augmented by

-

instances of liquid-solid contact.

Mechanisms of Transition Boiling

N TheAmechangsms of transition bdiling were described in the
literature according to thé method by which the transition regime is
approached. During a heating process, the transition occurs when the
maximum heat flux is exceeded while in a quenching process, the
transition occurs following surface rewetting. In the following

sections, a description of the mechanisms associated with each process

is presented.



2.2.1 Transition Boiling Mechanism Following Rewetting

u

During a quenching process, the transition occurs from film
boiling Eo nucleate boiling, in the manner in which it would occur
during Emergency Core Cooling (ECC) in a nuclear reactor. This type of
transition is associated with the‘collapsefof the vspour film next to

the heated surface.

In popol boiling, Zuberq expected a definite geometrical
configuration for the transition boiling based on the observations of
Westwater and Santangelos. A schematic representation of this
geometry and the process of transitidn boiling is shown in Fig. 2.5.
Fig. 2.5a shows a vépour patch in transitioq boiling where the liquid-
vapour interface is hydrodynamically unstable. The interface consists
of spikes of liquid and of roupded regions of wvapgur. This shape of
interface is defined in Fig. 2.5b as disturbances with a range of wave
lengths. As liquid evaporates from the spikes the vapour flows in the
region between two spikes. This region resembles rising bubbles (see
Fig. 2.5c). As a row of bubbles s released an un;table interface 1is
formed again. Because of.the downward flow of the liquid a spike will
be formed underneathhthe released gubble and the process is renewed (see
Fig. 2.éd). The successive rows of bubbles will appear displaced,
therefore, by half a wave length (see Fig. 2.5e). Fog such a sysﬁem,

Zuber expected that changes in heat transfer rates are associated with

changes in the frequency of bubble release, i.e., of the vapour bursts.

The minimum heat flux, therefore, corresponds to the minimum frequency

of the system.



It should be noted here that, at a given heat flux, the process of

transition boiling can continue indeflinitely; it is therefore thermally

e
stable. However, it 1is hydrodynamically{unstable since this ins;ability

is the cause of the phenomenon. N

A qusntitative analysis of the above mechanism which was done by

Zuber is described in Appendix II.

C

In flow boiling, a number of models have been suggested in the

available literature, yet no complete answer exists.

. 6 . ‘e . .
Iloeje et al identified three controlling mechanisms for forced
: -

convective rewet*. These are impulse cooling collapse, axial

conduction controlled rewet, and dispersed flow rewet.

Ifgulse Cooling Collapse
!

At a temperature higher than T *% the fluild is separated
rewet
from the wall by a vapour film. TIf the wall temperature is lowered, the
film thickness decreases, so that the crests of the wavy fluid-vapour

interface may contact the wall. These repeated contacts, during a

qﬁenching process, decrease the wall temperature and allow rewetting.
/

/

* X

Surface rewetting refers to the phenomenon of establishing liquid

contact ' with a solid surface whose initial temperature is greater than
the rewetting temperature.

Trawet 15 the temperature below which the surface may wet.

&



. )

This model has been proposed by Kalinin , who performed a
conduction analysis to obtain the temperature at the beginning and end
of the transition process T ., and T . In order for his ansalysis

min CHF ‘
to be useful, the frequency of contacts before collapse needs to be
known. The difficulty in obtaining such information would appear to
make his solution useless. However, his solution showed that Tm' “and

1n

TCHF increase with increasing the group parameter VTpCPF)w.

" Therefore, he conducted experiments to study the effect pof thermo-

physical properties of wall material on T . and T , using annular
min CHF

channels made of different materials, and cocoled by different liquids,

in both peol and forced convective boiling. His data were correlated in

terms of the ratio {(pCpk)q.

{pCpkly

The dependence of TCHF and Tmin on the group parameter pCPk
is due to the assumption that the heat transfer over the contact region
is controlled by pure conduction. A local decrease of the temperature
over this region depends on the rate of heat supplied from the peater
material to the contact region. Therefpre, if the material is highly

conductive, the heat supply will be at such a high rate as to delay

rewetting to a lower tempe ture.

-
e

In general, there are two shortcomings in this model: a) the

model does not reflect the. effect of flow velocity on Tmin and T

CHF

and b) there maybe some error in ignoring the axial conduction.
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Axial Conduction Controlled Rewet

Based on their visusl observation of the hydrodynamic conditions

- . . . 8

existing et the minimum heat flux point, Simon and Simoneau ,
suggesﬁed that the transition from film boiling to nucleate boiling is

controlled by axial conduction. Wall conduction transfers heat from the

£ilm boiling side to the nucleate boiling side and causes the surface

n
o

temperature to drop. Transition will occur at a position on the wall

where the rewetting temperature is reached.

In their analysis, they assumed that the rewetting temperature was

equivalent to Tmin' and used the theoretical equation of Spiegler et

al.9

T
rewet P

= 0.13 — + 0.84 (2.1)
Te Pe

0

The above equation implies thakt both minimum heat flux and
rewetting temperatures are solely determined by the thermodynamic
properties of tHe boiling fluid. Experimental results showed that

Tmin varies considerably for the same fluid and system pressure, and

in some cases much higher than Tc' For these reasons, one would

]

conclude that Tmin is not a thermodynamic property of the fluid.

Disparsed Flow Rawet «

The variation of Tmin for the same fluid and system pressure has
. . 6 . . .
been discussed by Iloeje et al’, who attributed this varlation to

surface effects, namely scale deposits, and surface roughness.



L2,

2

In an attempt™to encounter all the observed effects on Tmiq;

they proposed a dual mode heat transfer model. Heat transfer to the

flow is a sum of two components:

1. Heat transfer to droplets of water hitting the wall.
2. Heat transfer to vapour assuming no effect of the existence of
dr&plets.
‘\'..

.

€
The sum of these two components give the total q and indicates

min’

Modelling the collapse in this manner reflects the effect of mass
flux which was absent.in the other two models. At high mass fluxes
there is a greater mixing of the flow, and it therefore reduces
superhe%ting of the vapour, while it provides a greater momentum of
droplets. All these factors will increase the heat transfer, and

consequently lead to transition occuring at higher wall superheat.

The difficulty with this model lies in the prediction of the heat

transfer component of the droplets.

Transition Boiling Mechanisms at the CHF Point

1

*

In the preceding section (2.2.1), it was suggested that in pool
boiling, the release of bubbles was spaced half a wave apart. As will
be discussed in Appendix II, this wave length is determined by Taylor

instability. At the CHF, because of the increasing evaporation rates,



bubble population continues to increase. The frequency of bubble
emission increases until bubbles follow each other and consequently
form vapour columns or vapour jets. The vapour velocity in these jets
increase to a critical value determined by the stability of the vertical
liquid-vapour interface which.separates the va?ﬁur colﬁmns from the bulk
of liquid. The stability of such jets is determined by the Helmholtz
| instability critefibn. " Since the jet spacing is determined by the
Taylor instability, the critical heat flux is characterized by the
combined effects of Tuylor'and Helmholtz instabilities. The mathema-

1

. . 4 .
tical formulation of this problem has been performed by Zuber and is

described in Appendix II.

.

The mechanism of transition in flow boiling is different from that
in poel boiling. 1In addition to the convective effect of the flow,

Tong10 referred to two phenomena that further complicaté the mechanism

o

at the CHF:

(a) The existence of a bubble layer moving closely.paralleilto the
heated surface that shields the surface from incoming cold

liquid. This phenomenon is referred to as "Bubble Clouding".

(b) A premature boiling crisis may take place during local flow
instabiiity. The changing bulk velocity periodically retards the
boundary 2ayer, thus leading to overheating of the surface.
Furthermore, during flow oscillation, a temporary decrease in the
local pressure Qill cause an increase in the local superheat néar
the surface. This increase leads to an increase in bubble

populaticn resulting in the destruction of the liquid £ilm.



The mechanism of transition in flow boiling will also depend on

the flow conditions which may be classified into two categories:

(a) subcooled or low quality, and v

{(b) high quality region.

In the following discussion, attention will be focused on the

former region since it closely relates to the conditions of the present

investigation.

At the low temperature boundary, the transition in the subcooied
region usually requires a high heat flux. The bubbles generated at the
heated ;urface may be so crowded that they form a layer which prevents a
sufficient amount of liquid from reaching the surface to maintain the
liquid-solid contact. Such a bubbly layer was observed by Jiji énd

-~

1
Clarkll and Tong 2. The occurence of this phenomencon has several
implications:
(1) If it occurs at a high flow, the fluid in the neighbourhood of the
heated surface may not be in thermodynamic equilibrium with the
liquid bulk and therefore the initiation of transition will be

controlled by the "surface proximity parameters® (Tonglo).
(2) The severe accumulation of bubbles limits the upstream effects.

(3) The local heat flux is an important perameter regardless of the

heat flux distribution. Tong et 3112 showed that the ratio of

=



the local CHF with uniform distribution to that of non-uni&Frm

distribution is clese to unity.

At surface temperatures in excess of the boiling crisis
temperature, the heated surface will be partially covered wity unstable
vapour patches (varying with space and time). This has been reported by
Ellion13 who studied forced convective transition boiling in subcooled
water and observed freqﬁ%ﬁt replacement of vapour patches by liquid. It~
is the formation of these dry patches that .causes the severe reduction
in heat transfer coefficient. The subsequent reduction in vapour

‘generation will allow the liquid to momentarily rewet the heated
surface. Ragheb and Cheng14 showed experimentally that the fracgion
of wetted area under forced convective conditions, decreases with
increasing wall superheat (Fig. 2.6). Vapour slug formation was also
observed by Raghebls, who used a transparent test secfion upstream of
the test section. The slugs were seen to force the flow toward both
up-and-down-stream directions, causing a violent motion.

+

Parametric Effects

Since the transition boiling mode is an intermediate heat transfer
mode, the effects of different parameters (such a; subcooling, mass flux
and thermal properties of the surface) can be determined by
investigating their effect on the boundaries, i.e., CHF and minimum heat

flux points.

A
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2.3.1 Effect of Mass Flux

2.

3

.3,

.2

3

<

:

A summary of the experiments which reported the effect of maé?
flux on the transition boiling regimé'is given in Table 2.1. Iq
general, the heat flux increases with the increase of mass flux. At the
CHF point, the higher flow allows more efficieht removal of bubbles,
thus delaying the occurrence of the Departure of Nucleate Boiling (DNB) -
phenomenon. At the minimum heat flux point, the increase in mass flux
destabilizes the vapour film allowing intermittent liquid-wall contact

™

thus increasing the heat flux.

Effect of Subcooling

The effect of subcooling on heat flux and surface temperature at
the boundaries of transition boiling is summarized in Table 2.2. 1In

general, the increase in subcooling causes an increase in qCHF'

9min’ B and Tmin'
AN

Effect of Surface Thermal Properties

r>

Few observations were found in the literature on the effect of
surface thermal properties on transition boiling. The minimum film
boiling temperature Tmin has been found to be well correlated to the
parameter pCk. Tmin increases with the decrease in the value of

pCk. A summary of this effect is given in Table 2.3.
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2.3.4 Effect of Hysteresis

Several investigators attempted to identify the difference between
the pool boiling curve obtained via a cooldown process {(quenching) and

that obtained through a heat-up process.

Since most of the transient heat-up experiments and the quenching
experiments have been performed separately, comparison between the two

types of boiling has not been established.

Sakurai and Shiotsu30 performed a computer controlled experiment
to study the transient heat-up followed by quasi-steady cooldown in a
pool. They observed a thermal hysteresis only near the CHF. Because
the transient was very slow (2 K/s) they did not obsérve anj hysteresis

in the region away from CHF.

31 .
More recently, Salehpour and Yao reported the existence of the
thermal hysteresis under forced convective condition. They performed
termperature controlled experiments for boiling of Freon 113 in a

vertical annular channel. Fig. 2.7 shows their transient heat-up and

o

cooldown data where the difference appears to be noticeable. They also
1

found that the CHF of the cooldown process to be very close to the

predicted steady state of Coffie1d32.
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2.3.5 Effect of Quenching Mechanism

2.3.

6

Thermal hysteresis of boiling in heated channels is also dependent.
upon the type of guenching mechansim. In relatively long channels, the
qpenching could occur at both upstream and downstream énds and
propagates téward the middle of the channel. Salehpour and-Yaoal
showed that there are two boiling curves which correspond to the two
quenching mechanisms. In Fig. 2.8 the solid line is the one
corresponding to the gquenching front prépagating downstream and the
broken line is the one corresponding to the quenching front propagating
upstream. Since the CHF for the latter case 1s less than the first one,
it is céncluded that the thermal hysteresis of boiling is dependent upon

the type of quenching mechanism.

Effect of Applied Electric Field

In a two-phase system which is subject to electric fielé: bubbles
tend to migrate towards thelanode. This is attributed to the charge ,
distribution at the liquid-vapour interface; the negative charges are
oriented towards the liquid phase and the positive charges toward the
vapour phase. If a downward heating surface acting as a cathode faces
an anode, the repulsion of bubbles away from the surface will occur.

The resulting increase in liquid agitation augments heat transfer from

the surface.

In the transition boiling region, an increase in heat transfer was

33 - .
observed by Markles and Durfee when the electric field strength was
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. t
increased (see Fig. 2.9). They related the enhancement in heat transfer

to the destabilization of the vapour f£ilm.

€
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Experimenter

Pramuk & Westwaterl®
Kalinin’

Groeneveldl?

Iloeje6

4

Dhirt8

Yilmaz & Westwaterl?

-

Auracher & Albrodzyﬁ/
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Table 2.1

EFFECT OF MASS FLUX

/7
Equipment, Conditions

Agitated pool of methanol

Forced convection of
fluids in vertical tubes

8
High quality and high flow
of Freon-12; Heat flux
controlled system

Forced vertical flow of
water in a tube -- high
pressure and high
quality

Quenching of steel,
copper and silver spheres
in water —- free and
forced convection

Flow of Freon-113 outside
horizontal copper tube
near atmospheric pressure

Flow of Freon-114 in
nickel tube soldered to
copper block -- steady-
state temperature
controlled experiment

™

Observed Effect; Results

gqrp increases due to ‘the
agitation ‘

Tnin 8nd Teyp are not
affected by flow velocity

qrg increases with increase
in surface temperature

. 3 .
Tmin increases with mass
flux

Tpin i1s independent of
flow velocity

gTp very sensitive to

flow velocity (900% higher
for a velocity 2.4 m/s than
for zero velocity). See
Fig. 2.10

arp & Tpip increase
with the increasse of
mass _flux. See Fig. 2:11



Experimenter
Nishikawa?l

Bradfield2?2

Kalinin/

Tachibana23

Dhirl8

Johannsen & KleenZ?

Veda et al.23
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Table 2.2

EFFECT OF SUBCOOLING Y

Equipment, Conditions

Pool boiling - horizontal
platinum wire

Quenching of a copper
sphere in a pool of water
at atmospheric pressure

Free and forced convection
of fluids in vertical
tubes

Pool boiling of water
and oils on a horizontal

-surface using quenching

and steady-state methods

Quenching of steel, copper
and silver spheres in

water -- free and forced
convection

Steady-state. flow boiling
of water on a copper
surface at low pressure

Flow boiling of Frem-113
on a copper surface

S

Observed Effect, Results

Qmin improves with increasing
subcooling

grg shifts to a higher
superheat with increasing
subcooling. Tpj, increases
linearly with subcooling

Tnin and Toyp increase with
increasing subcooling

geyp and gqpip increase with
subcooling. The effect of
subcooling is remarkable with
water and slight with oils

Tpin increases with liquid
subcooling

grp increases with
increasing subcooling.
See Fig. 2.12

qrp increases with
increasing subcooling.
See Fig. 2.13



Experimenter

De Bertolli, et 9.126

BerensonZ’

Kalinin’

Henry28

Labuntsov, et a129
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Table 2.3

EFFECT OF SURFACE PROPERTIES

Equipment, Conditions

Forced convective flow of
water in rectangular and
round tubes (Zirc. S.S.

& Inc.)

Pool boiling anhorizontal

surface. Pentane with
copper, nickel and Inconel
surface

Free and forced convection
of fluids in vertical
tubes

Analysis of experimental
data obtained on spheres,
plates, etc

Pool boiling on horizontal
tubes (liquid heated).
Ethanol on copper, nickel,
and stainless steel

Observed Effect, Results

No observed effect on CHF

Critical heat flux and Tpjgq
are independent of surface
material

Tmin and Teoyp increase with
the increase of lprpE_

Tmin < l/(kpCp)

CHF on nickel and stainless
steel is higher than on
copper
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CHAPTER 3

EXPERTIMENTS

Experimental Apparatus

The experimental apparatus consists primarily of a hot water

storage tank, a flow meter, & pump and a test section assembly as shown

"in Fig. 3.1. Piping of the whole set-up is 1/2" copper pipe which is

joined by soldering. Prodvisions of bypassing the pump and the test
section assembly were incorporated to stabilize the flow. The flow rate

was measured by a rotameter and the flow adjustment was done via the

flow control valve 1. Valves 2 and 3 are ON-OFF valves which operate

s
o

out—-of-phase, i.e. valve 2 open and vatve 3 closed or vice versa,
Thermocouples I, II and III were installed to measure temperatures of
the flow, the inlet, and the ocutlet of the entrance heater and the exit

temperature of the test section, respectively.

A supply of Nitrogen is also included in the experimental

apparatus. It serves the pur%dse of purging the centre passage to

prevent oxidatioﬁ at high temperatures.
, ‘
The storage tank, which has a cigﬁcity of about 50 galions of
distilled water, is powered by three immersion heaters of 3 kW rating
each. . Temperature sensors are placed at strategic points so that the

temperature of water can be measured with average value as the bulk

K\
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fluid temperature. A stirrer is also incorporated to ensure good mixing

for the saﬁ% reaﬁi:. The heaters draw current via a thermostat which

can be adjusted to

the desired operating temperature.

F)

Test Sections

.1

the different types of test sections is given below.

Different types of test sections were employed and are shown in

Fig. 3.2. The test sections basically consist of a high thermal inertia

cylindrical block with or without a flow tube located along the centre
line. The block is heated by cartridge heaters located in a concentric
ring at some distances from the centre of the flow channel. Teméerature
measurements were taken at different axial planes within the test
section using metal sh;athed thermocouples located radially

approximately 1.5 mm from the heated surface. A detailed descriptioﬂ.gf

Type I Test Section

-

The simplest version of test sectioq used in the experiments is
Type I test section consisting of a short cylindrical copper or brass
block, heated by cartridge heaters. Physical dimensions of the test‘
sect%on and thermocouple locations are given in Fig. 3.3. It consists
of a 5.72 cm long copper cylinder with a 9.53 cm outside diameter and a
1.27 cm diameter central flow channel. The location of the seven
thermocouples and the twelve cartridge heaters are also shown. T.C's

4
A3, B3 and C3 were used for data thermocouples. '

—

AN



3.2.2 Iyﬁi IT Test Section %

3

2.

3

-

Type II test section employed a combination of two copper blocks;
& short block and a long block. In cne series of experiments the short
block was utilized as the test section while the long block remained
unheated. In.other series, the long block was used aé the test section
with the short block as an entrance heater.

/\

The test aééembly as shown in Fig. 3.4 consists of«a long copper
block test section and a short copper block which acts as an entrance
heater to establish the requi;ed flow conditions and minimize heat
losses. The short copper block is a type I test section. The long
copper block test section is similar to the short copp;r block and is
illustrated in Fig. 3.5, where T.C's Al, Bl and Cl were used for data
thermocouples. Axial heat losses of the test section assembly were
reduced by using asbestos gaskét and asbestos spacer at the inlet and

outlet of the two blocks as shown in Fig. 3.4. Heat losses from the

outer surface of the test section assembly were minimized by lagging the

) R
two blocks with a 5 cm thick ceramic fiber .insulation. ’ﬁj’ "
Type ITIT Test Section o

Thgazype III test section was designed to study the effect of
. .

]
heated surface thermal proporties on transition boiling, by brazing the

material under in{estigation {e.g. Inconel) into the copper block using

silver solder. Thd thermal properties of the 'different surfaces studied

aare.given in Table 3.1.

-



3.4

A typical composite test section, as shown in Fig. 3.6, consists
of a 5.08 cm long cylindrical copper block with 9.53 cm cutside diameter
and a center bore of 1.296 cm allowing for the insertion of an Inconel
tube. The Inconel tube with 0.D., = 1.27 cm and thickness = 0.038 cm is
inserted into the copper block.)with a gap of 0.013 cm between them
provided for before silver soldering. The Inconel tube is sticking ;ut

from both ends of test section for piping connections. Cartridge

heaters are spaced around the test section and a total of six

thermocouples are embedded. Five of them -- located in the interface of
the tube and silver solder —— are to be used for data thermocouples
_(T.C. 2.2, T.C. 2.3 ... T.C. 2.6).

3.2.4 Type IV Test Section

Because of probleﬁs in brazing a Zircaloy tube or an gluminum tube
to copper a Type IV test section was designed in which Wood's metal (a
liquid metal) was used instead to provide good the;;al contact betwee;
the two materials. The schematic diagram for the test section is shown
in Fig. 3.7. To ensure that no air is trapped when filling the gap,.
three evenly spﬁced vents were drilled at Ehe bottom df thelLesE'section
to allow the air to escaée. These vents were plugged during the tests.
At the top of the test section, a recess containing an excess quantity
of onaf; metal was pFovided to compensate for any possible leak of

Wood’s metal. A cylindrical enclosure was placed on the top of test

section with argon gas blown inside to minimize oxidation on the surface

of Wood's metal in the recess during the experiments.
Y .
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3.5

Instrumentation

)

The flow rate is measured by s rotameter {(series 20-4000, S&K

Instruments) and the flow adjustment is done via the regulatory needle

valve 1.

Powgr supplied to the cartridge heaters is regulated by a Silicon
Controlled Rectifier driver stage. Current indicator consists of a
current EEansformer] an A.C. transmitter and a strip chart recorder.
The D.C. level from the output stage is displayed on the strip chart

recorder.

-

Procedure

Two modes of operation are used; the transient and the steady

state methods.

————

Transient Method

(i) Water in the storage tank is first heated to the desired test
temperature by immersion heaters which are thermostatically
controlled. By megans of a stirrer for mixing and a thermocouple

Y

to measure the tank temperature, the approximate initial desired

- value is obtained.

(it) The pump is turned on for circulation and adjustment of flow via

regulatory needle valve 1. The flow is passed through ON-OFF



(iii)

(iv)

(v

3.6
valve 2 (valve 3 closed) and is drained back to the storage tank
utilizing the second by-pass loop. This sefves the purpose of

stabilizing the flow and the system temperature.

Nitrogen is introduced intc the test section assembly while both
the test section and the entrance heater are heated up to set

point values on temperature controllers.

At the start of the quenching test run, nitrogen supply is turned
of f then valve 2 is switched to OFF position and the flow is

diverted to the test section assembly by opening valve 3.

All the cprtridge heaters in the test section are switched OFF
prior to the start of passing the flow into the test section
assembly. The temperafure of the pguarded heater is maintained at
the-constant set point value ﬁy the teﬁperature controller
throughout a given run.‘ Instrumentations such as chart recorders

are all ready and running at the beginning of every test run.

3.4.2 Steady—State Method

The experimental procedures for the steady-state method are very

similar to those of the transient method except the following:

(i)

Temperature of the test section is initially set well into the
film boiling region and is maintained at that level by the

temperature controller during an experimental run. Power

measurement is required which in turn gives the heat flux.
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{ii) Repeat the experiment run for lower temperature points until a
complete boiling curve is obtained. It has been decided, prior to
the rum, that settings on the temperature controller start from
higher values to lower ones in favour of better improvement of

temperature stabilization.

Experimental Runs

u

A total of 24 series of experiments were run throughout this
study, series 100 to 2400. In this thesis only the experimental runs

representative of a test section type or a surface material will be
@

presented. All experiments covered the range of mass flux from 68 to

203 kg.m_2.5~1 and subcooling 0°C to 27°C.

Series 500 {(Type I test section)

This series was run using Type I test section; the boiling curves

produced by these runs are those for a copper surface.

Series 400 (Type ITI test section)

Two copper blocks were used in this series. The long block was
used as the test section while the short block was used as an entrance

heater.



3.5.3 Series 1500 (Type IITI test section)

3.5.

.4

.5

This is the first series run using an Inconel tube silver soldered
to the copper block. Five thermocouples were located along the flow
pass to facilitate the 2-D analysis. The boiling curves produced by

this series are those for an Inconel surface.

Series 2100 to 2500 (Type IV test section)

Four different surface materials were used in these runs.
Table 3.2 gives the tubing dimensions for each material used. Note that
in series 2400 and 2500 Inceonel and copper were used so that a

comparison with other surfate materials tested in Type IV test section

\

—_—

can be made.

Series 2700 (Type IIT test section)

Due to the solder contact resistance found in Type IV test
section, a new material such as brass which can be soldered to copper

(Type IV test section) was used to investigate the effect of thermal

properties, on boiling curve,.

Seriegs 2800 (Type I test section)

This series was run using Type I test section similar to the one

used in series 500 but made of brass.
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TABLE 3.1: Thermal Properties of Heated Surfaces and 'Sglders at 20°C

Heatés Surface . k_(W/m°C) ke/m> (J/kEJC)
'Copper 379 8938 385
Inconel 17 | 8169. 435
Zircaloy 15 6549 316
Aluminum 229 . 2707 | 896 . (_
Brass (70% cu, 30% Zn) 144 8522 - 385
Solder

Silver solder 50 B B938* ~ o 385%
Wood's metal . 25%% 9134 145%%

* ., Assuming the property of copper
**x Approximate value

TABLE 3.2: Type IV Test Section Flow Tube Dimensions

Ay .
w

Run Series Tubing Material : Tubing Dimensions
2100 Zircaloy oD = 1.31 cm, = 0.053%9 cm
2300 ' Aluminum | oD = 1.40 cm, = 0.0635 cm
2400 Incenel oD = 1.27 cm, = (0,038 cm
2500 Coppef‘ Ob = 1.27 em, = 0.038 cm
J 4
.
. ~
. : ‘
E -
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12 CARTRIDGE

HEATERS (0.95 DIA.)
250 W EACH

D.72

[+.27=1.27+|~1.59+

ARRRRNNN

FIG.33 TYPE I TEST SECTION

i

—5.08—

T.C.NO. DIST. FROM INNER WALL

a3 0.168 #
BI 0.462

B2 2.205

B3 0.175

B4 - 2.263

B5 ON THE OUTER WALL

c3 0.124

ADESIGNATES PLANE A
ALL ‘BIMENSIONS [N cm
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CHAPTER 4

METHODS QOF ANALYSTS

General

In order to obtain the boiling curves (heat flux-vs. wall
temperature).from the f;mpernture history as recorded from a
thermocouple located near the wall, one has to solve the so-called
inverse heat transfer groblem? The inverse problem is one for which
internal boundary conditions are describgd and the desired quantity is a
surface conditicnegﬁeat flux or wall temperature)., This type of problem
could be solved using the method of Burggrafl, who obtained an exact

solution in the form of rapidly convergent series., This solution %

involves the determination of third order derivative of To.
)

«

In this thesis, the mathematical models and computational '

techniques developed by Cheng, et 312'3, are used to construct boiling

™

curves. 1In general, these methods involve the calculation of heat flux

by soleQE\;he Fourier transient equation and using the concept of rate

of change of heat content within the test section.

—

. ¥
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One-Dimensional Conduction Models {(1-D models)

(d)

(b)

(e)

(d)

A

The following methods were used when applying'the 1-D models:

_ Fourier equation method - The'temperature profile across the test Tl

"gection is obtained through a solution of the Fourier conduction

quation. assuming thgt the inner wall temperature equals the
measured temperature at the location of data thermocougle (usually
located within 1.5 mm of the inner surface)..

Refined Fourier equation method - This is similar td (a) except
that the inner wall temperature is calculated by extrapolating the
temperature distribution between the location of the data
thermocouple and the outer wall, assuming perfect insulation at
the outer surface of the test section.

3

h-method ~ The heat loss through the outer wall is found from heat

W

loss calibration”runs and is included as a heat transfer

coefficient h at the outer surface of the test section.

Two-point method - The temperature recording at the outer surface

is used as a boundary condition instead of h.

In the sections to follow, a detailed description is gi?en for

methods {¢) and (d).



4.2.1 h method

Heet transfer from the test section to the fluid between time 0 to
t is assumed equal to the change in heat content Q inside the cylinder
j .

minus heat loss through the ocuter wall during the same time interval.

Q can be expressed as:

Cout

Q(t) = peyl ,r 2 rrTdr | (4.1)
Tin
where L represents the length of the test section. The function T(r,t)

is obtained as the solution to the one-dimensional Fourier equation in

cylindrical coordinates:

2

[~ 5]
]
-

+

:(;.((J

LW
V)
=

el

t 2

WL

-

)
hoS)
H

r (4.2}

and is subject to the following initial and boundary conditions:

(1) T = T(r,o0) ... In general, at t = 0 the temperature across the
test section is linear with about 4°C difference for our initial
temperature condition. ' (4.3)

(2) T(ro,t) = '1'b cea ro and TO are the location and recordings

of the thermocouple, respectively (e.g., locatjén B3 in

Figure 3.3). : ‘ (iﬁ;ﬁ)



12

(3) | -
- x 9T = - i .
k 8T h(T, - T, \) --- b is the. heTt-tdanster

0r ror out

coefficient at the outer wall and its determination

will be explained later. . (4.5)

The solution of Equation {(4.2) can be obtained by reducing it to a
syétem of linear1£irst—order difference equations in t. This is
achieved by discretizing along the r-direction (Fig. 4.1) using the

approximation:

a_T Ti + 1(t) - Ti _ 1“.'.)

- (4.6)
ir 2Ar
and
32t Ty _ 1(t) - 2T4(t) + T; , 1(t) . (4.7)
3r? (Ar)2

where Ti(t) represents the temperature at the ith nodal point.

(1 € i £n+ 1) and Ar = [rout - (rin + ro)] /n

Using (4.6) and (4.7) along with initial and boundary conditions,

the following system of equations can be inferred from (4.2).

a7 _  Ti-a - 2T5 + T 4 1 o @ (Ti 41 -T§ _ 1) (4.8)
dt (Ary2 . ri 247




where r, = r., + Ar + iAr —
i in
P
and - k (Ti T, Tin = T ) = h{T; - Tgmp) i =n (4.9)
2 Ar Ar - :
(4.7) is a direct consequence of (4.5). Furthermore, Tn+1 in (4.8)

can be eliminatéd by using (4.9).

(4.8) contains a system of n equations with n unknowns in Ti and
are readily to be solved. Once Tl up to 'I‘n are solved and dIoldt
determined experimentally, the inner wall temperaturF T 1 can then be

calculated in the following Fourier equation based on the nodal point

i=0.

Ty = Tg = Top - T1
Ar . br,

ca (T -~ T g (4.10)

(Ar + Ar ) r Ar + Ar
. o] Q \ o]

-

1
2

Equation (4.1) expressed in terms of summation, becomes

. _ / \
. Q = 27p cpL [O.ST_l rin Arg + 0.5 Tolrip + 8rg) brg + 0.5 Tolrin + Arg) Ar
n-1 o
+ (I Tyry + 0.5 T,ry} Af] (4.11)
j=1

%

=

The expression of net heat transfer to the fluid q im terms of Q

and heat loss is: -

AY .
—dq _
q = dt/Ain - hAgye (T = Tamp) /Ainr
_ 1 dQ _ Blout (T, - Tomp) (4.12)

2urigl  dt Tin
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where Ain and Aout represent the inner and the outer test section

area, respectively. -

The heat transfer coefficient h at the outer wall is determined

i
experimentally under a no-flow condition. 1Its value stays nearly

constant at 34 WIm2°C for most of the operating temperature range

except at the lower temperature range where it drops to 22.7 W/m2°C.

. 2 .
For .simplicity, a constant value of 34 W/m °C has been assumed in the

s

computation. However, a variable expression of h as a funection of

temperature can be simply incorporated within the capability of the CSMP

. o
computer package by using the function generator.

.

Two—Point Hethéﬂ/'

Y

If the recordings of thgrmocouple No. 5 {(Fig. 3.3) are known in

the experiment, then Tn is known. Equation (4.8) can be solved

directly for nodal points 1 £ 1 £ n - 1 without involving (4.9).
.

. \ -
Thus, yields"r1 up to Tn 1; the determination of T 1 and q is the

same as before. -

Two-Dimensional Conduction Model (2-D Model)

In Type LII test section larger axial temperature gradients were
observed especially in the trensition boiling regime. Thus, a 2-D model
wWAS Necessary to properly account for the effect of axial temperature
gradient,

.
s
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b

A total of six thermocouples are embedded, five of ‘them -- located
in the interface of the tube and silver solder'—v are to be used for

"t—""_‘-_—.-_‘_'_ ’
data thermocouples as shown in Fig. 3.6.

jod

<

3

L3

The net heat transfer q, from a given section j (inside the test

3

section as shown in Fig. 4.2) to the fluid at.time t can be expressed as

the rate of change in heat content Q, of that section, plus axial

3
coriduction from neighboring sections at the same time t. Qj can be . :
expressed Bs: c
Cout :
Qj(z,t) = fecaz j 277cTy 5 dr “8‘. (4,137
Tin

[
_The function T(r,z,t) is obtained as the :solution to the two

dimensional Fourier equation in cylindrical coordinates:

«
W,

Pe I -4 (k IT)

2t ar Jr

o

(k_‘z.l') +i (ka) .. (4.14)
dr Jz Jz ,

n

o - )
and is subject to the following initial and boundary conditions:

—

;"

(1) T = T{r,z,0) ..." The(initial test Section temperatures

are measured by the ;hermocoupleq; for simplicity, an

average \‘ralua"'l',1 is used. | (4.15)



and

4.8

{2) Tﬁrz. z2, ty = T.C, 2,2 ... féﬁhnd z2 are the coordinates

R

of T.C. 2,2. Similarly,

T(rp, z3, ¥ = T.C. 2,3

. - (4.16)
T(rp, zg, t) = T.C. 2,6
(3) 9Ty —o, 8T ) -0 and 3T ) = o ... The test.section is insulated.
3 : 3 9 '
d r=rout Z 220 z zZ=27 {4.17)

)

The solution of Egquation {(4.14) can be obtained by reducing it to

a system of linear first-order difference equations in t. This is

achieved by discretizing along bhoth r-direction and z-direction as shown

‘in Fig. 4.2 using the approximation

aTi,j 3 T; 4 1,3 £y - T; _ 1,3 (t)
ar - 2&[‘
BzTi’j _oTi 1,08 - 2T 3(E) + Ty 4 q 30D
arz — (nf)z -
azTi’j _ o TiLg -1t - 2Ty ey + Ty 5 4 q(R)
3z2 -

(hz)2 //,ﬁ&;%\

Using Equations (4.18) to (4.20)\along with initial and
conditions, the following system of equations can be inferred

Equation (4.14).

3 3

=

(4.18) -

(4.19)

(4.20)

i
boundary

from

2
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- b od
4.9
' »
dTi,4 . o Ti-2,7-2T5,3+Ti 1,3 , % (Ti+1,5-Ti-1,9)
dt (Ar)?2 rj 2Ar
. 1 o
o Ti,j -1 -2T4 3+ 75441 (4.21)
(ﬂz)2
(3£1i<€n-1;2<356)

where

r, =r¢, +4+ (i-2) Ar-

i in

and
dTn 5 _ 20¢(Tn - 1,5 - Tn 5 (4.22)
dr (Ar)2

= 4.23
27T o a2y
T1,6 = T1,7 \

Equations (4.22) and (4.23) are a direct co sequence of Equation
(4.17).

%

Equations (4.21) and (4.22) along with Equation (4.23) contain a
system of 5x{n-2) eqdﬁﬁiﬁ%s with the same numpeb of unknowns in

Ti j(3 £i¢% n; 23 % 6). Once Ti j have been solved and
? ’

dT2 3/dt determined from experimehtal data, the inner wall temperature
Tl 3 can then be calculated in the fo%lowing Fourier equation based on
' 3

the nodal point (2,3j).

LF]



2 t cc 2,1 -
(r , BMp)2 _ (r - 8)2 at /
2 2 Y
Ta 5 - To s I R | -
ko 3.0 7 "2.3 -k 2200 70710 T -1 T T
= Ar 3 b 1 1 (k 3,3 2,3 +k 2,3 1,3y~
1 ¢Ar &+ &) r 2 c Ar t $
2 2
+ k ( T2,4 -1 -'2T2ﬂ3‘+ Tz,i + 1.) - (4.24)
m -
(Az3y2
where
r2 - {r - é)2 (r + é5)2 - r
k =k 2 22 +k 2 2 2 ' (4.25)
mot 2 2 ¢ 2 2
(r2 + Ac)” - (r2 - &) (r2 + Ac)” - (r2 - 8
2 2 2 2

Equation (4.25) is the expression of mean thermal conductivity

based on Ohm's law in parallel laminae. 1In solving Equation (4.24),

S~
Equation -(4.23) has to be incorporated for i = 1 and 2. ‘ftﬁ\
e <
Equaﬁion (4.13), expressed in terms of summation, becomes
< Y i
- 2 Eo.s T 8 0.5 T, .(c. + &) 8
Qj ,2 z 1,3 rin ptct * 2,J(r1n + Q) ptct
‘ ot | (4.26)
+ 0.5 T2, 3(rin +8) Br peec + ( I Ti,j ri Ar pcee) '
. o , 1=3

+ 0.5 Tp, j Ty Ar Pccc} -

¢
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The expression of heat transfer qj from secktion j through plane
j to the fluid in terms of Qj and axial conduction is:

-

J

g - L %.gq - q
3 A, dt j+1,} j.j-1 r,/*
in o B
| -
_ 9 44 _ g (4.27)
27r, Az dt j+1,3 J,3-1

where qj+1 i the axial conduction from section j + 1 té section j, can
1]

be expressed as

2 . . . . N - T
q3+1,J = o [0'5 Pin & kelTy ju1 7 T1,j) + 0.5(rjp + &) 5kt(T2.3é‘ 2y

AZ
n-1
+ O.S(rin + 3 ) ‘5r‘kc(1‘2,j+1 - Tz’j) +'\—: ry ar kC(Ti,j+1 - Ti,j)
- i=3
+0.5cr ar k(T , _ -\T J] (4.28)
n c n,j+l k\E}J
R -
.
. can be obtained in a similar manner.
JlJ‘l
L.
The net heat transfer qj can be;pps}bximated by
. ‘/ )
v T2,3 T ‘ . (4.29)
9 85T g - .

-

It has been found that qj calculated from Equation (4.29) in . .
general results in less than 10% error compared to that of Equation (4.27).
The above 2-D analysis can be Feduced to a 1-D case by 7 Cif

substituting all five data thermocouple inputs, i.e., T.C. 2,2 ...
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LR
Vr.c. %.6, with a single data thermocouple input, regsulting in five.
identicdl boiling curves.
;
> L. \
N |

¥

o
One Dimensional ThreeJLayer Model

For certain types of composite test secticens, e.g., Zircaloy-

copper test sections, due to problems in brazing copper to Zircaloy, a
liquid metsal gland (Wood's metal) used instead to provide good
thermal contact between the'two,ﬁégzzials as shown in Fig..3.<. Note

that Wood's metal is in the liquid state (melting point 70°C) at test

conditions. It is, therefore, suspected that the data thermocouple

T.C. 1 (Fig. 4.3), may not be maintained at the interface positio
- - ' .
the tube and Wood's metal. As a result, a new thermocouple T.C/ 2 was

used for'theggzsgﬁizzzzgpéggie*in this applicatioen. T.C. 2 isflocated

on the copper side, but very close to ihe interface of Wood's metal and
copper. It was found out later that the temperature measured at the

T.C. 1 location is much higher than that predicted. This) confirmed the

. : . @ "
earlier suspicion about the measurement of T.C. 1.

A

For simplicity, the 1-D model (two-layer), after some

modification, was used in dgtq‘reduction. Because of the 1ocat}on40f e

the new data thermocouple T:G. 2, the low value of thermal conductivity
. .

of Woond's metal (Table 3.2) ana its thickness (almost three times
thicker than silver solder), the effect of the solder layer has to be

included in the analysis. The derivation for 1-D three layer analysis

in this case is-eqéfntial, the same as that of Z—ﬁijiiiﬁf)except two .

extrapolations {bésed on Fourier equation) are reqa}{?d to determine the

inner wall temperature.

s \\\ ’ .



“

4

For the 1-D model, the Fourier equation on the copper side can be

obtained from Equation (4.21) after neglecting axial conduction.

L M

dTi — uc

Ti-x = 2T + Tie1 @ (Tivl - Ti-1) (4.30)
. r.
dt (Ar)z ——— . - i 2nr

a8

(3 i £ n)

where ) jj

ry =Trinp + & + 5 + (1-2) Ar

- and

- K (Tn ~Ina , Tnex - Tn) - h{Tp - Tamp’ (4.31)
2 Ar Ar g
&

where Equation (4.31) is the boundgay condition at the outer wall of the
test section. All the symbols in this derivation are referred to
Fig. 4.3.

bl

]

1) '. .
Equation (4.30) contains a system of n-2 equations with n-2

+1
eliminated from Equation (4.31). With ‘1‘i available and dT2/dt

unknowns in Ti(3t$ i £ n), where Tn

-

in the equation is to be

determined from expérimental data, Tl can be calculated from the

Fourier equation based on the nodal point 2.
\_) . . ’

2 2 2 2
T _ B A_r) _r
[ 2 ~ (ry — 5) ]Pwmcwm “[("2 T 2 J p.c. 4T, (4.32)
(e, BAe)2 _(r _ g2 dt
o 32 2 2 2

T

e )
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k 37T o T2 -Ty T -7 T -1
= ¢ _Ar wm E + L0l o 3 2, 2 1,
1{ar + g) r, 2 ¢ ar M B
2 e
—~

With Tl known and from which dTlldt determined, th®&vinner wall

N

\,

temperature '1‘0 can then be computed from the Fourier équation based on

the nodal point 1.

[2 2 2 2
r_(r:——)] [(r +_ﬂ)_r]
1 1 2 455 iy T, 17 AmSum 9Ty

(r ., g2 _(c _5)2 dt

2 1 2
. 1
k. f2-T2 . T1-Tp T o7 T - T (4.33)

_ wm 4 Z »3 + 1._ l (k V4 1 + kz 1 0) .

1( g+3) | ry 2 I3 &

2 . .
where . )
17 % Y 3 .

Finally, the heat content of the test section H and the average

heat flux q to the fluid can be expressed as:
B |

fa =4
I

?WL [0.5 TOri.n-Schz + 0.5 Tl.(rin +8) S,ozcz

+ 0.5 Tl(r.1n +3) BLmCm * 07 T2(r.“1 + 3+ glg &S

+ O'Sf/IZ(rin + & + glar f-:;cc- N
n-1 ’ N oo .
+ (5 Tirjer fece + 0.5 TpCpAT /%E}:] - (4.34)
1=3 m
and ' ) .
q=-_1__gH - S (4.35)
2At; L dt '
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Computer Simulation

'

All calculations were performed via the Continuous System

. 4 . - .
Modelling Program + (CSMP). The Runge-Kutta fixed-step gize method has

“

been used in numerical intergration with selectionof n = 10 and t = 0
n

sec and its convergency checked. The NLFGEN function generation

{nonlinear function generation) capability of CSMP was used to generate

T2 . from measured data and DERIV {(derivative) module used to compute
v :

dT_ ./dt from T, . and dQ./dt from Q.. A sample computer
2,3 2,3 QJ QJ P P

.

program for the 2-D medel is §Qown in Appendix T.

' AN
ot

At

-1
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5.1 : . AN
 CHAPTER 5 s
EXPERIMENTAL RESULTS AND Dfé;USSION
—_ .
Effect of Flow Conditions
<
\
Mass Flux
The effect of mass flux on the boiling curve was investigated
' 2 -1 ‘ -
within the range of 68-203 kg.m .s for each of the test sections
of Fig. 3.2. An example of the results is shown in Fig. 5.1 for the
Type II1 test section (Inconel surface). fﬁe observed trend was 1

identical for all other test sections: An.increase in mass flux moves
the boiling curve to a higher level exceét for the nﬁcleate’boiiing
regime. fhis is expected as both the CHF and the fi}m boiling heat‘flux
increase with an increase in mass flux. Since transition boiling is an
intermediate heat transfer mode, the observed. increase in transition
boiling heat flux may be attributed to: (a)lmore efficient removal of
bubbles because of the higher flow, (b) improved convective heat
transfer during film boiling, and (¢Y improved wall-liquid inkeraétion

due to a higher turbulence level of the flow. o
. ) .

-

: , 3 </

Inlet Subecooling

~n

The effect of inlet subcooling was investigated in each of the

4
test sections by varying the inlet flow subcoqling from 0°C to 27°C.

=
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5.2

A -

- ) )
' Fig. 5.2 shows that for the Type III test sectiop, the transitionm

boiling heat flux increases with an increase in subcooling. The same

. &
_'trénd was observed with the other test sectioms. '
- -

.~

. For & given inlet subcooling, the effect of local enthalpy was
also observed by generating local bdiling'curves at different planes
» » .
o along the flow channel using a two-dimensional model as shown. in

Fig. 5.3. In1general, it was found that the local boiling heat flux

decreases with increased hedted length and thus enthalpy.

. ' LTl

Unlike mass flux, the inlet subcooling seems to have aﬂsignificant
effect on the floijEFbility during transition boiling. It was ngerved \\
that at subcoolings greater thgn 27°C severe fluctuations in flow and
surgzbe temperature were accompanied by boiling noise. The Flow
flucLuations could be obseéved in & transparent fiow.channel installed

for this purpose. just upstream of the test section.

-
~*

- .

5.2 Method of Analysis

.

. -

"5.2.1 OneJDimensional.Conduction Model (1-D Model)

1

¢
]

: Four methods of analysis were presented in Chapter 4:

-

a) _dFougier equation method

~

b} Refihed‘Fourier equation method
c) h-method

d) Two-point method



Method (a) is the Ieaét accugate meéhod and épould only be used
for thin-walled test sectién;« Fig. 5;4 presents one of the typical
results using methods (b), (é) and (dy. Since method (?) assuﬁas
perfect insulationf&it slightly ovegestimates the heat flux compg;ed to
the other two methods. Both the h-method and the two-point method yi;ld
close results except the formerlproduceg somewhat higher §alues in
nucleat boiling and lower values in transitio;'bpi%ing. The h-methed is
recommended for 1-D analysis in éransifion boiling, since it is more

accurate than the refined Fourier equation method, and it is simpler

than the two-point method because only one data thermocouple recofdlng

. is required.

5.2.2

-\

Two—-Dimensional Conduction Model (2-D Model)

]

Basically, tﬁe 2-D model subdivi&es the test section in 'a number
of rings. It:allows one to calculate hest flux from a given ring’
(inside the test section}) by cémputing thé«rate of change in heat
content of that ring, plus axial conduction fpom néighboring sectiong af
the same timg,.t. For simplicity, the test section has been assumed to

be perfectly insulated in the analysis.

. - . - -1
A typical set of boiling curves for a mass flux of 136 kg.m 2.8

and an inlet }ubcooling of 13.9°C wﬁs constructed using the 2-D model as

shown in Fig. 5.3.

A large spread in boiling curves is noticed for the 2-D results.

In order to gain some insight into the cause of the spread, the test
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section temperature distribution will be examined in detail. FPig. 5.5

illustrates the axial data thérmocouple temperature distributions as

well as the inner wall temperature distributions. The following

-

obgervations ‘can be ‘made: ’

(a)

(b}

(e)

(d)

(83

-

At t = 100 seﬁ, the rewet ffont has already gone through planes é
anq 3, while planes 4, 2 and 6 afe still in the film boiling
regime. A small thermocouple temperature gfadient occurs.betwéen
planes 5 and 6 reflecting a small amount of heét loss through the

) ¥

top end of the test section.

~ -~
-

Some typical temperature distributions in the transition regime
which occur at t = 203 sec, are shown in the figuFé. At this

time, the rewet front has passed through plane 4.

el
-

At t = 211 sec, CHF -occurs at planes 2 and 3 as evidenced by sharp
temperature gradients and a large spraad“betwegﬁ the data
-

thermacouple temperature and the corresponding idﬁéf'wail*\_m

temperature at each section.
At t = 216 sec, CHF océurs at planes 4, 5 and 6.

Some typical temperature distributions in the nucleate boiling
Tegime which occur at t = 282 sec, are shown. From -the

thermocouple temperature distribution, it is clearly indicated
that some axial heat 1o§s and poséibly end effécts occurred at

both ends of the test section.

s

N
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. 9 . .
CE€£}T~5.6 and 5.7 illustrate the radial temperature distributions
at t = 100 sec, 211 sec and 282 sec. In general, steep temperature
gradients exist near the inner wall surface (nodal pointl). At
t = 100 gec ;;EKZBZ sec, all five sectional radial temperature
distributions are very similar exceﬁt in the region close to the inner
well surface. At é = 211 sec, & large spread is observed among the five
radial temperature distributions. This is because CHF occurs-at planes
2 and 3 as evidenced by the existence of sharp temp e drops between
nodal points 2 and-t on both séctions 2 and 3. o h
Examination of the boiling curves shows that the'plane 6 boiiing
curve in the film boiling regime‘ié always higher- than the plgne 5
boiling curve. This is thod&ht to be due to neglecting axial heat
losses. Also, the plane 2 boiling curve in film and transition boiling
regimes, in general, is.found to be notiéeaply higher than other boiling
curves regardless of the inlet sqycooling and mass £lux. Ths i;
attributed to {a) the low:z bulk fluid temperature, (b) entrance:
effects, and (c) neglecting axial heat losses. 1In the transition
boiling reéime, all the five boiling éurves show a correct trend against
the bulk fluid temperature. The radial heat loss to the surroundings
should be negligibily small in comparison with a rather high level of

radial conduction taking place inside the test section.

In some of the é&lier tests, the Type I copper test section was
. - -~- . N
equipped with thermocouples at three axial locations. Boiling curves

. were derived For each of the three data thermocouples using a 1-D énd

r
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" 2-D modelsl'z: The results showed that: (a) the mid—plahe boiling

curve based 6n either 2-D or 1-D model represents the average beiling

-

curve for the entire test section, (b) the two mid-plane boiling curves
based on 2-D and 1-D moEQIs, respectively, are approximately the szame,

4
and (c) the net effect of axial conduction on the surface heat flux at

v

the ﬁid—section, based on 2-D model is very small and for practicél

purposes can be neglected.

In the Inconel-copper composite test section, the mid-plane
. )

" boiling curve of the 1-D model (taken from Fig. 5.2}, is falling

somewhat between the plane 3 and plane 4 boiling curves for the /

‘4%orresponding 2-D model (Fig. 5.3). This suggests that the zero axial

conduction section has been shifted downstream from the mid-section. It
also suggests that: (a) bdiling curves based on a 2-D model at the
mid-plane represent the average heat flux over the entire tést sectlion,
and (b) boiling curves measured at the mid-plane based on a 2D model are
close p; those based on a 1-D model. For £his reason, parametric

effects on boiling‘curveé discﬁssed in this thesis are based on _boiling

curves measured at the mig—plang using 8 1-D model. .

Effect of Method of Operation

Measurements of boiling curves were made using two different modes
of operation: the transient ﬁnd the steady state mode. Fig. 5.8 shows
a comparison between the transient boiling curve and the steady state
data obtained for the Type I copper test section using a temperature

e
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4.

1

controller. Good agreement is observed between the steady state data

and the transient boiling curve. Due to insufficient heateér power. in
the test section, the upper portion of the steady state boiling curve

Fl

could not be obtained,

Subsequent tests with a Type III tes£ section equipped with a
larger number of heaters permitted the construction of a cqmplete sgéady
state boiling curve as shown in Fig. 5.9. The transient boilihg curve
is also plotted in this figure for comparison. Again, the agreement
between thése two curves is reasonable with the exception of the
nuc;eate boiling regime. The agreement of heat flux values in
transitioq and film b?iling regimes was expected, ds the high thermdi
capacity of the test section glowed'down the quenching process to make

the system act in a pséudo steady state manner.

Effect of Experimental Equipment

a7

General

~ )

The simplest version of test section used in these experiments is
a Type I .test section. The Type II test séction employed a combination
of two copper blocks. The Type III test section was designed to study

the effect heated/ghrface thermal properties on transition boiling, by

brazing an Inconel tube into a topper block using silver solder.

-

Because of problems in brazing a Zircaloy tube or an alumindm tube to

copper a Type IV test section was dqsigned in whicﬁ Wood’s metal {(a
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liquid metal) was used instead to provide a good thermal contact between

“

thé two materials.

Schematic drawings of ihese test sections were shown in Fig. 3.2.
In general, boiling curves genéfa;eq;with these test sections are
sensitive to (a) the thermal resistance between the t;st section and the
thermocouples, (b) the exact location of the thermocouple junction,
(¢) the accuracy of each data thermocouple measurement, and (d) the
thermal résistsnce between the copper block and the flow tube.

o

Effect of Upstream History

Measurements on the Type II test section (two copper blécks with
the short block'as an entrance heater) produced lower.post—CHF heat flux
values than measurementé on the Type T teat“seétion (single copper
block), Particularly, the heat flux with the Type II test section

during the initisl stage of a transient test (film boiling system) is

.

much loﬁer as shown_in Fig. 5.10. This difference cannot be explained

by the differences in local subcooling; it is thought: that a more

-important reason is the,presence of a vapour film at the entrance to the

test section in the Type II test section. Here, the vapour film is
established in the entrance heatef and can be'considerably thicker than
in the Type I test section whe;e the vapour film becomes established
near the entrance of the test section. The thicker vapour film presenté

a greater resistance to heat transfer thus lowering the film boiling

heat, flux for the same equilibrium conditions compared with the Type I

/! test section results. .

/
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5.4.3 Bffect of Sqrface Propérties of Heated Surfaces

D;Eing the course of this transition boiling study, five different
heated surface materiﬁls were tested using Types I, III and IV test
*  gectidns. 1In the Type III test section, a thin silver solder layer
(0.13 mm) between t{e copper block and the tubing material was designed
to provide a2 low thermal resistance path for the heat flow from the
copper block. The contact resistance between the tube and the copper
block is expgcted to have some effect on resultant bdiling curvds. -
Because of gdod thermal properties and wefting characteristics of the
silver solder, this effect was found to be very smell,
Fig. 5.11 presents the. effects of k {or pk cp) on boilin;'
curves obtained in the Type I and Type IfI test sections using copper,
brass and Inconel heated surfaces. 1In general, the values of CHF and
minimum heat flux are aboug the same for all three heated surfaces.
However, the rewetting occurs at higher wall superheat for heated
surfaces having a lower k (or pk cp). This is‘}n agreement with

experiments carried out elsewhere

Because of problems in brazing Zircaloy and aluminum tubes to
copper, a liquid metal gland {Wood's metal) was us;d to bring the two
metals thermally into contact (Fig. 3.2, Type IV test section). In
addition, copper and Inconel tubes Qere algo used in the Type IV test
section. A comparison of thermocouple signals of the Type III and IV,
test sections suggested a larger Ehan expected contact resistance in the

. - ¢
liquid metal gland, it 1s suspected that, due to the poor wetting
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-

5ﬁ\iaéteristics of Wood's metal, air bubbles might have remained in
contact with the copper block or flow tube outside surface.
3y
A comparison-qf the boiling curves obtained for the four different

flow tube materials used in the Type IV test secion is shown in

Fig. 5.12 for standard test conditions: G = 136 kg.m-zwp_l.
. 1 d .
T = 13.9°C. The results show that the Inconel and Zircaloy heated

sub

surfaces produced an almost identical boiling curve. The copper and
aluminum heated,surfaces._howé%er. produce a higher heat transfer
coefficient in the £ilm boiling region and also the transition boiling

curve has a stéeﬁer‘negative glope for copper and aluminum as compared

. to Inconel and Zircaloy. The T and Tm are also smaller for

CHF in

copper and aluminum.

Caution should be exercised in using these results as (a) the
thermal resistance.of the i}quid metal gland may be different for each
material and may not be properly modelled, (b} the wall thickness , was
not kept constant (see Table 3.2}, (c) axial coﬁduction heat losses were
different because of large differences in thermal condpctivfty.(see
Table 3.1), and (d) the tubes were-tpstéd as received (except for
possible reduction in outside diameters) and the finish of the inside
bore was not identical. However, qualitatively the results are baliéved

to be correct as they confirm the trends observed by the Type I and IIIX

test sections (Fig. 5.11).
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CHAPTER 6

PREDECTION OF TRANSITION BOILING HEAT TRANSFER FOR
5 oq
SUBCOOLED WATER AT LOW FLOW AND ATMOSPHERIC PRESSURE

- ‘A" SEMI-EMPIRICAL MODEL

Introduction

This chapter presents a phenomenological model using existing
correlations to predict transition boiling heat transfer for water at

low flow and atmespheric pressure. - The model incorporates the effects

.of mass flux,local enthalpy (or inlet subcooling) and thermal properties

of heated surface. The proposed method establishes a general groundwork

and can be easily'éxtended after some modifications to predict

transition boiling heat tpansfer for water as well as other fluids in

the quality region at higher mass flux and higher pressure.

In developing a heat transfer correlation for the transition

boiling region, several features should be sought:

(a) .A correlation must have correct dsymptotic trends. For example, a
correlation for the transition boiling region should approach the

value of film boiling heat transfer at higher wall superheats-and



6.2

the critical heat flux {CHF) at léwer wall superheats. Also, at au
very low ﬁass flux, the correlation should approach the value of
. pool boiling hea; trangfer.
-~
(b) A correlation must be based on local conditions eince, in many
instances, the predictions deal with flow reversal situations.

Under these circumstances an inlet condition is hard to definé.

(c) A cbrrelationlshould be based on physical uﬁderstanding so that
the extepsion to a wider‘range'of conditions may be possible.
Although attempts have been made gécently go formulate a genersal

predictive ﬁ;del for the post dryout region yet betterAsuccess has

generally been achieved with models 1imited to a smaller range of
conditions. Aéplication of such models to low flow, low'pres;:;e,region

has become very important due to increasing studies involving heat

removal from the reactor core in the absence of driving force, e.g. loss

" —
of reactor circulating pumps.

Assumptiong

{a} The transition boiling mode is a combination of both unstable

nucleate boiling and unstable £ilm boiling alternately existing at

any given location at the heat;d surface. The variation of heat

Cs



transfer rate with temperature is primarily & result of the change
in the fraction of time that each boiling ﬁode exists. This
ppstulation is based on Berenson's description1 which has been

applied to cryogenics by Kalinin et al.z. The heat flux can,

-

therefore, be expressed as

where £ is the fraction of surface that is wet.

(b) The fraction of wetted srea f is assumed to be egqual to 1 at the:

CHF and approaches zero at the minimum film boiling heat fluxz.
¢ ' !
{c) The transition boiling is a violent heat transfer mode where
.intense mixing takes place between liquid and vapour phases.
Therefore, the heat transfer coefficient is assumed to be
dependent on local enthalpy and indepéndent of heated length.
- In the following section, all the terms in Eq. (6.1) will be

determined for a given system pressure, flow and local enthalpy.

6.3 Formulation .

q
6.3.1 Critical Heat Flux CHF . ) o

Basic formula. The critical heat flux ie calculated based on the

/

instability of a wave at the liquid-vapour interface using Zuber's

-
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6.4

thedry3 of burnout. Tﬁe critical heat ‘flux for saturated. pool boiling

isg

. 1/2 1/4
(qcwr) = K heg pg [ostoe - pe)] (K = 0.12-0.15) (6.2)
B4 i

‘ - : 4
The theory provides theoretical verification of Kutateladze's equation ,

and determines the eritical heat flux hydrodynamically which is
independent of surface conditions. It also allows an inherent scattering

of 22 percent of eritical heat flux value due to the variation of K from

0.12 to 0.15.

Effect of local enthalpy. To account for the effect of subcooling

.

(x<), KutateledzeA proposed a semiempirical dimensionless factor that
has been described by BonillaS. and later modified by Ivey and

. 6
Morras

. _ p, 0:75 ‘ 1
CGoHF) 1oy = COCHP) g [1 + F& SCPATsub/9t8 heg) (6.3)

in the above equation CP was evaluated at

o - AToyp - - -
,T = Tgat - — ) (6.4)

Effect of mass flux. Based on the experimental data of Thompson

7
and Macbeth one can propose the following expression to account for

- the effect of mass flux
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-~ o ©0.51. '
(9eRF) G, xe0 = (ICHF) ;o0 (§ (6.5)
. min

Gmin is an arbitrary mass flux value below which the CHF approaches

the pool boiling CHF.
s

6.3.2 W t N
. 2 Wall Temperature at CHF TCHF .

Bjornard.and Griffith8 suggested that TCHF can be computed by
9
Chen's correlation sincg it is physically based gnd it automatically

transforms intc the Forester-Zuber relation for pool boiling at low

-~

flowlo. The Chen correfation was originally derived for saturated
nucleate boiling, thgn extended by B;tterworth and Hewitt11 to the
subcooled boiling region where the F factor in Chen's correlation was
set to 1 and the S factor was evaluated from the simgle-phase Reynolds -~
number, GD/u. The resulting form of correlgtion which is used for the
present application is:

Pt

N

0.6 0.8 0.8 0.4
8 96,xs0 = F(0.023) & ¢ - Cpy (T_-T,)

0.4 0.2
LY D

e

0.79 7 0.45 0.49
1

k c
+ §(0.00122) £ pf Pe (-1 7% ;%75 (6.6
;0.5 ,0.20 ), 0.24 ,0.26 W sat W
' £ ] f 4 B RS

-7

Equating Eqs. (6.5) and (6.6), one would obtain Tw which is

) TCHF' The solution of TCHF normally requires an iterative procedure.
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T 12
wx Bffect of wall thermal properties on CHF. Magrini and Nannei

investigated the effect of -wall thickness and thermel properties on the):

heat transfer of nucleate boiling. Their experimé&&ﬁ,were conducted

-

A
under conditions of saturated pool boiling of water a}l atmosphdric

-
-

pressure, resulting in the following correlation

~

To-Tgat = 0.27¢9)0:25¢y | 4 x 104 fu - e-8.5x10% (y )3] }0.75  (6.7)

‘ V kwpw CPW :

Eq. (6.7) indicates that for a'given’yé;t flux q and wall - -

-

thickness s, a heated surface with a smaller value of k p C
. . v W W pwW

Will result in higher wall superheat. 'Tﬁig confirms the present’

e{gerimental data. . .)

They found that when. the wall thickness exgceeds a certain value,
< b

the effect of thickness becomes negligibly small. In-~fact, thik is the

case for test sections used in the pfesent study,/ thus the exponential

term in Eq. (6.7) can be dropped. Furthermore, Eq. (6.7) can be

rearranged to express the wall superheatuof any surface material in

.

terms of the wall superheat of copper surface under the same heat Fflux as
. \

" o=

ToTsat = 0-57UTw-Tgatdeu (1 + 4 x 10% 7% : (6.8)

\/ ww Pw
where k , p and C_ afe referred to the thermal properties of
w W pw X :
any surface mgterial. It has been found that Eq. (6.6) gives good
}

prediction of wall superheat in nucleate boiling up to the CHF point

.

- 4Pﬁ



(whén coupled with Eq.'(q.S) for éhe‘copggg surface, .Thus forla giveﬁ
heat flux, the wall superheat of copper surface is oﬁtdinnple from
Eq. f6.6), and for/the same heat flux, the wall superheat of any other )
surface material éqg béjqalculated via Bg. (6.8)/ |

N

- , . ) .
Fan

- ,
6.3.3 Fraction of Wetted Area f

>

3 :
Experimental observations1 showed that the fraction of wetted

‘area f during transition boiling decreases with increasing wall "
superheat. One can‘assﬁme‘a'possible relation between them as

;7‘-‘";‘.1

f=al(Ty - B2 (6.9)

where a and b are constants to be determined by two boundary conditions,

'
o -

At T =T . £

n
=

At T =T » £ =0,

. The expression of f then becomes

TF o= ¢ Tw Tmin ) . (6.10)
Teur — Tmin -

8
Bjornard and Griffith proposed the same expression as Eq. (6.10).
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6.3.% Minimum Stable Film Boiling Temperature Tmin

A

The best available analysis that predicts the minimum surface
tempetaturé to support stable £ilm boiling, is the model prgsented by
Henrqu. His correlation incorporates the effect of heated surface
thermal properties of the heat transfer coefficient near thg minimum
film boiling‘point that was originally derived by Berenson15 |
Beren;on's expressioq_for the heat transfer coefficient is physically

based and it combines Bromley's heat conduction model across a thin

-

. vapor filml6 with the hydrodynamic consideration of Zuber17.

The correlation by Henry is:

T (

- (T ) k 0.6
min min b 0. 42[ QPQCLQ. hfg ‘ .] (6.11)}
'(Tmin)I - Ty kwPuwCpw (ﬁTmin)I

where (Tm'm)I is the minimum film boiling temperature for the isothermal

surface predicted by B_erenson15 and can be calculated as follows:

(ATgip) = 0.127 Pghrg [;B_‘L!;Esl] 2/3 [_U_] 1’2[__“5__] 3 t6.a2)
1 , Kg PR + Pg g(pL - pg) 8(pY ~ pg!

- A q
6.3.5 Minimum Heat Flux min

In a series of updates to the BE (Best Estimate) Code, Hsu et

18 - 1
¢ al. recommended Bromley's equation 6 for low void film boiling.
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Bromley'sequation is based on the assumption that heat transfer through
the vapor film is by molecular conduction only. Subcooled flow beiling
experiments show that the film boiling heat flux can be mucﬁ‘higher than
values predicted by Bromley's equation. .This c;uld be due £o the
assumption that the vapor flow is.laminar. It is suggested here that
under flow boiling conditions, the moving\iiquid—vapor.interface could
cause the vapor flow to be turbulent. As a result, the assumption of
linear temperatufe profile across the vapor film is not’Eyprdﬁﬁiate.
Thus, the Bromley equation is used in the present model with a slight

modification to the thermal conductivity of the vapor.

The heat transfer coefficient for film boiling given by Bromley is:

hpromley =062 [ k3 8DPg<Pf - Pg’ ] 174 (6.13)
u

One way to account for the eddy diffusivity, is to use the simple
model of Baum et a119. They suggested that turbulence pag the effect -
of making heat transfer proportional to Re raised to the power of 0.8

rather than_Reo. T~

ReO)] 0.8

- (6.14)
[1 + ( 390

where Reo is the transition Reynolds numbet of 500. In the present
application, a value of the vapor Reynolds number Re in the order of
10,000 was found to provide a reascnable trend in the transition boiling

region when compared with experimental data.



The miminum heat flux qmin is then calculated by

Tmin = hBromley(Tmin = Tgat! : (6.15)

in Eq. ¢6.1).

This expression of . can be used to replace
P qmln P qFB .

This is because qFB in the transition boiling region is near constant

for subcooled conditioms agd thus it can be approximated by q _n.13
- mi

”
&

o

Prediction

Several sets of boilihg curves predicted by the present model are
presented in Figs. 6.1 to 6.3 along with experimental data. Each of thé
boiling curves shown in these figures is constructed for a given set of
parameters: mass flux, inlet sﬁbcooling and surface matériﬁl. Since
,QEe model has been developed ti predict heat flux as a function of local
conditions, an iteration procedure was followed to calcuiate the local
enthalpy which is in itself a‘function of heat flux. The iterative

procedure was carried out at each point on the boiling curve and is

incorporated in the computer program {Appendix III).

Figs. 6.1 to 6.3.show the effect of inlet subcooling, mass flux
and heated surface material on boiling curves, respectively. 1In
general, pood agreement is observed between the predicted and

experimental results in both nucleate and transition boiling regions,
' \

4+
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s In Fig. 6.3, the completed, predicted boiling curve for the copper
gurface is shown, this includes the film boiling region, CHF point and
minimum point. Film boiling experimental data from the seme surface are
also added for comparison. The agreement béfweeh the predicted and
experimental data in the nu;leaté boiling region,-when Chen's
correlation was usea. provides more confidence in the predictidn of the
wall temperature at CHE. However, the present model unéerpredicts the
‘film boiling data by one order of magnitude. This is not entirely
uneipected. It has.been shown in éection 5 that film bqiling is a very

strong function of upstream history which itself is partially dependent

on heated length. The difference in heat flux value could be as much as

several orders of magnitudé. In view of our very short test section, a
strong entrance effect is present which tends to enhance heat transfer.

No existing correlation has taken this factor into consideration.
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CHAPTER 7

PREDICTION OF TRANSITION BOILING HEAT TRANSFER FOR

, SUBCOOLED WATER AT LOW FLOW AND ATMOSPHERIC PRESSURE

Introduction

In this chaptef; an analytical model to predfct heat transfer
duriné transition boiling is presentéd. The model is based on
hydrodynamic considerations and is 1iyited to the conditions of the
tests, namely sub;ooled low flow in a vertical conduit near atmespheric
pressuré.

The present analys}s makes use 6f Baum's1 aép;oach in analyzing
the transition region in pool boiling on outside surfaces. He
postulated that in inverted annular flow, the oscillations of the wavy
interface are repelled from the wall by vapour being compressed as the

wave approaches the wall, This mechanism is applied, in the present
analysis, to subcooled flow boiling inside a vertical tube. The wave
length is based on the instability'Bf a harmonic wave travelling along a

VYertical liquid-vapour interface. A sketch for the flow regime analyzed

is shown in Fig. 7.1.
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The flowing two-phase mixture is considered as divided into an
annulus vapour film and a liquid core. The mass, momentum and energy
gquations for the vapour annulu; are éblved. Heat transfer from the -
wall is a sum of two components; a convective component assuming laminar
vapour flow adjacent to the wall and a liquid-wall conduction component
assuming instantaneous contact betweeﬁ the oscillating wave and the
wall. The e}fects of mass flux, wall thermal properties and degree of

subcooling are also modelled. This is a unique feature of the aﬁalysis

since no other analysis has reflected these effects before.
Assumptions

The following assumptions are made in order to obtain a simplified

form of the momentum, continuity and energy equations:

(a) The liquid-vapour geometry is given in Fig. 7.1.

(b) Near the minimum heat flux, the wave length is unaffected by the

s

vapour velocity and the vapour film thickness.

(c) The vapour film thickness is assumed constant in the order of 1o"°

-

meter (Ref. 2).
(d) Heat is transferred through the vapour by convection. Radiation
is assumed to be negligible, since the range of temperatures

encountered during transition boiling in the present application

is less than 600°C.
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{e} Vapour flow is steady one-dimensional,

(f) Vapour gene?ated at thelliquid~f%p&§r interface within the half

wave length will eventually escape in the liqui§ core. This has

been observed and-:-reported -earlier by this auth;r (see section

(g) E?e wall temperature below which the 1iqﬂf&—wa11 contact éccurs is
known and is set equal to the experimental Tmin vaelue. It can
also be calculated using the proposed method by this author (see
.section 6.3.4). ‘

(h) Liquid core velocity is very small compared with vapour film

i.e., V. <<V .
veloci#y, i.e., 1 v
(1) The shape of the liquid wave does not change during the contact

period.

Y

Referring to Fig. 7.1, the oscillations of the‘liqﬁid—vapour
interface do not contact the heated wall duriﬁg film boiling. During
their approach to the wall they are decelerated by vapour compression
forces, This vapour ia_generated at the liquid-vapour interface due to
heat transferred from the wall by>eonvection. At the migimum.film
béili;g point, vapour compression forces perform‘just en;ugh work to
bring the oscillations tangentially in contact with the wall. ga‘the

wall temperature decreases, vapour compression forces become weaker so

that wave spikes will contact the wall before enpugh work is performed

p
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by vapour forces to repel the wave. After the contact with the wall,

‘vapour -forces continue to perform work until the wave is repelled.

During the liquid-solid centact, heat-transfer from the wall is
augmented by an additional component, namely conduction between the wall
and the subcooled liquid. As the wall temperature decreases the

duration and exfent of contact increases, thus leading to the observed

érend in transition boiling where heat transfer increases with the

decrease in surface temperature. \\_qéL_;;\

Wave Geometry .

A review of the ﬁethods of application of the wave theory to the
instability of liquid-vapour interface is presented in Appendix II.
From the examples given in Appendix II, it seems appropriate that the
postulated wavy interfa#e in the present analysis can be treated using
the’Hélmholt; instability, where the vertical interface stabilizes under

-

the foreces of/surface tension and effects of relative velocity.

Referring to Fig. 7.2.a, Equation (II.2) can be simplified by the

following assumptions which are valid for a vertical surface with forced
- *

convection: L
e e
g =0 {vertical interface) ¢
coth md = 1 (Dw = d = @); the effect of vapour film thickness (7.1}

on the wave lehgth is negligible2



Combining Equations'(7.1) and {I1.2) results in the following

expression for c:

‘.. ¢2 = _om - P1Py (Vv“vl)2
| (1.2
and Ao = 27 2 v 1Py 4py)
H 2 -
b p1oy (VY1) .
v (7.3
It can be éeenifrom the above equation that for given system
conditions the fluid éroperties (d'pi & Pv) are fixed. Therefore,
the critical wave length is determined by the relative velocity of
liquid and vapour. At atmospheric pressure: P, 2 0.59 kglm3
(py >> pyland o = 58.78 x 10-3 N, thus
™
he = 0.6 m
(Vy-v1)° ’
vl (7.8)

-

In this-.model the critical wave length Xc is assumed in the

order of 2.0 cm. Using this value in Equation (7.4) we get

V' -V, =5.47 n/s
v 1
In .the present experiment Vl = 0.2 m/s, therefore the critical’

vapour velocity at the minimum film boiling point is expected to be

~5.67 m/s.  This vapour velocity is to be verified by the prediﬁtions

o
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of section 7.7. It will shown that the predicted average velocity is

within 15% of the expected value. E

Governing Equations

. 7.5.1 Momentum Equation

.2

.3

Momentum equation in cylindrical coordinates (r, 8, z) for the

steam phase with constant p and ¥ in the z direction

p( &z + Ve Mz o Yo By 4 V2 Tz Do
z

3t ar r 29 3z

+u( 1 a (r v,) +1_32Vz+32vz) + PBy
r r ar 2 302 322 ,
(7.5
Continuity Equation
p + 13 (prvy) + L3 (pvg) + 3 (pvz) =0 (7.6)
at r 9r r 39 9z ‘
Heat Transfer
Heat transferred from the wall is e sum of two components:
) i
1) Heat removal by instantaneous liquid-solid contact during. contact

periods (see Fig. 7.3.a), calculated by the model proposed by

Bankoff and Hehra3; and
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2) Heat removal by convecii:g flow of vapour over the wall Quring the
contact and non-contact period (see Fig. 7.3.b), calculat basged

on laminar flow,.

Instantaneous Liquid-solid Contact Component
. - ~

- -

When the liquid of the oscillating wave at temperature T1 is

brought into contact with the wall whose initial temperature is '1'H

the interface immediately achieves temperature Ti which is invariant

a4

with timea and is given by

(1.1

The transient conduction between the liquid and the solid is
illustrated in Fig. 7.4. The predicted temperature at the interface was

used by Bankoff and Hehra3 and Henry5 in developing their models.

The total heat transferred.per'bontact to the liquid is determined
by -
12

vt 1 .
q = 2k1(Ti-—'1:'1) (“_::‘—1) ) P

(7.8)
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where tc is the mean length of the contact period. Defining the

thermal boundary layer thickness by

y =4y ate\1/2
T
; :
(7.9)
Equation (7.8) can be written as:
g = (T3-Ty) 51 y
2 fl
/‘ ’
j (7.10)

To account for the effect of liquid core mass flux, it is assumed

here that turbulence will make the heat transfer proportional to
0.8

Re . Therefbre, the normal conductivity kl in the above
equation can be modified1 as follows:
0.8
K=k (1+ " Teo )
Rao ) (7.10.a)

where-Reo is the transition Reynolds number of 500.

3

The heat flux by conducticn 1, is expressed as

= q.f } (7.11)
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where £ is the frequency of the contacts. The heat flux is then
weighted by thg wetted area which is predicte& from the wave position

relative ‘to the wall after contact (see section 7.7).

Heat Convection Component

Heat transferred by steam convection is based on the a;sumption
that thé flow is laminar between the wall and the liquid surface. The
heat transfer coeff{ciéﬁt 15 based on the Nusselt number for laminar
flow between flat plates which has a vaiue of 4.11. Referring to the

geometry of a vapour flow element in Fig. 7.2.b.:

Nu = R RO-BY _4.11
ky

The heat flux component of convection is determined by

i

dy 4.11 kv AT [? * (BR)

R(1-8)

(7.12)

where AT is the-temperature difference between the wall and the liquid

core.

Procedure to Formulate the Problem in Cylindricgl Coordinates

1. Use Navier-Stokes equations to obtain a relationship between the
pressure gradient and the velocity profile for the concentric

annulus element of gteam shown in Fig. 7.2.a.



Knowing the velocity profile, calculate the average velocity as a

function of the pressure gradiant.

Calculate the average velocity based on the evaporation at the

liquid vapour interface. The average steam velocity will be a

function of wall temperature.

From (2)'and (3) obtain an expression for the pressure in the
vapour phase as a function of wall temperature and steam

properties.

Having determined the pressure, calculate the force acting on the
approaching wave aﬁd integrate it with respect to distance from
the wall to obtain the energy dis;ipated. ~-This energy is
calculated first for a wall temperature equal to the minimum film

boiling temperature which is assumed to be known.

Repeat steps (1) to {5) for a lower tem%%rature. More energy will

be dissipated after contact with the wall. The durstion of

contact will end when compression forces repell it.

Knowing the time and velocity of approaching wave, determine the

area of contact.
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8., Calculate heat transferred froh the wall by convection (during
non-contact and contact periods) and by conduction to liquid

(during contact periods).

Solution of the Momentum and Continuity Equatighs

Based on assumption (f)}, Equation (7.5) reduces to

‘e

‘ 2
py Vz Wz - -4 u(La_“'__aVZ”’__.aVZ).
9z dz r)r ?r 3z2 N
(7.13)
Also, equation (7.6) reduces to
avz =0
'}
(7.14)

Substituting 7.14) in (7.13) gives

'0=—,.2+u[13_(r3‘iz_)]
oz r or ‘ ar

(7.15)
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Boundary Conditions

1) at r

[t}
-]
<
]

0 (no slip)

2y at r

1
n
=)
<3
n

0 (no slip)
(B is & functlon of z}

Integrating Equation (7.15) w.r.t. r

- [QE) rZ 4+ ur E!g +C1=0
dz 2 Jr

(7._1%/

Integrating again, ~
* .

- (QE) 2 + q Vz; +Cy Inr +'C2'=>0
dz 4 ' ’ '

(7.17)
Boundary condition (1) gives ) _‘. <;—H
—(Qg)gz-i- Cl-lnR+C2=0 '
3z &~
(7.18)
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Boundary ééndition (2) gives

- (QE) BZRZ #‘Cl InB R+ Cp =0
dz :

4
(7.19)
subtracting (7.18) from (7.19)
Br + 3 - B2rRZ + RZ) = 0
¢ 1n 3p R%)
1 R 9z 4 4
(7.20)

Substituting (7.20) and (7.18) in (7.17) we get

.- 3 2
o9z

x|

+uv_ + 3p RZ+ 3p RZ (B2 -1) 15 (£-o
4 9z &4

&
-]
N

ln_ﬂ

or . “

p
I
|
4
~—
&
N
!
2
1

R? (B2 - 1) ln(E)]
4 4 1n B R

v, == 3 B [1- £? 4821 g, (s)]
9z 4y R 1n B R

{(7.21)

el
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.

The average vapour velocity is €

T~

v I2Tr fg V r dr d6 2
vz.=0 BR 2= " =—(§E)R_(1—§4+1—§2)
9z" 8p 1-B2 1n B

27 R
0 ) BRI r gr d8
(7.22),

gz in the above équation can be determined from a heat balance
at the liquid-vapour interface. The vapbur flow AM® generated at the
interface is due to the convective component qu of equation 7.12.

Therefore AM° can be expressed as

AM° = Qv

hee (7.23)°

W

The total vapour flow through the flow element is related to Gé by
¥

— - 2 2
M® + AM® = py AVz = py Vz 7 (1-B ) R
(7.24}
where M° is the vapour flow from the upstream eleﬁent shown ir Fig. 7.2.b.

Eliminating q, and AM® from Equations (7.12), (7.23) and {7.24)

and solving for Vz yields the following

v,
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[-mhfg +¥_p v (1- B9 RZ]hEg ok AT [2 m (BRY\ /1 + B Z&? dz] (7.25)
: R(1-B) d

z

or

- ' |
T, =2 kB AT R\1+ $B78% dz 4w mgy R (1)

Tpy heg RS (1-B2) (1-B) . (7.26)

By substituting the above expressionlfor Vz intc equation 7.22,

the pressure gradient can be determined as

’ dB 2 2 o B
8 _ 2 kyB AT R \/I—:_—;g_h_;— dz + M hf8 R (1-8)

- 3 2
Rz( 1-B4 . l:ﬁz) Tpy hgg R (1-B ) (1-B)
1-p2  1nP :

(7.27}

Integrating to determine pressure distribution and integrating
again to obtain the force acting on the liquid surface

"

jan M2 Iz
0 0 0

F = BR 3p d, d, dO .

dz ) (7.2%)
The motion of the oscillation can be determined bx‘integrating the
force as a function of position normal to the wall. For each step
change in wave position while approaching the wall, the work done by
—

this force F Ar is equivalent to the loss of kinetic energy of the

wave mass 1/2 mAVz, i.e.

F Ar = L nav2 (7.29)
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where

mass of wave

=
]

v gppreach velocity of the wave.- 1

The total work dome by vapour forces is equal to the total change

in wave kinetic energy

- / (7.30)

’

The left hand side of the above equation is a function of the wall
Y
temperature. At the minimum temperature, the~work done is just enough

to decelerate the wave and make the wave velocity V = 0. Tt is assumed

—

' ~
in this model that the minimum temperature is known and equal to the
measured value in the éxperimené. Therefore, the work done by vapour
compression force at the minimum temperature can be determined. ' This

energy is referred to as EmI; which is defined as

Emin = - . Fdr

(7.31)
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'fbgcomes weaker, so that at the

7.17

As the ﬁall temperature decreases, vapour compression force
v . N . ;

\.A// ' N
ime of contact the work done is less .,

«

than Em It will take some time after the contact for the work done

in
by compression force to reach Emin and to repel the wave. The contact

time can,.therefore,ube calculated by integrating the velocity of the

approaching wave with respect to the distance from,the wall.

Thejshape>of the oscillafing wave approaching the wall during and
beig;p—égitact is shown in Fig. 7.3 a and b respectively. It is assumed
that the shaéé oé the wave does not'changg during contac%. The wetted
ares.can, thefefbre, be caiculated from the relative position of the

wave and the well as shown in'Fig. 7.3 a.

Results

A computer program has been constructed to perform a numerical
integﬁitién of equatiﬁns.(7.11), (7.12) and equations (7.22) to (7.28).
A listing of the computer program is given in Appehdix IV. The program
has a built-in water properties table and a subroutine to interpolaée

and extrapolate between lines.

’

L

2

Fig. 7.5 shows the model predictions at mass{ flux of 136 kg/m
for different degrees of subcooling on a copper surface (series 500).
The kgreement iz good and reflects the'correcF-observed trend, i.e.,

,J
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heat transfer decreases with the increase of'surfgce temperature and

increases with the increase of the degree of liquid.subcooling.

a
The comparison of the predictions at different méss fluxes with
the experimental measurements is shown in Fig. 7.6. The effect of mass
SR

flux in the predictions appears to agree with experimental

measurements. A further verification for the model was made by

h N

comparing its predictions with the pool boiling data of Ref. 6. The

comparison is. shown in Fig. 7.6 and it providds also a good agreement.

The effect of wall thermal properties was predicted as shown in

¢

Fig. 7.7 in the comparison of copper and Inconel surfaces (series 500 ‘M

and 1500) and provides the correct trend.

The vapour velocity at the minimum film boiling point is predicted

to be in the range 4.2 to 6.4 m/s (see Appendix IV).  The assuméd value

of 5.67 m/s lies-withgé_this range.

-
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CHAPTER 8

CONCLUSIONS AND FINAL REMARKS

Mass flux and inlet subcooling are important parameters in transition
boiling. Heat transfer increases with increasing mass flux and
subcooling within the range of the flow parameters investigated; mass N

-2 -1 :
flux range 68 — 203 kg.m .s and subcooling range 0 - 28°C.
-
Boiling curves generated from mid-plane thermocouples using the 1-D
model represent the sverage heat flux for the test section and agree

L 4
with the steady state data.

The agreement between the steady state and tranmsient boiling curves
suggests that the transient technique using a high thermal inertia test

section is a simple and effective method of obtaining transition boiling

data.

Upstream history can have a strong effect on the boiling curve. The

presence of 8 vapour blanket just upstream of a tramnsition boiling

section tends to reduce the transition boiling heat flux ccnsiderably.
N

The heated surface properties have a strong effect on the boiling curve:

(15' an increase in k(or rk cp) decreases the transition boiling

heat transfer coefficient,

-

2.,

PR



(ii) the effect of heated surface materia{ on CHF or the minimum heat
flux is small. |

(}ii) an increase in k(orﬂbk cp) decreases the wall superheat at‘

CHF and at rewetting (this is in agreement with the experiments

carried out elsewhere).

A transition boiling correlation may be considered reliable if it
reflects the parametric effects discussed in this study. Present

trangition boiling correlations do not reflect such effects.

‘An analytical model has been developed to predict transition boiling

test transfer for water at low flow and atmospheric pressure. The model
incorporates effects of mass flux, local enthalpy and thermal ﬁroperties
of heated surface. Comparison of the predicted results with

experimental data show fair agreement in the transition beoiling region.



APPENDIX I

-

Computer Program for the Two-Dimensional Conduction Model
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- ELANE E dhouo 4wt A5P47 Ed0.2 301.3 £02.2 Sd2.8 503.2 503.2 $03.3
fLARE K oumaad A3ty 45p,2 Qe SCl.2 C2.t bl £23.1 533.2 5L
FLAaMt L sfoac 4wlad 437.0 ased JCCe9 UO0le% 202.0 503.0 503.2 503.2
BLAND & a7c,: “s et 43509 asH .8 EL I 501-‘?\ 302.5 202.3 5021 58341
TUvPLSATLEE ulSYﬂlHLYICN‘Al TIVE & 12 3,0
L FLANE & 3E L. 45Ced aql.s 49nes ave.b 45748 A9H4.9 a5 438.% 458.%
FLANL £ afbT.2 XA EY x4 4rsed % Caa Ax?:l_ QQ7.? didaed LEL:EL) 358, 4
FLANE € a-3,% a3C,2 a3t “iial 16,3 a%7.2 “aTe 458.2 49843 45843
FLANE V7700 LI R L] ] ERY AR ] M3Ta S 4iR.0 ang.2 45A,2
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=
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. POOR PRINT

. Epreuve illisible

LN ERY]

43t e €

"eGH.C

A% 7. “dn,2 498.2
TOVRIMATLL UlaTd AL TECN AT TINL = 150ad
FLAND A& 7741 4ES.4 LR R Ardad - 3310 45274 LR 433,13 492.2 4534
| PBLAME ¢ 37 ey LY X ER2-21-] “4iuat 351 4rdal a:z.ll 433.] 421,34 493 .4
; FLAME ( 4?&.l age,) 43k, HEG .G 371.2 +52ez 4%2.9 f’kcs.z 433.2 493.)
; FLANC L 472423 4ul.0 AzTed Gé9.42 3SC9 LE R 492.6 431.1 493.2 463.2
: FLARL © f2¢€48 a6 BdSes drcad A53.0 451 ,.E 29245 A494.C a22,2 453.2
‘ TEMPLWATLEL LISTAIPLTICN AT TIME = 15743
ARG A 47244 AHC.t ande? 42943 age.7 agE7.E 4ddey 43844 and.n a88.5
FLANL B &47z.% 42143 42404 LTy ) adé.0 487.4 +87.9 AHH,] 48,5 LYX-T%-1
FLANE C o131 ;1C.5 wgled aL=.6 age.] , %ETe2 agTely 488.2 LEL ] 4agn.a
ELARe L 9c?.7 472G 43Z.0 4444 auE.9 4g87.¢ a8t.? 483,14 age, 3 ags .3
ruxhl £ 46149 a7, ? adl.0 LT-3 PR 3u5.6 AEELE 437.6 4d8.0 ade .2 488.2
TEMPLRATURC DISTHIELTICN AT TINE * 168.0 v
FLERNE 3 43?4 a?l.c ATE.u a4EC.7 e, 9 ABZ .8 38302 48345 483.0 4E3.6
FLANG & 371a3 ale. +79.1 4EQ .7 adl.8 JE2 .8 aud.l 443,48 AL, L 423.¢
FL=he C 470, J?é.i atdes AEC .2 “B1l.5 Ac2.4 L3 ] 4d3.,3 A4d2.E ag3.s
FLANG L 46l ariadd ATT2 4r5.5 0141 atz.l 482,13 483,2 aR3 .4 (YR}
FLAN. I 4ze.n “rc.5 Y A a7%.c 1408 ag1.§ a3z.r au3.1 ae2,3 13,2
TLMPERATURE CISTRIBLTICN AT TIME = 171.0 : .
FLARL 4, W lal 4721.1 wla.1 475.% 4770 377.8 LRZ-T aTe.? aTd.8 478.3
FLARL b aecgau arl.3 ataad 37040 [ S ar7.? “T3.3 aTE,.G a7e,.a aTg.l
FLA3bL L amwal ERE G «T2sc ars s L 677.5. 4?;.1 aTu.s ;7&.7 alra.?
SLARE w4z 7ed 4ciad are.d “Ta.7 3,2 477,12 478.4 47T8.4 478.6 Aa7TR.E
FLabhe o 33144 Uik C 471043 aTa,.] 275.9 3771 37773 A78.3 4785 37H.%
TLYPLIATURE CISTRICUTICN AT TINME = 17¢.0 .
SLARL A i, qeced At red aTla6 alzel 4725 AT3.4 aT3.8 aT3,% a73.9
FLANE ¢ a1l e ac€a? ~£:.Z “7Cad 47244 aTzZ.t “«7Tdsa a7l.7 at2.e 473.%
L G Y S~ - LTC b u?l.l. 4a?2,¢c n?J;a A7t LY Y] 27348
Fuahl, o azde2d “ulel & T e ALG R IT1. 3 37244 “73.1 AT2.E 47,7 373.7
FLANL & aagaes dclel At e AE5 48 +Tl1e0 4720¢ “7247 4739 AT2.8 A73et
TivPb<atleme CISTRIBUTICN AT TIvD = d%. 0
FLANC A 3ilea ael.d we4ad €S s iL?.l at7.5 wGHe o aB8.8 any,0 469.0
BLANE b “hlL7 oA L1 - ILT.0 wt T8 YY) AabE.? 46E.6 3€8.%
FLANLD ( av IECa a6d.5 atf.u Att.7 GET 2 468, 3 4oY.0 488,83 EY-1- ]
SLANEL w47 et ALea3 Aty .p Y- AT a LT-T- P8 4p82.5 468.7 AEH.T
—— FL#X( ¢ walan atce “€led 4ga .2 ™ 4o66.0 aev.z +6d.2 a6d.a abd.6 °°gﬁf
TEMPERATURE LISTHI{EWTICN AT Tlxe = 192.¢
ELAND 4 q4qe,.2 At .2 4u%.2 atQ.s LY-FTN &62.95 dold.s “Hh3,9 454.0 454 .0
FLARG B w31ac ait. T E3-L acl.d at2.0 AL2.8 a63.8 and.? a63,9 463.5
FLANL € wud,a HEE LS E-1-2%-1 4EC.a ael.7T AC2.E 363.2 A3 atl.d 463.A
gLﬂht v oaad,! 4Sla QET;Z dEG LT at1.2 KEZ. 0 463e aaldes 463.7 43,7
FLant € wkCal +5Sted EELTR vCI-O‘ u;E-E 3L3.0 463.9 46240 X -0 Y
TL‘HEwATLFE WISTHIBLTICN AT TIKE = 1950
FLAME & qalZ.7 4%1,.1 aS54,.1 4%5.6 ¢ .457.3 457.6 A5d.4 458,808 4585 428.%
ELANE & w4l atlau, LTS O 4tH.8 35740 AS5T.k ASE.s 458.7 4585 adu.s
'ELahL { aal.) 4E(.8 4£3.5 L33 I58.7 A7 458.2 458.6 4%€.8 4th.8
FLARNL 4L 428,2 aat,2 352,23 aLa.7 asted as7.2 458,0 58,5 asa,”r and.?
FLANL L 420 a3 4458 w9lel ala,l 455.% 457 .2 4379 Wsbes 458.4 555-6
TEMFERATURE CISTRIULTICN AT TINE = 20€.0
FLANL A al7.3 LY LR 43540 450,48 482490 A52.8 4538 453.7 453.9 nﬂ‘.q
FLANL & wbiaa LT T 485.0 45047 asles 452.7 435.1 4s53.7 433.8 453.8
FLANE F 2T a4 LQ% 3 aaf,a AL W] 451,08 452.% abl. 2 a53.8 452.7 453.7
FLARG v 42,2 4322 “wale2 445, ¢ 151.2 49,2 453.4 A% 3.4 4528 4533.8
FLANME & Ac4.2 a4aC,] Publav EEN Y 4546.9 45241 Iuled 453.3 43d.6 4538
TeEWrFERATLRE LISTRLIPUTICN AT TIME = 213.0
PLARE A a2z.2 A4ac.a asl.a a8 .k saé,8 aal,7 ae8,2 448.6 ang.7 LY Y: P
FLANG 2 42243 48 lec 23l.¢ 44548 A406.7 4376 A49.1 a3e.4 AQE.7 .AAB.7
FLANE € a2l 435.7 Auied 406,95 LET- YY) 187.3 aa8.d 4a A 448.6 LT Y]
ELANE © 328.3 43741 s4i.0 waa i 4at.s aa?. a37,4d ase.d a4, 448.5
FlLake . alva.o LR EEE] A3 0w 44,7 4430 RIS ] XL adtad A4E. 4 438.4

TeMHEmATURE CISTRIBUTICN AT TIME =



. POOR PRINT

. Epr

i}

, euve illisibl
r; FLANE & 407420 aizes Ve s --u.lm‘. -oal.-: .:::«. ““ 3y — a
ELaki B 4.toa.3 ﬂ"." 1458 4aoal 25l ai =3%:az 42243 19 3,7 40"‘! 393,44
[___ KLANE € 424 ¢3 424.2 437ac “2ie wal.b —aaiac a32,? K43, 443,22 443,23
FLanhe O 42¢C.2 431.2 “lt.d PRI +ad. 8 447 “42.5 aa2.5 .ﬂtl.l 443,1
FLANE L[ 4la.l 3268 4dc.d 429,23 44802 «41; 8243 38245 46¢3.1 143.1
TEMPCIATURE CISTHILCUTIUN AT TINC = 227,39
ELARE A 421.7 1258 033y ada,5 aze, a3t.c a37.4 837.5 a38.1 238,1
ELANG 2 42443 42Ce3 4239 : 42a.e alc.u aiu.s “17.3 43749 AdP.0 428.0
FLARE € 4Z1.1 alieu ada.a qta,? a1s,7 ale.? ai7.3 aid?.r 417,.% 437,45
FLAML L 41241 12¢.8 KRR a33.% al2z.2 4dc.4 alr.l 437.8 aiv.a 437.8
BLANL £ 3Gt el Agde +29.0 LR “Jik.9 '$ 43862 4370 41?.5 417,7 427.7
TLMPIRATURE CISTHIBUTION ATTINE =  233.0
FLANE 4 3175 acteu a27.9 wlvats 4lC.8 421.7 432.2 432.0 a432,7 332.7
ELANL & Alza? 42840 “27.7 LEEIY 420.7 arl.¢ a3a.1 412.5 32,7 A22.7
FLAML C 4lced agia? Wivae ¥ a4ddel 243C.) 431.2 4120 ad2.4 LEF-RY 322,¢
FLANE & -LE e azc.2 V2t.n aceal YL 421.c 4a31.3 43242 432.4 a22.a
FLANE L 4L en *AlE. a23.2 AT oY AIG0 0 41Ca.t 441.0 422.1 432.2 422,17
TCNPERATURE CISTRIRUTICN AT TIME = 2a1,0
FLaNG £ w12,4 aza.z azS.n 4cked 4264 A27.2 427-3. 427,.)
FLanL 42248 dcde 4ef.2 4261 42E.7 42744 427.2 4272
FLANL £ wélald 4azd.en 22449 QEELE 42643 126.9 427,41 4271
FLANE o 4lh.0 azs.t azasd ags.s azedd 426.0 a27.0 a27.0
FLANE © +18.2 Hilas 4249 &9 e Glme a26.7 4265 42645
TEMPLAATURE GISTRIGUTIGN AT TIME =  2a8.3 ‘
FLANL £ “lea | alg.t alSes 4sCa? AZI'J. 421 .06 a42l.8 421.8
FLAKE ¢ alta? aldaed A11%.7 420t w212 a2i.s 421.7 azZ1.7
FLAKL wi5.4 -~ 317.8 3163 42042 421.9 421 .% 421.6 42i.¢
KLAML L 14,49 aleas qatee? _alSes 420.7 az2t.2 4dl.48 421 .8
rL3ke & w12y ale. sy 418.3 4157 220.6 a2i.1 az1.3 ail.2
TEMHLRATLEE CISTalRLTICN AT _TINE = 25540
BLale A “l1.5 313.2 a1a,a alba.z 415,48 nla,l a16.2 a15.1
Bt 1l t&lz.c 3taa.? are,1 415, 7 a1, ate.2 416.2
Ky AL L Alced a2l al13ey ala.e 155 al5.% ajle.l aleal
LR o “icat “1ll.% 4120 alacs 415.2 al5.T alE.G 315.%
ELANE o wu?.s a1C.7 12es ala,.z afg.t als.e a1c.8 als.e
TEMPLRATLEE LISTARIBLTICN AT TINE = 202.4
a wCist 435549 a07.c 40d.3 439,¢ a10.2 410.6 91G.7 410.7
(O VST | ALz s 408.8 4C7.2 AaLEat acs. ailu.l al0,.5 ala.? a10.7
C tEa2 4CC.5 9Ga.a Wih.t 90k.1 4cSes 10547 410.2 alCes 110,82
Lo, 21578 a42.8 auk,? “v?at age.8 403.8 a10.1 41C.4 41044
co377.2 2ated +0laa dCh.C 1w7.2 age,e 805, 5 410.0 41043 410.2
FLMPERATLRE DISTRIBUTICN AT TINE =  26%.0 e
FLAKL A IGGay 2673 s0dat “Cl.e +33.0 401,54 A04.5 ava.8 4a%.0 4C5.C
FLARG & 25141 157.1 15¢,. 8 “4Cl.5 LY ) 303.7 404,31 404.7 noA;: 404,65
FLBNE € scdad S5z 3580 ACU.E 6.3 TR +04.1 404.¢ aQa.8 304.8
-’4;;’ﬂ1 [F R AT ] 3513 35€.9 267.8 4C1a7 aga.c ad1.9 404,48 A0A.E a0a.¢
~LARLD u 1Tu.) 1wE, T ER ) 266.1 20143 4C2.02 403.7 404 .2 40445 404.5%
TEMPE=ATLRE CISTHIBUTICN AT TINE = 27&.0
FLARL A lcaad 3517 8.4 N6.1 197.3 198.1 398.7 39%.1 399,2 35942
FLAR - 2 2k 2 e LA P 2558 397.0 187.% A9e.s Jss.c 390.1' 35%.1
FLARNE € 2ud.we 36644 25,0 35¢€45 16Tt 358,38 358.8 399.0 15940
FLANL L 27241 Ineed I9la0 & ~%a.0 398,9 167.2 358.1 358.8 3%E.8 ica.e
ELANG C‘Zn!.u A9z.w idG .4 232.1 1224 36¢.9 397.9 378 .8 1%8.7 350.7
TEMHEMATURE CISTRIBUTICN AT TINE = 283,40
FLANL & 276.0 ave.l Jeda 7t iG50.4 1515 252.2 392.7 333,.4 J33.8 353.4
FLARL & 216,53 Jat.t JPHe2 15C.C igtl.2 A62.1 392.4a 3653.1 193.1 353.1
FLAKRD C 27t.1 delel RIS 2EGaE d50e7 3% 1€ 39249 192 .9 392.1 3163.1
FLANE C 47,3 220 2 dn%al LEN- | 1%0.0 P 3%1a2 J92.2 3s2.7 293.0 353.0
FLAME ¢ St A7¢.0 B L | LN T 18G5 26laC L 392,02 li2.6 A92.8 s2.e
TOHPLHATLRD CISTRIBLTICN AT TIME = 29G.0
HLANE A 37444 KR Wl ira.c B 7 Jeea s 397,49 3H7.e 347.6 JET.6
FLARE E 57:.5‘ 375.2 482.4 LN Jes.a 1E6,.2 566, 367,13 3aT,= 355;:
FLARE € 286,90 Ya77.E J41.0 LR Jra,.g a8 186,06 an?.1 187.2 ]ET-J-'




_ POOR PRINT .
_@preqyg illisible

] Y. Shl ek
ELSR & 3qv,= i gt 2771 NN 1p3,= e, NET APGLT 96,5 PGS
Te¥PLra TUst LISTHLALTICN AT TIME = 227.0
ELANL & DEvad 74,4 17845, 17n.% 175.7 Jegat Sd141 3dl.e 91,8 38146
FLane [ 2td.1 27345 17¢au Titean 176.4 36C.2 39C, 3 281,23 3a1.2 3e1.s
PLARE € 2tlaC 3I71.9% 374 2TTe8 J7H.T 7S . E 3d0.6 281.1 1a],.2 3gl.2
D P P 36741 172.¢ 75,5 178.0 375.4 32043 su0e8 18141 3€1 .1
FLARL € 2al.1 dez.e 170.7 274.8 57Te8 175.¢ 38049 380.6 380.5 380.5
. TEYPERATLRE LISTRIMUTICN AT TINE =  304.9
BLANE & !x1.4 k8,2 (R a72.2 172.5 74,2 37843 375.3 375.4 375.4
ELARG b I87.9 leTe€ 37yl 171.5 37241 3781 37a.7 375.1 375,32 178.2
FLARE L JiTag Jesac 3€2,.5 17c.t I7ied i73.¢ 374.4 174.9 1751 3751
TRLENL © laZ.s 157 Jev b 6% .2 17146 271.¢ 174.0 378.¢ 37a.8 374.8
FLARL C 2,5 363.3 eda.2 170.% 37247 37347 3174 .4 78,7 174.7
TENFCRATLRE UISTRIOUTICN AT TINE' = 311.0
PLANE A& 288.% 16z 0" 36444 66 .G Ti67.1 JeT.S 36H.5 68,9 166.C 3e9.c
FLAME R o2t lelsa 362.7 2es.a 168.7 JeT.e s68.3 368.7 168.% 164,65
BLARL ¢ 2ucl.t ety 2€a.2 16549 7.1 167.9 268.4 Jee.e 1en.e
FLaNe & 23246 35¢.9 2.8 16447 ekt 36745 de8.1 368.4 36d.4
FLARL E FRda,2 RET IS ac1.3 16442 Jee.C 367.2 87,9 38,2 s168.2
TENEERATURE G1sTRIEUTICN AT TINE = 31¢.0
CLAnG B tudies e, 274 9.9 J60.5 Sel.3 Jol.d 36262 1Ez.a 3e2.4
ELARE & ‘ai.n 1€, 7 1571 lEE .8 1€0.3 Ittac J61.6 38241 je2l3 362,13
FLANG € 2al.l tt.e 2z8,1 87,8 15642 lec.a l6l.2 6l.7 6240 3e2.¢
FLANL E I&d.¢ 3ag.g 52,0 15547 15¢.1 255.7 36043 3&1.4 J61.7 del.?
FLANE £ 112.3 JuGeu 1a9.a 2ca.4 127,84 - 15,2 36Ce 5 as1.2 Joles 361 .5
TENFEEPATLRE LISTRIBUTICN AT TIME =  325.0
. '
PUANL A in:en lag, 5T FIEN J53.7 FEL IS FEE 358.5 256.¢ e85,
FLANE Nlec 167.7 38L.1 151 .G 15302 LLY P 35443 3%5.3 355.9 Jrs.e
—TCERE © T 7 Tane T TaTo TITLE T TETLE 155, % LT Y-] ITEL EEERY
FUANS v 3liez 31da Taa gy Zady? amle2 K 19343 224.6 35445 354,65
FLARL & ferey 1rz.e 112,12 147.a 15044 15244 353.4 ASa.n 54T 154 .7
TLvBesATURe W I3T=IGUTICN AT TANE = 232,09 .
FLapbe & .,‘,;..-J 2aled 280 swibed daca s Jﬂ‘?-l JIH_-O Ja0.4 48,0 lad.¢
ELAR ¢ Zleey 12945 (TN lauaE 1ag, 3 laz,¢ 87,7 348.2 JaE.a 14B.a
FLONL & 37aet 1185 1aua2 Jadac 1a8.0 14¢.2 147, 3 347.8 Jak.t 3ad.1
FLany L o durs.s 3% Jdned Z3lec 2a2e 7 c4bat J‘b.-rl 2873 J47.8 3aT.€
ELARL & fudad 32649 1e0.C 13,2 g,z 380.5 1a7.2 JaT.e 3a7.6
T YEMELRATURE UISTHIBUTION AT TIWL 3 213.0
ELARE 8 2ot .3 23348 $3e.0 3377 32e49 135.€ 34045 34049 Jalal Jal.1
ELARL & 1i4.8 2205 ViS.2 1317,¢ 138.4 336.4 au,2 360.7 34046 340.5
FLANL € Fi7.6 12745 17,4 135,12 27,3 S2E.7 345.7 340.3 Jag.6 1a0.6
FLARE € &S& % 3¢0.d KT 223.@ 13ta41 RTINS 435.2 33%.% 34042 340.2
FLARC © écfad 11,1 J2e.4 31,5 33523 31378 338.% 3i9.¢ 3a0.0 ja0.C
TEWPLAATLEE CISTRIBUTIGN AT TIWC 2, l4e€.0
FLARL & _13.9 12%.8 22749 1.6 130.¢ 23148 312.5 1312.9 33343 53341
KLARE b Zlted 24,0 s36.7 P 136.2 331.4 32,2 132.7 332.6 3312.5
FLake ONCE 2 .t 2.0 iie.s 12%.1 33C.¢ 331.6 132.3 132.¢ 31246
BLANG € Zeuad 0.4 J1%.? | zisa? 327.8 1z%.t T 331 331.9 332.2 Jiz.2
) MLANG G £Euad 1.7 317 1148 12740 12%.23 330.7 331.8 31z.0 33240
‘ ' TENPERATURE DISTHIBLTICN AT TINE = 2520 .
i ELARE A 2il.l 317.¢ 319.5 2i1.3 12246 123.¢ 3124, 324:7 32829 128,49
FLANE G 2Cr.7 .2 318.2 123.3 121.9 12361 323.9 324.5 224.7 s24.7
! FLARE € ful e c.e 315.2 13,2 12¢.7 122.2 32308 dza.0 328,23 324,32
FLANE © 272.2 1CCet Jlu.8 Iln.d 1623 221.4 * 2.9 323.¢ 324.0 J2a.c
FLARE & Z7C.u 2582 390,9 oE A48 326.5 J22.4 323.3 323.7 3237
TEMPURATURE OISTHIBLIICN AT RIME = 260.0 A
FLANE A 292.% 30u.7 J1L.2 d12e% Jia.e 111 5.0 6.1 31645 316,12
FLARE € 2657 IR 11240 112.5 14,7 5.5 316.C 18,2 3164
BLARL € c5% a2 3197.3 10,2 J12.4 313.5 315.0 315.6 8.5 315.%
ELAhg ¢ 36549 dxga? 1¢T.4 211e0 213} Ilast 5.1 31%.9 18,8
FLANE & colal 285 $30.0 iunat U2 21748 FTETT] 31848 ns.3 315.3

TeYreTaAllar LISTHIBULTICN AT TiML =

17,0



' : . . POOR PRINT - - : .
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\®

ELANE E L5344 2778 5CU B Tocer ScaeD ICLLE S0 7 X37 2 3073 307.5
FLARE € Z8%.1 ESZ.% 297.8 200t 2,2 3ia.6 EFETRY 306.8 307.1 16741
ELARG © <30ad iElex Tila LRl HATES 2038 33343 06,2 30T 308,77
FLARE £ £47 a2 2Ttan 25044 Zhtez 198.2 234.2 IDET] 305.5 306.8 3064
I&UﬂLw}tLhu DISTRIBUTICH AT TINE = 274,20
ELARS 8 @5t 29247 2ualt Thken 257.C é37.4 238.2 298.% 758.%
“RLARL £ 320 2%l el €324 2G€.2 257+4 29840 27,2 268.2
FLANL C 2817 27Tl 51,1 25S.% 29¢&.7 297 .4 23i7.8 ’ 2497.8
FLANE 70t 24Z2.1 FELRY -3 2920 25a.4 LIPS 296.% 297.2 29T.2
FLANL t kLTS 275948 2 TH4et 251.0° 232.E 2958.5 2966 29740 2370
TLMPLRATURE CISTAlEUTICN AT TINL = 231.0
v
FLANE & 27%2.0 2AC. T 212.0 T ) Adk.2 28%.2 288.9 ceAa,t 298.7 2e8.7
FLARL © 2703 21841 ;E;.J 2Ed .8 dHG .4 2au.? 28T.0 za€.2 288.% 2€8.2
FLARE € £:% .0 ZrZ.% 277.3 dEl.% 28a.0 , 2EE.? 298,93 287.7 24e.0 2¢8.0
FLAKNE U celaz dEsed 273.4 8.2 282.4 284,7 266. 2 287.1 247.% 2ET.%
i FLﬂpL « 2la.d 2ca.8 20%.2 27¢.7 2811 28a,.C 28357 28n.8 2d7a2 2ET.2
"TEYACHATULRE CISTRIUUTICN AT TIME = 248,0
FLARNG £ ZC1ad PLELT 271.7 Z73.8 27%.a 27¢.7 2776 2T8.2 27814 2764
SLANL b EIET ., areag LG ed 4fEax 274.5 Z7c.C 27741 277.8 27d.1 278.1
FLANL € enelT FIY ) aee.3 itdaen 272a8 274, d7e. ) 27741 2rT.E 21748
FLANL D 22203 U RS 2iCal it6.% 273.7 27248 273 2765 2T7.3 277.C
FLARe L 1dn .l 2ike2 dEa.3 éelae 26%a1 272.¢ 2%ast 276.0 27¢.6 276.¢
TEVPL2ATLRL CISTAIELTICN AT TINE = 349344
FLAMD & ZztaT 2atel aca.d el 2e2ne 2et.d 205.8 266.2 262
FLARY b 218 L5 cagal Jllay 2d6US ZuZab do%.8 2t .8 coS.8 7 2c5.8
Fuakt Loael.? 2la.2 ca7,.? AT cala? 2¢3.06 298.7 2o%.2 2ebez
FLENL & lmla dald.e Fhtleé 28740 ZLC.E 262.7 264.0 1\ 2648.7 P64.7
rLANG L 1712 23wet gat, ¢ EST.T dE a7 L62s 8 £6J.6 204.2° FL-L ]
Tevroeaaline LIST-ltuTICH AY TIWD = a40c.d
ELAte & Lilan 22041 Fetat :35.04 futCai 24340 laa,7? 2uv.s 28545 0.
LS e (e Jclel PRI | [ETI 24002 - Z2Ad.0 2ua.? zagss ran. = ‘
Apas, o420, el Zat zasal Slitgs FLIAE] 2a3s1 iaa,? 2354% 2a%,%
FLasne L1712 2okl Ju24! 2.7 Fltend 24C.4 2al.l 24,7 2a5,.: 14545
‘flﬂ*t-L [N B Jelel mil. 22842 26042 283.0 za8.7 HT 2¥n.8
YewPLRATLARE CISTRIHLTICN AT TIME = 4US.0
. T
FLahy 2 lcoa? 17444 2.t.7 Fladl 21%.0 Z2&z2.2 22404 225.4 22¢ .4 22a.a
WLAND B 1847 1.5.% 2¢T.0 dlaa.k Zived i22.a 22443 22%.8 22¢t. 4 22¢6.4
FLaht € lla,: 15¢es 2iv.0 élzat L1%.a IR 224.6 225.9 22¢.% 226.%
FLANL & 1703 1974 208,2 £14a.G 2134 ) ie? FELRY -} 22%.8 226.8 226.%
RLARD L oz Cen 1vde2 20LT.2 zla.% 211G« 222 % 224a0 22%5.9% 2é€.58 ZEh.é
TEMPEHATULRL JISTHIGLTICH AT TINE = 41640 -
FLANL & 1:¢'.2 1c2e3 15a.3 EGC.E 2Ca.7 2C07.4 209.2 '210.3 210.9 2109
FLANL L 16 . test.d 11§.J' icl.0’ 2044 207.% 205.3 210.4 21C.% 21045
FLARL € 12841 1e7.% 1961 IGted 2C%.0 - 2CTat 206. 3 210.4 . E1C.T 210.%
"FLARL U 1€a.3 1uc:¢ 19%.2 gC1.2 2Q%.0 2C7.¢ 20Ga.4 210.4 210.9 21049
FLARL £ 15T .4 144+ € 168,09 Tu0.% 20a.9 iGTat 20944 Zic.4 ZiC.5 21046
' TEMPERATURE CISTRIBUTICN AT TINE = a422.0 .
a
CLARL & 1142 17%.0 1ra.l 169.4 192.9 165.2 17643 197.7 19841 1568.1
FUANLE F 1% Q.2 17¢.2 Lba.? 197 153.0 15542 196.3 198.1 1581
FLARL € HEtlaa 17643 172,48 150.0 193.1 15%.3 19641 YY) 168.2
FLARNL L 15743 177.2 los.1 1e5 .8 192.1 185.2 196.8 138.2 15842
FLAND L 15142 17%.4 1aa,s 1€%.¢ 193.0 155.2 150.8 19H 2 lixii—/,/
TEMPUSATLRE CISTRIBUTICN AT TINE = 4130.0
ELANE A 142.9 1€E. 2 175,48 ftuall 1eded 1ca.5 136.2 187.3 1E7.2
FLANE E L2 1665 17¢dd 1eGed 1€3,.1 184.5 130.2 186,.9 187.3 187.2
FLAhé € 127.5 171.2 "137.0 1EJ. ¢ 123.2 LEE.C 1db.2 187.C 1872 LET.D
FLANC C 1%23.1 17C. 2 1TEL “IECL S 1e3.2 1996 12€.2 187.0 1A7.2 187.3
FLARE bk 182.,7 1ee.s 170 HCal g2t 13%e¢ Le6.2 187,.0 187.3 1E7.3
L , TL#PZHAYLBE JISTRIBULTICN AT TINE 3 . a37.0
FCART X [34.1 TET.T | SR 7T 1REXYY ARATE] T77.3J 777 I7e. 0 T7E-.0
FLANE € 1a7.6 l6Zet LePed 172.0 174, 3% 1760 177t TT.T 178.1 178.1



. POOR PRINT’

vEpreuve‘illisible

FLAREL & 14647 te1,: tep.? 17641 17uad 17e.C 170, 1774 17e.1 17841
FCane £ 1aae7 Ta1.¢ Tedae 1715 T7wes T7GsC 17741 1776 178.1 T7A.1
TEYWW_ HATU=C o l5TwIGUT AT TIME = 48d4.0 l
FLANG A 14047 18,7 16148 lease MET. detea 1654 16545 173.2 170.2
FLANL £ luled 15C.7 1Elaw 1ec.; 1672 LEtaE 16904 “1'ro.0 17¢.2 170.2
FLANE € laTed 127.5 leéaa les.z 1e7a1 168, s 169.4a 170.0 170.2 170.2
ELANE © 1€ .2 1676 160402 168, 16741 1888 169, 4 170.0 17C.2 17042
ELANE [ 13Ced 156,90 16147 1e 4.6 167.0 168.5 Lu9.0 17040 170.2 170.2
TLMPLRATURE CISTRIBLTICN AT TIME = 45143
ELARL & 1389 151.2 156.2 1se.e 160, 6 lol.8 rez. 6 167.1 162 163.4
ELARE & 1+i.3 15241 15¢.4 129.0 16347 11,5 162,72 16342 1€2.% 163.4
FLANL € 184,79 182,23 1568 123.2 16C.8 1615 162.7 164.2 182.4 183.4
CORFLANE © 142.3 152.€ I 122.1 160.8 16146 162.7 * 163.2 163.4 1e3.a
\>L£NL £ 12943 i51.7 1€k, 15%.0 1eCa? 15145 162.7 163.2 1634 1€3.4
TEMPERATURE DISTAIBUTICN AT TINC = 458.0
FLANE 47 12€a1 17,1 151.2 1£3.7 155, 2 i1gf.a 157.0 157.5 1577 157.7
FLARE v 12dad 14244 1S1.? 153.5 185.a 156, 4 1571 IST.8 1877 127.7
FLAND & 14a1.4 1aGad 152.1 15341 155.5 156, 4 157.1 157.9 15747 LET.?
FLANE 2 1264 lag.2 1.9 158.¢ 158.4 156.a 1571 157.5 157.7 LsT.7
FLANE € lat.s 15145 1:3.5 105.8 1568 1871 157.5 157.7 157.7
r:xnu?‘ru;e CISTRIBUTIGN AT TINE =  465.0
ELARG & 14140 142,55 14T, 1 te9.2 1508 15148 15241 152.5 132.7 152.7
ELARL ¢ L2oad 13440 1e7.3 14% .4 120.7 15868 15241 152.,5 122.7 152.7
. BLBAC € Ld3ah lat,a 1a7.% 1ai.¢ 15¢.2 15148 152.2 152.5 . 152.7 L1s2.7
FLANL © 1:7.¢ 134.9 14704 lav.€e 18048 181.¢ 152, 2 152.5 152.7 152.7
FLANL € 1ad,l 1a?.a 18%,% 15047 1516 152.2 152.5 152.7 122.7
TCMPTWATLRE LsTHIBJTICN AT TIME = a’72.0
ELANL A 171 ,.> 1au.sd 142.5 lat.a 18&.6 1alaa \117-3 LanR,2 l’lﬂ.ﬂ- 143,45
ELARNI L 1324 Jag.s 1ad,s lac.6 137.4 187,73 lag.1 1a8.a 148,48
FLARG € late? 1ales 1aa.2 1atie? tae.? 1?5 1ag.d 1a8.3 1at.a 118.4
ELARe L 1T 11,4 jen.g 16t .t 14€.7 ta?.s 1ag.J 14843 13,0 1an.a
ML AN L Lagae lualet Taleu 16¢.7 1a7a.t 144.4 lag.? lap.a Laf«q
TLup watLat clSTelayTign AT TIvL x  a73.9 ‘
BLARC A lide~ 127.9 ladat 14,2 1ate2 1a3.5% 184,21 A‘l"ﬂ".ﬁ 13447 1a4'a7
FLARE ¢ 1201 1rEas 1aG ey 1a2.2 1az,2 14245 134,04 laa.t 144.7 1aa.7
FLAANL L 12341 125t L1ala2 142 e 14244 142.6 ’IQQ.J 1aa.& 1a4,7 13347 -
ELatL L 12lay 126.8 Laley tuea 1a3,2 1a2.% 188.4 "laa.s 1aa.7 1an .7
ELARE L 12)48 13441 156.4 1az.2 1az.2 lates laa.a 1a4.6 184.7 1840.7
TLMBESATLRE CISTRIBUTICN AT TIME 3 ad6.0
FLANE A 129.2 tae,s 147.8 Lad.2 18041 184047 1a1d 141.2 1af,5 1a1.5
FLARNE £ 12C.a 12,5 13,1 139,12 14C.2 14C.7? 14141 141 .4 1a1.5 1a1.58
FLARG € 123.4 1itae 13€.43 1a%a% 1342 luCef Lata.l Lal.a 14l.5 Lal .5
FLabe €& 12142 tae. s 12002 136.a 140.¢ Lac.e 141 T TPY 121.5 14145
FLANL E 12343 128, 12y 126,32 1ag,2¢ tac.e 14141 181.4 181, % 18155
TEMPLRATLRE CISTRIBLTICN AT TINE = 493,
FLARE & 127.8 122.a 135.5 1367 137.% 13B.C 13d.4 138.¢ Lie.7? 138,7
FLANL & 12ea7? 122.7 115.7 13¢.8 13745 13e.1 136.4 138.6 138.7 13a.7
ELARL € 1213 1iaet 125.9 1260.5 1370 13841 138.4 13848 13e.7 128,7
FLANG L 1i%a3 t2a.u 135.9 1461 1376 13e.1 138,48 1388 138,7 138.7
! PLARG & linad 122.5 128.¢ 13644 127.5 13041 Lad.a 1386 138.7 128.7
. TCMFPERATURE CISTRIEUTILN AT TIME = 50040
E FLARE 3 12741 131.7 133.5 1345 13%.2 135, 136.0 13641 13642 136.2
: CFLANE € 13747 132.¢ 133.7 13a,¢ 132.2 138.7 t 38,2 13641 136.2 1362
FLARE € blu.d 12247 122.9 1347 132.2 13547 136.0 136.2 136.2 116.2
FLERe T lic.a 11zme 122.7 12447 13543 13%.7 136.0 136.1 136.2 13642
“FLARe b LE7.C i1, 132.5 13a,¢ 12,2 13547 136.0 13641 136.2 "136.2
TEMPLAATURD CISTAIALTICN AT TIKE = £0T.0
, RLANE & Lt 136414 AT 132.¢ 132.2 133.¢ 13349 14440 1384l 138.1
FLANL U 126t 12¢.¢ 131.% R 123.2 122.¢ 133,79 13440 13441 13841
FLANE € 1541 1311 12241 1z2.e 13343 13,7 133.9 1340 13401 1341
| FUARL L 12743 TIT.¢ T3T.5 ToT. 7 TIT.3 TIT.¢ 17 TIa. 0 TI4.T TIa:1
FLANE & 125.8 12¢.1 11,7 12,7 122.2 133.¢ 133.7 138.0 13401 1341



ELpng A 10g.n 1o, T 100.5 C111i9 it Laaald 1321 132,2 132.2
FLANE & 13%.d 12E.3 110.2 lia$ 121.a 1:il.gy:  112.9 132.2 132.2 122.2
FLANE € LEE.9 1zs e Légae NGy Cis1.4 1. 14244 132.2 77 1132.2 132.2
ELANE © ldtal 18503 R TE 133,49 121.4 131.8 132,90 122.2 132.2 132.2
PLARE C 134.€ 128ec 1104 120eS 1321.a I - 132.0 112.2 132.2 1222

TEMPESATURE LESTRAIHUTION AT.TINE = 22149
FLANE & L2441 16742 B FLCEY 12942 ),Zfi.‘r 12C.! 130.3 13048 130.5 120.%
BLANG [ 12%.0 127ec 1dr.t 12542 " 1z5.8 1261 140.13 130.4 - 13C.% 130.%
ELARE § lidew 1275 12H.c 123.2 1259 1ic.1 140.3 130.4 130.5 130,45
FLARL © 12% .8 V2re? 12e.7 12942 125.8 12041 13042 S 1304 136.5 13045 .
LFLARL L 1&%.d 127.2 12843 123.2 129.7 130.1 130.49 130.4 130.% 130.5
’ TEMPCAATULLE UISTRIBUTICN AT TIME =  228.0
ELANE & 12344 L 127.2 1275 12241 128.0 12844 . .128,9 128.9 128.6
ELARL [ 1313,3 licen 13740 12745 12848 128.¢ "128.9 12B.5 126.5 128.5
FLARE € lezst 136 1278 12946 128.4 + 128.¢ 12043 128.9 128.9 12849
ELANL C 1é3.d 12642 127.3 T127.5 128.23 122t 128.8 129.9 1289 128.%
BLANE & 17747 1245 137.2 T127.5 121 128.¢8 128,93 128.9 128.% 128.5
) TCMPERATLEE CISTRIBUTICN AT TINME 2 H3T.0
FLARL A& 1244 12240 Jead " livet 127.0 12743 1274 127.5 12746 127.¢
FLARE ©* 12243 12541 12¢.1  1ib.7? 1270 12743 1274 127.% 127.¢ 127 .8
BLARE € 13%e3 12547 12¢.2 12647 127.0 127,2 127.a 127.% 127.¢ 127.8
BLARL & 10 1ed 1at.2 12641 1Zost 127.9 1272 12744 127.s 127.8 127.¢
ELANL & 1216 134.7 12644 126.¢ 12740 1272 127,48 127.5% 127.6 127.¢
- TLHAL=aTLRE CISTAIHUTILN AT TINE =  %2a2.0
BLANL & 12143 1224 12447 125 .4 125.4 12644 12642 12644 12E.2 12643
ELANL & Lo 124.2 - tzs.e 12Sa% 12,8 126 ¢ 126,2 12642 126,22 12643

CELeRc € 1zted 128.¢ légal . 1358 125.d 12¢.¢ 1282 126.1 12642 126,28
RLane L 13Z.2 128,2 12543 1eSe8 1282 12646 12642 ‘128642 12642 12643
LLar £ Yis.d 1217 lodas 1éS.a_ t1zs.w 12€.C 126, 2 126.3 1282 126,32

FENPESATLRE L ISTSIeuTION AT TIME = £45.0
FLan. foLif. 12209 Taued lvaea 12087 Leaes 12343 1ZE.1 ¢ L2E.% 125,72
wan. Lot es 122 1254 lebed aaur 1266 12340 12541 128, 2 12542
FLENC (0 LEF 12:ac 174.1 I':‘Q.-l 1¢8.7 1caeS 12%«3 12541 12;_.2 125.2
FLANG D loled 10%ed 1ezes 124.8° 1Ca.7 12846 125.0 125,1 122.2 12s.2
ELARLT L 1éiad lizec L22an 1éa.2 12a.7 1i845. 1250 1251 12542 125.2
TEMHERATLRE UISTwIUUTICN AT TINME = LhEeQ
ELARE A 11wa? 12z 1e2et 1c3e2 1z2.7 123 0% Y2443 12841 1241 12441
FLERE & LiGex 1aze 12400 1574 1z1.7 122.5 124.0 12441 12841 12341
ELaNL € LE147 12744 12241 123.4 122.7 122.% 123.0 Lza.1 122.1 V2a.l
“LARE L 12Ce8 12242 12549 123.a 124.? 123.% 124.0 124.1 -2 1241 12441
mLAME [ Lliad 1719 1iéa4d 123.2 1ilec 123.8 128, 0 1za.1 + 124,17 12441
TENMERATURL SISTHIGLTILN AT TiMe = 262.0 A
ELAME A 11se0 1E1.2 122.0 PR 122.7 12245 123,90 12341 12341 12341
ELabe = I1bas 12143 12z 1224% 122.7 12245 123.0 1235.1 12341 12341
FLENL € 1ilad 12140 12,2 122.% 122.7 122.% 12340 12941 12341 123.1
FLARL L 11544 121.9 12244 lican Lé2a7 12249 S 12309 123.1 12241 123.1
BLamL £ 11ta? 1ite 121.9 122.a 1227 122.6 123.0 12341 122.1 ° 123.1
TEMPLRATLRE DISTRIGLTICN AT TIHE = 270.0
L3NG A Lides 1204 lel.2 121.¢ 121.8 122.¢ 12241 122.2 »22.2 122.2
FLARD = 11343 NEC.7 121.3 12t .8 3aied 122.¢€ 12241 122.2 122.2 122.2
BLant € 1iCat 1i1.¢ 12144 tilae 12149 122.¢ 1221 122.2 122.2 t22.2
FLANE C 11541 1ZC.4 121.2 tclhot 12108 122.C 12241 12z.2 122.2 12242
FLARL L 1121 12C.2 1214 121 .8 121.8 122.¢ 122.1 12242 122w 2 122.2
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Application of the Wave Theory to Boiling Heat Transfer
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11.1

General

To analyze .the wavy liquid-vapour ihterface. it is postulated that
. . . eQ

harmonic waves travel along.the interface separating the two media

{liquid and vapour) which flow concurrentiy and parallel to the

_interface as illustrated in Fig. II.1. - .

The harmonic wave at the interface can be defined as:

3 j“’{-// -int
o e

cCOS mz

o e cos mz (I1.1)

where .’ . ‘ ‘ \\

8§ = distance perpendicular to liquid-vapour interface

n = wave frequency
b = -in = growth coefficient

m = wave number = 2%
A
where X\ is the wave length

The definitions of all terms used in fhis appendix are given in

the nome?clatufe.~ It is seen, in the above equation, that.if n.is real,

" the surface disturbance is periodic in tipe and, therefore, stable. If
-

n is imaginary, tha—disturbance ErOwWs exponéhtially with timé.'-

Expressions for n as 8 Eunction of fluid proéerties, gravity}

surface tension, fluid velocity-ﬁarallel to the interface, fluid depth
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and Qave-speed c(c2 =\n2/m2) have been derived and reported in (1,

. 4 ) ' ) -
2 & 3). Van Stralen derived a general expression for the velocity of
e
® . ) 2 .
harmonic.waves from (1, 2 & 3) which is-written as

&
N _.'7.
. gp-p)m
-bZ = m?c? = n? - am> - 1 v
Py + py coth md p1 + py coth md
- pL Py (cothmd) (Vy - V)2 m2 _ | 5 4p
(py + py coth md)2 - D% (py + py coth md)
. (II.2)

Before applying the above formula to our case, we shall briefly

review the speciasl cases reported in the literature where Equation

—
(II:2) was applied.

Application of the Wave Theory at the Minimum Heat Flux Point

ZuberS used a simplified version of Equation (II.2) to predict
the minimum heat flux on a flat horizontal surface. His model is shown
in Fig. II.2. For Vv = 0 and Dw = d 2> = (both media are

infinitely extended), Equation (II.2) reduced to

PP, . (11.3)

=c2 = am - &
Py + P m Pl * Py

|U‘
NN

g

- From Equation (IL.1), it is seen that if n is real, the

- disturbance is periodic in time and, therefore, stable. Consequently,

. - 2 . < .
instability occurs when c (DQ Equation (II.3)) becomes negative, and
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v ]
T T 13 . , g '
8 ,;
the.mflfical value for Ehe wave_ length can be” found by setting ;2 ko
Ry . . ‘
. zero: :
1 “"
. .
Me = g8 (P - py)
o
. (II.4)
The critical wave length @aéomes
Ae =2 =2 ___ o
m
: ¢ (py - py) .
- . i - . e
(I1.5)
The physical meaning of kc can be explained by rewriting
Equation (II.5) as
o
2 2 ”
1g P pPy) 0 =20/ o e _
2 ) LY ¥ R S
, - N

(II.6)

which means that, at the critical wave length, the surface tension
energy egquals tle total mechanical energy. This type of instability

occurs in the absence of relative velocity (Vv - Vl), and is
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referred to as Taylor's instability. All perturbations with wave length

longer than the critical one lc are unstable,

A8 a consequence of Taylor's instnbilitf. Zuber5 éxpected a
definite geometric;i configuration which {; shown .in Fig. II.2.e. The
liquid-vapour interface consists of spikes of liquids and rounded vapour
regions similar to cylindrical bubbles which rise into the liquid. ‘When

., these spikes fall dowﬁwérd and contect the hot s;rface. rapid
evaporation occurs. and vapour flows in the region betwee¢h two spikes.

This region resembles rising bubbles, and after a row of bubbles is°

released an unstable iqterface is focméd again and;the process continues.
» i 9 L4 -
To quantify the heat flux, iuber made a simplifying assumption by
approximating the vapour slugs by sph;res of ;adius = k/ﬁ. He also
used the_experimental results of Lewis? té predict the frequency of
) bub?le release. Knowing the frequency of bubble release ahd the energy
needed to generate an amount of vapour equivalentitq one vapour slug, he
arrived at an expression for the heat transfer rate at the minimum heat

flux peint.

TI.3 Application 6f the Wave Theory.at the Critical Heat Flux Point

/40

Zubers and Zuber and Tribus7. used a simplified version of

Equation (IX.2) to derive an expression for the critical heat flux where
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-
-

the relative velocity of rising columns of vapour and falling liquid is
important. Their model is}pﬂown in Fig. II.3 whére the 1liquid vertical
. " * ‘

interface is vertical. They assumed g = O (vertical interfacg)/and

Dw = d = »; Equation (II.2) reduced to

Py P

¢? = _om__ - v (Vv\q vy)2 . (I1.6)

pr+py  (P1+py)?

This type of instability is referred to as Helmholtz inst&bility.

The condition for stability is that c must bg real. 'Ihe/yelocity in the

‘ I
liquid phase i1s obtained from the continuity equation:

PV v = pl Vl . FII.7)

Substiiuting Vi from Equation (II.7) into~Equation (II.6) the

'critical vapour velocity can be‘obtained as

V, =4 dm 1/2 r1 1/2 R . (IT.8)
' ( Py 'J (P1+Pv)

The wave number was calculateﬁ from Rayleigh's ahalysis8 who
examined the stability of a circular gas jet in a liquid and found that

the instability occurs only for disturbances whose wave length is longer

than the circumference of the jet. Therefore, the wave length is givenm

. bg : ' ‘

A =27R ‘ (II.9)

[
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where R is the radius of the jet. The wave length X is related to

wave number by the following relationship:
: . W

) . : (IX.10)

-

Substituting (IXI.9) an

t
velocity then becomes “

d (IT.10) in (II.8) the g¢ritical vapour )

-~

p
Vy = (% )1/2( 1) 12 (11.11) y
. pVR p]_"’Pv )
- . N ' . + h
Having determined the critical vapour velocity, the vapour mass .
: : < ]
flow rate can be calculated. Thus, the energy needed to generate the
vapour flow leads to an expression for the critical heat flux.
x. *
. LY . N
I1.4 Application of the Wave Theory to Determine the Minimum Film Boiling
Temperature . ——— .
3 ¥
’ 9 : . . |
Berenson started with Equation (II.2) to derive an expression »
for the heat transfer coefficient at the minimum film boiling ’
temperature. His model is shown in Fig..II.4. By settinglﬁhe liquid
velocity Vl = Oh(stagnant pool over a horizonfal flat surface), . .
Equation (II.2) becomes
LY
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_ g
-b2 = ¢2 = am I M L

pi+py/md  mipr+py/md) * (p1+py/mdImd
(I1.12}

-

4 -

Since both gravity and velécity terms appeared in Equation

(I1.12), it has become conventional to refer to Equation (IX.12) as the

combined Taylor-Helmholtz ‘instability..
- . $

.

s -The parameter of interest in predicting the growth of the
two—phase boundary is the coefficient b defined in Equation (II.1).

Berenson intr‘ced'different simplying assum'ptions and studied their

effect on the value of c and therefore the growth coefficient b:
) "

1)

1) Assume the effect of vapour velocity and depth are negligible,

i.e., V, = 0 and coth md = 1

2) Assume the effect’of vapour velocity is nggligibie and that Eﬁe
vapour thickness is very small, i.e., Vy = O and coth md =_1
’ : - ' md

..

B

-

3Y- Assume the effect of vapour thickness is negligible, i.e.,

‘coth md = 1. ' o . i
: ) ‘ N
J . . L4
4) Assume thst the vapour film is very thin, i.e., cothmd = _1
. ‘ - ; ] © md
.
. \ - r -
. . ; X
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_l
The results of introducing the above asgumptions to Equation
(1I.2) indicated that in the neighbourhood of the minimum film boiling
temperature, the effect of vapour velocity and film thickness on the

growth rate of the wave is negligible.

-

The vapour velocity was estimated from an analysis of the physical

.

model shown in Fig. II.5 ASsuming that the heat transfer is by
conduction and that the vapour flows radially into the bubble, Berenson

obtained an expression for the vapoﬁr velocity asj;rfdnction of the

temperature difference (Tw - Tl) and the wave length. Applying the
momentum equation he arrived at an. exgyression for the vapour film
thickngss d. The heat transfer coefficient at the minimum film boiling

..

péint was then defined by

' ©(11.13)

This result combiped with the minimum heat flux predicted by

e .
'

Zuber? (see section II.2), made it possible to predict’ the tempeféﬁurev
difference at the minimum film boiling point, o Toin-

<
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FTN4X,Q . .. ¢ mmp e e am

OGO

[eXeXPRYECE

CGGOaO

10

PROGHAM BOIL

REAL T1(35) 1P(35).1VG(35).LHF(35) THG(35) ,TCPF(35) ,TSIGMA(35)
HEAL TMUF(35),TKF{35}, IMJG(35),TKG(35), 1VF(35) TCPU(35)

REAL FIIB(AO),T(SU).TEMP(IUU).HFLJX(IOU),TEMPI(30).HFLUX1630)

- COMMOM/AREA6/TT,TP,TVG ,THF, THG,TCPF, [SIGMA,TMUF,TKF, TMJG

1. TKG,TVE

COMMON/AREAI /D X PG, DISAT , TSAT,VISCG,VISCF,CPF,CONDF ,VG,VF ,HG,
*S[GMA.PHALL , HC ,HNCB, HCHEN , FICHEN , HF ,FINCB,FIC,EL,F,CPG,Z,HFI, IFIC
COMMUONZ/AREA 2/0TSU 3, CHFPUL . ES ,ALP HA L, AKI LAK2 ,AK3 ,CHF -
COAMON/ARBA3/TWALL,DTMINI ,OTMINI ,HIMIN, TMINL,RATIO, TLUCAL,EM
1 TMIN, CUNWM , ROHM , CPM,FIMIN, FITRY 5 CONDAV, VISCAV,VGAV,TAV,IAV
COMMONS AREAAZE LT, T, TTB, CHRTQT, TCHE-

COMMONZAREASZANU,FIKAL EBROM HFILM
COMMON/ARE AT/ IGE S5 .
COMMONZAREAS/TEMP yHFLUX, IJ,TMAX

AEAD PROUPERTY TABLES OF - WATER e -

—— - —— —— e

READ(S51,1) TT . N
READ(S 1, 2)TP

HEAD(S1,3)TVF '
REAL(51,2)TVG.

READ(51,4) THF THGTCPF ,TSIGMA
READ (5 1, 1 ) TMUF
READ(S | 4) TKF « 'CPG « [MUG , TKG

Du 8 I=1,35
THEC DY =THE(LI*1Q000. .

TKG(I)=TKG(I)*). 001

TMUGK I3 =TWUG( 1) *0.00000] : .
TCPF (I )=TCPF{I 1 * 10000
TCPG(I)=TCPG(I)*1000.0

THGCI=THGCI %1000 O

TSIGMACL ) STSIGMA (I %0, 001 oo ' -

* HEAD GEUOMETRY AND INLEYT/LOCAL CONDITIUNS

o A B e e e S s I i o D Y e i T B S e S — v S S e

READ(SI 9) DyZyELo o L -

READ(51,5)G,TIN,P, #OHM,CPM, CON M
IF(G.c2Q.999. U)bTUP

IAV=0D

IFIC=0

CALL PRPRT

CALL PCAL(TIN IT.THE,HFI). .

\
\

CALCULATE LOCAL CONDITIONsS IF INLET CONDITION; AnE r‘I‘.fI:N

T pe—

-_— __———___—___.—._....___________._-.._-.——._..——




OBTAIN—AméUESS—VALdé»FUH-déAlLHkkﬁxuERUu—ZdBgﬂﬂs—RUUL—BULL4NG——————

c
C AND DTSAT oF THOM"S CURRELATION
; . )
1GES5=1
CALL ZUBER
CIGESLSE e e e — -
CITRY=CHFP UL
DESAT=0.0225%F [ TRY**x0).5*%EXP(=P/87.0)
C - ' i .
: E1AF =0.0
rs CALL LOCON
C U
C . ;
C CALCULATE CHF AND CRITICAL TEMPEKATURE USING MODIFIED Zubkx
C CUHRELATION AND CHEN"S CUHRRELATION. I[TERATE TO MATCH LUCAL
C CONDITIONS, ’
C ________________________________ o ——————— -
C N . e m memam -
CHIN=68.0 . | L
30 CALL ZUBE . &
ETR=0.0 ° : _
35 TWALL=TSAT+DISAT
CALL CHEN
CHETUL =CHE*(G/ZCGMINY**Q.N Y i L.
VAR=FICHEN~CHFTOT
[F(ABS(VAR) .LE.TUOQUOO.)GO TU 40
DITSAT=UTSALI-0.50%x{ ABS(VAR)/VAR)
eTa=ETR+1.0
IF(ETR.ER.80.0)GU [0 48
. G0 TQ 35 ... B
44) VA%P#—ITRY—LHPTUT
IFCABS(VARP) LLE.TOODDD.) GO TO 49
FITRY=FITMY=0.05 * (A3S(VARP)I/VARP)*ABS(VARP) .
ETRF=ETHE+1 .0 . s
IFCETRF.EQ.120.0) GO TO 49
_ Go T 15. S ) —
49 TCHF=TWALL
50 CunNTINUE £ o 7 .
C .
C ' )
C CALCULATE THE NUCLEATE BUILING HEAT fFLUX USING CHEN"S
C CURRELATIUN. SIART WITH . CHFE. AND ITERATE 10 MATCH [ OCAI _ -
C CONDITIONS -4
C e e e e e e e e e
¢

I1J=1 :
' THALL=TCHF-5.0
______ . FIIRY=CUHEXQT . .
53 TUISAT=TWALL-TSAT
[F(DTSAT.LE.5.1NGO TO 99
ETHN=0.0
55  CALL LOCON
CALL CHEN
ETRN=ETRN+L ol .. il




[F(ETRN.GE « 443-1G0- TO-58 — e

VAR=FITRY~FICHEN
VARP=VAR/E ICHEN
IFCABS(VARP) LE.O.U5) GO TL 58
FIiRY=FITRY=-0.5%( ABS(VAR)/VAR)*ABS(VAR)
. GO Tu %5
58 CUNTINUE —— .. - e

TEMPI(IJ)—(TWALL—ibAT)*(l.0+4UUUU Y SART (CON DM*ROHM*C M) ) *x(}. 75/

11.75+TSAT
HFLUX1 (I1J) =FICHEN

[J=1J+1

THALL=TWALL-5.0.

GO Ta 53.. e e

59  CUNTINUE
<
C—=o-CHANGE ORDER OF PLOT ARRAYS——=———n
C .
IL=[J-1
00 57 IK=b,I1L . e e
TesiP (1O =TEMP | (1J=1K)
AFLUXC 1K) =HFLUX1 ( 1J~1K)

57 CuNTINULE

-

C
C .
c CALCULATE MINIMUM. ELLM BOIL ING-TEMZ ANOEAT HELUX -
C ITERATE lu MATCH LOUCAL CUNDITIOUNS
C emmm e e e e e o e e e e e e S o e e
C
C £
T&ALL=TCAF
eTd=0.0 B S e i ¢ —————— s
61l [AV=]
CALL PRPRT
[AV=0
«CALL LUCON
CALL HENRY .
FITRY=SFIMIN . o e e e
VAR=FI IRY-FIMIN ,
VArP=VAR/EIMIN '
[F(ABS(VARP) .LE.O:05)G0 TU 69
FITRY=FITRY-0.9% CABS(VARI/VAKI*ABS(VAK)
EIRM=ETIRM+1.0
[FCETRM.GH 400 GO [0 69 .
. Gu Tu ol .
C .
c

69 CUNTINUE
DTSATEIMIN-TSAT

CALL HEMRY o«
HF ILM=FBROM :
CALL HELMWY

71 CALL HENRY
TAALL=DTSAT+TSAT
FFILM=E BRUM
TEMPCIJY=TWALL .




HELUX(IJI=EEILM o o

DTSAT=DTSAT+20.0 S o

IF (MTSAT.GE. 400.0) GO [0 80 - : .
1J=] J+i X

G0 TO 71

CONT INUE

WiIKITELO, 6)G LLM,P,RQH&.LPM.CUNDM,LHELUl,lMAX+HhLLM [MIN

0 BT*I-I

WrRITE(G, 7/7)TEMP(I),HFLUK(I) ) s
GO TO 10 ’
FORMAT(T7ELD. 2)

FORMAT(TC(1X,E10.2)) -

FOAMAT(ZFLlQ ALY © o f e

FURMAT(7E1IU.4)
FORMAT(TFT0.3)
FURMAT(8E10.3)
FORMAT(B(1X,E10.3))
FUORMAT (I HI 320X, " HEAT TRANSFER PREDICTIONS FUR: “.//,3UX.
¥ 4ASS FLUX‘".%? 24! KGAM2ASY (SX ! ENLET—TERR=I B2y UGy

*5X , "PRESSHE=",E10.2," BAR",//,30X, "WALL DENSITY=",F10, 3,

L KG/MJ“ 9X, "WALL CP",F10. J." J/KG Cr,5X,"WALL CONJ=",E10.3

* L NAZMN 27 V30X MCHE =Y ETOL 3, W21 5K MTHAX=, FT7.2, " SN, 5K, "HNIN=",
*:lU 3," ﬂ/M2“ bX.“MIN TEMP—“ FT.2¢4C", 2/

*,30K,"SuRFACE TE“PERATUHE".SX."HEAF FLUX" /)

i FURMAT(BUX F10. I.IDX E10.4)
QG rURdA](IU(ZX.EIO 3N

END r
SUBROUTINE. CHEN
WEAL TT(35),TP(351,TVG(35),THF(35),THG(35),TCPF(35), T:IGMA(Bb)

. REAL. TMUE(35),TKF(35) IMMGL&SL;IKGL35) TVE(35), TCRGL 35)

REAL FITB(40),T(50)
-LU1MUN/AREA6/TT,TP.TVG.THF,THG.TCPF.TSIGMA.TMUF.TKF.TMUG

1 ,FKG,TVF,TCPG

OAMON/AREAI/D X,P,G,DISAT, TSAT,YISCG,VISCF,CPF,CONDF,VG,VF,HG,
*SIGMA, PHALL, HC, HNLJ,HCHEN kILHEN HE,FINCB,FIC, bL F. LPG 2, HrI IFIC
COaMON/ARhAZ/DTSUB CHEPQL ,ES, ALPHALAKL AK2  AK3  CHE

COMMON/AREA3/THALL,DTMIN |, OTMINI y HMIN, TMINI, HAlIO.fLULAL EM

l.lMIN CONDM, :0HMCPH FIMIN ,FITRY,CONDAV, VIbCAV VGAV,TAV,IAV
COMMON/AREA4/K ,FITB,T.TIB, LHFTOT TCHF

COAMON/AREABZANU, FIKAL FBRUM HFIEM

CALL PCALCTWALL,TE,TP, PWALL)

HEG=HG=HE o e e
HOHG=1/VG -
ROHF=1/VF

HEF:D*G*(I—X)/VISCF
IE(X.LE.0O.0)REF=D*G /VISCF
FORMAT(BIEI0.3,2X)) Y]
F=l.0

b J

[F(X.LE.0.01)GO TO l
XUTINV=(XZ{1=X) ) %% . 9)* ({ ROHE/ROHG) #%() . 5) %
F{(VISCGAL ISCF ) #ki()o 1)
F=({XTTINV+0,213)1%%0.736)% 2. 35
IF(XTTINVL.LEDDIF=1.0

.. PRE=CRE%*VISCF/CONQDE. %



cCoco0ocaaoa.

20
30

* \ '
HC=0.023%(REF k(1 . 8) % (P HE 4k (), 4) % (CUNDE/DI *Ex( | O+ DZELY &0, 7)

FIC=HCADTSAT

IF(IFIC.EQ.1) RETURN

HEFP REF*(F%*t ,25)%(0), Q061
S=1/0140,42%RETP*%(0) . 78)

IFCRETP.LT .32, 5)5—1/(I+0.32*Hh1P**I.I4)
IF(RETP.SE.70.0)8=0..L. . ——

DPSAT={PWALL~P )% 100000. 0 :

HNCB =043 22% ((CON DF wx(). 79V % (CPE**(), 45)*(HUHF**U 49))/((b[GMA**O.
%5 ) & (VI SCFwk() . 29) % (HFGx* (), 24 )% ( RUHG %%}, 24.))

ANCB2=5%( DTSATH**0) . 24)*(UP5AT**0 75)

HNCB=HNCB2%HNCB 1 ' , gl

FINE3=ANCBkDTSAT. . — - . - S —

CIF(X.LE.O.IFIC= HC*(DTbAT+UTSUB)
HCHEN=HC+HNCB

FICHEN=F INCB+F IC

RETURN

END .
58 FOUTINE PCAL(VARI.T3I,TiD, VARDln SR S

Trils SUBWOUTINE INTEwPOLATES Ok EXTHIﬁGgAfES IN'TABLES TU
UBTAIN THE CURRESPONDING VALUE OF -AN INDEPENDANT VARIABLE:

VAl= INDEPENDANT VARIABLE . oo

Ti31 PR TABLE _
LB = DEFENDENT  TABLE 1
VARD= . v venee VARIABLE

I nu

REAL TBI(35),TBM35) v ' ’
DV 20 I=1,40.

DIF=TBI(I)-VARI
IFCDIF) 20,30, 30
CUNTINUE
VARD=TBD( 1) +(VARI~ ~TBICI=1))%(TBDCI) =TBD(I=1))/(TBIL 1 =TBICI=1))
RE TURN |

END

SUBHOUTINE ZUB&H

ReAL TT(35),TP(35),TVG(35), THF(35) THG(3%),TCPF(35),TSIGMA{35)
REAL TMUF(JS) 1KF(35) I'MUG(35) ,TKG(35) 1VF(35J.1LPG(35)

REAL FITB@O)Y, T(50) -

LUMMON/AREA&/T1 TP, TVG,THF ,THG,TCPF, ISIGMA ,TMUF ,TKF, TMUG

I TKG,TVE,ICPG . e

LU\AUN/AREAI/D X P G DTSAT TSA1 VIsCG, VISCF LPF LDNDF VG, VF, HG.
*SIGMA L PWALL ,HC, HNCB HCHEN , FICHEN +HELFINCB,FIC, EL FyCPG,Z HFILIFIC
CUHMUN/AHtA2/DT5UB CHFPOL,ES,ALPHA, AK1 ,AK 2, AK3 CHF
COMMON/AREA3/Z TWALL , DIMINT, DIMIVI HMIV lMINI HAFIO TLOCAL EM
1, TMIb,CUNDM , ROHM ,CPM , FIMIN FITRY, LUNDAV VISLAV VGAV, TAV, IAV
COAHON/AREAQAK;EIAA E;IIB,LHFIUI L CHE

COHMON/AREAS/ANU,FIKAL,FBHOM, H?@&M ’
CUMMONZA REA‘I/IGES&.

IFG=HG-HF

RUHF=1 ., 0/VF

ROAG =1 .O/VG

- CHFPOL=Q . L6*HEG* ( ROHG* %01, 5040 (9. B4 SI GMAX ( ROHE=ROHG } ) 440, 25 )




[F(IGESS.EQLLIRETURN. . ____
VAH==0.016
ES=( (KOHF/ ROHG Y %*0). 205 }* ((G*D /VISCF)*%xVAR)
ALP HA=X/ ( X+ROHG*ES* ( | .0-X) /RUHF)
IF(X.LT.0.00 . AND. X.GT,. 0.0 DTSUB=0.0 o !
AK 1 =140, 1% ROHFZROHG) %% 0. 75) % CPEX DTSU B/ HFG L
[FCAGE o001 2AKE =01 0m ALPHA) 33 bl e oo -
AKZ2=1.0 -
AK3=1.0 . . - o
CHF=CHFPOL* AK1*AK2% AK3 : g -
RETURN - o . i
END ‘ i :
SU BROUTINE - HENRY--cm e 2o e —oeioeemmmiee =
REAL TT(35),TP(35),TVG(35) THF(35),THG(3%) , TCPF(3b), TSIGMAt35)
REAL. TMUF(35) ,1KF(35), [NUG(35) \TKG(35) . TVF(35) ,ICPG(35) .
REAL ' FITB(40),T(50) . -
COMMON/AREAG6/TT, TP, TVG, THF JTHG, ILPr I'SIGMA, [MUF , TKF, [MUG ‘
| TKG,TVF,TCPG ;
LU\“UN/AR:Al/U X P yGy UTSAT  TSAL,YLSEG, VESCE, GRE, guuuhruofuprﬂgr______——-n;
SIGMA y PHALL ,HC HNC 3, HCHEN  FICHEN +F, FINC B, FIC, EL, F,CPG,Z HE L, IF )
LU\ﬁON/AH_Az/uTbus CHFPUL,ES, ALPHA AKT,AK2,AK3, CHIF
CUAMUN/AREA3/THALL , DLMINI,DLMIVI.HMIQ THINT (HAT IO, TLOCAL (£ )
| IMIN, CONUM, ROHM , CPM , FIMIN, FITRY,CONDAV, VIbLAV VGAV, TAV, [AV
COMAMONZAREAS/K JFITB, Ty T By CHETUT W TCHE
CO.WON/ARE AS/ANU, ELKAL¢EB&QM+hFlLM

RUAG =1 LU/VG . .
HOHF=1 .0/VF o : -
HFG=HG~H{F : ‘ /// .
ROHGAV =1 .Q/VGAV :
CITAING =0, 127 %CROHGAVAHEG/CON DAV )% ( (9. 8% ( HOHF ~HOHGAV )/

| {RUHE+ROHGAV 1 L Ax(). 61)tLLSLGuALQ*BLLRUHh.RUdGAMJJxxu,:J*
2((VISCAV/9 .87 (ROHF- ROHGAV ) ) *%(},,333)

AdIN=0.425% ((CUONDAV*%x3.0) %9, B*RUHGAV*(HG HF )% ( RUHF = RJHbAV)/ y

lVIaLAV/((SIGMA/Q 3/ ( ROHF - HOHGAV ) ) %%x().5) ) *%x(} .25 ( ,
HEU=500, ¢ . - A8
HEN=35000.0

CONDI“CONDAV*LL.iiLHEN-HEOJLHEOl*tuTR‘
HBRUM=0.62% ( (CUND 1 %% 3) %9, R*HUHGAV*( ~HF )% ( ROHF=RUAGAV )/ e
1VISGAVLADZDYSAT) #% .25 , > ’
FERUM=HBROM*DTSAT ' '
FIMIN=0,09% ROHGAVH { HG~HF )% (9. 8*SIGMA*(HOHF ROHGAV) / ( { ROHF

1+ ROHGAV I %% 2,0 ) 1%%1}. 25
DTMINI =(FIMINZ:MIN) %1 .333.
TAINI=DTHINI +T SAT ’ A .
RATIO=0).42% ( ({ CONDF*ROHF*CPF )/ (CUNDM*ROHM* CPM ) )

| %% 0. 5% (HG~HF )/ DTMINIZCPM) %*0) .6
TMINSTMINIARATIO*(TMINI~TLUCAL}
RETURM , o

END: . o : o &
SUSRUUTINE KALIN '

REAL 1T(35%) 1P(35),1VG(35),1HF(35).1HG(35) TCPF(35) ,TSIGHA(35) -
REAL TMUF(35),TKF(35), TMJG(35),TKG(35), TVk(JS) TCPG(35)

REAL FITB(40),T(50) |

COMON/AKE A6/ TT, TP, TVG, THF, THP TCPF,TSIGMA, TMUF TKF, TMUG .
1, TKG.IVF,TCRG :

Y
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LOWMON/AREAIIDTX P oG DISAT TSAL L ISCG, LISCE,CRE LCONDE, VO MF v HG—— ——
*S1GHA, PNALL , HC ,HNCB , HCHEN , FICHEN (rIf y FINCB, FIC, EL4 F,CPG,Z,HFI , 1 FEC
COiMUN/AREA2/DTSUd.LHFPUL.:S ALP HA, AKI.AK2 AK3,CHF
COMMQN/AHtAB/TWALL DIMING, UTMINI JHMIN, TMINILHATIO TLOCAL,.EM
JTHIN, CONOM , ROHM , CPM FIMIN, FITHYgCUNJAV YISCAV,VGAV, TAV IAV
CO.%ON/AREA4/K.FITB T ITB, CHFTOT TCHF
CUﬂﬁUN/AREASJANU,tL&AL,FBRUM+HFTlM

CCALL PRPRE °
ATU=0 . 0012k (G* IV VI SCE 1 %6 (CPE*VISCE/CONDF ) %40, 4 ) (1 0+ 22%EXP (
1-0.038%EL/D))

FIKAL= (ANU*CONBF/D)*(TbAT—TLOCAL)
RETURN :
END - o ot

RN SV

bUBHOUTINE HELMY
AEAL TT(35),TP(35), TVG(JS);THF(3b) THG(Bb) TCPF(35), TbIGMA(3b)
REAL lMUF(JS) 1KF(35).1MUG(35) TKG(35) 1VF(35),1CPO(35)
REAL FITB(4U) T(50) , TEMP (100, dFLUX{T00)
’UiMUN/ARtAé/ii.IP VG, I'HF ,THG,ICPF, ISIGMA, IMUF ,TKF, TMJG

- % I.TKG Ive, ICPG . S

boN LU\WUN/AHEAI/U X+P.G, DTSAT TSAf VIwLG VISLr LPP LUNDr VG, Vr, HG,

* SIGMA,, PWALL L HC, HNCU HCHEN FICHENS, ik , FINLB FIC, EL F.CPG{Z,,HFILIFIC
CUAMUN/AHEAZ/DTSUB,CHFPOL,ES.ALPHA.AKI.AK2.AK3,CHF ¢
LUJ?ON/AREA3/fNALL DEMING  OIMINT JHMIN ,TMINI JRATIO,TLOCAL JEM

yTHIN, CONDM, ROHM ,CPM FIMIN,FITRY, LUNJAV VISCAV,VGAVY, TAV IAV
LUAWON/AREA4/K FITBJd JiUBJCHFTUL JLCHE o

CO WMIN/AREAS/ANU,FIKAL ,FBROMHIFILM
CU%MON/AHEA?/TEMP.HFLUX.IJ.TMAX :
C-=n——r EFKFECT OF WAALL PrOPERTIES ON TCHF e
C . .
C

THAX = TCHE~-TSAT) % ( 1L .0440000.. / SQRTLCONDAXROHMKC B 1 ) dke() 1541 T8
ITSAT :

MAXT =I'MAX

ATNT=TMIN

K=1

[J=1J-1 |

D 9 IT=MAXTYMINTG S e

T(KI=FLOAT(IT)
DELTA=(T(K)=TMIN) *%2/ (CTMAX=TMIN) %% 2
IF(DELTA.LT.GIDELTA=0

IF(DELTA.GT .}, O)DELTA=,
FI=VDELTA*CHFTOT+ (1 .0~ IX:LTA)*HI-ILM
TEMP (IJ)=T(Ki__. _.

HELUXCI DN 2FI

[J=1J+/|
111 FURMAT(2XIF10.4,2X,F12.4, b(2XLF|U 4))
' K=+ 1
9 CUNTINUE f’

1J=1J-1_

RETURN
END
SUBROUTINE LOCON

o N NP

Tell5 SUBROUTINE. CALCULATES. LOCAL CONDITIONS IE INIET

{ .



coco

I ey o

CNDITLUMS. ARE KNUAN .. ... ...._.

REAL TT(35),TP(35),TVG(35),THF(35),THG(35) ,TCPF(35),TSIGMA(35)
REAL TMUF(35),TKF(35) ,TMUG(35) ,IKG(35) ,1VF(35),ICPG(35)
COMON/AREAG/TT, TP, TVG THF,THG, TCPF, fSIGMA JMUF,TKF, TMUG .-
Vo KG,TVE L LCRG ..

.CO MONZAREALZD, X P G beAT TbAf VIoCu.VIbCF.CPF.CONDE,VG. +HG,
*STUMA,PRALL,HIC, HNLB.HLHEN FILHEN HE 4 FINCB FIC,EL,F4CPG, £, HFL,IFIC
COJMON/AHEA2/IHSUB.CHFPOL.ES.ALPHA.AKI.AK2.AK3.CHF
OMMUN/AREA3/THALL,DTMINT ,OTMINI ,HMIN, TMINI ,RATIO, TLOCAL, HM
TAIN, CONDM, ROHM , CPM , FIMIN WFITRY, CJNDAV VISCAV VFAV TAV,IAV
tLW—Z*4 U*FITKY/G/D e mo—————

HLOCAL=HFI+DELH
X=(HLOCAL-HF)/(HG—HF)"
CALL PCAL(HLOCAL,THF,TT,TLUCAL)
IF{ILUCAL.GE.TSAT) [LOCAL=TSAT

" DTSUB=TSAT-TLOCAL
A rURN ‘ B,

ENDD

SUBROLUTINE PRPRT h

REAL 7TT(35) 1P(35).1VG(55).1HP(35).lHG(Jb) TCPF(35) , [SIGMA(35)
- HEAL TMUF(35), TKF(35), IMUG(35),TKG(351,TVF(35),TCPG(35)

REAL klrd(40).f(bui

CO AONZ ARE AGZTL . TP TVG . THE , THG , TCPE . TSIGMA .. IMUE  TKE . TidJG —

+ TG, TVE,TCPG
COJAON/AREA]/U XPG,DISAT ,ISAT,¥I5CG, VISCF, LPF CONDF, VG VE,riG,
*STGMA, PYALL, HC, HNLB HCHEN, FILHtN HF, FINCB, FIL tL F, CPG Ly Hrl IFIC

COMMON/AREAE/DTSUB.CHFPUL;ES.ALPHA.AKI.AK2,AK3.CHF
COMION/ARER3/TWALL ,DTMIN I, OTMINI JHMIN,TMINI ,RATIO, TLUCAL,EM
| Tohl My CONDM o RUHM,, CPM EMMIN, FITRY . CUNDAV. MISCAV MGAV , TAV LAV

CONMON/ALE A4/ K, FITB, T, TTB, CHFTOT, TCHF
CUMMONZAREASZANU FIKAL, EBROM, nFILM
IFCTAV.EQ.Y) GO TO 1

CALL PCAL(P, TP, TT, TSAT)

CALL PCAL(P,TPY,TMJG,VISCG)

CALL PCAL(P,TP,TMUE,MISCF) .~ ..

CALL PCAL(P,TP,TCPF,CPF)

CALL PCAL(P,TP,TCPG,CPG)

CALL PCAL(P,TP,TKF,CONDF)

CALL PCAL(P,TP,1TVG,VG) ' . ’
CALL PCAL(P,TP,TVF,VE)

CALL PCAL(P,TP. THGLHG)

CALL FCAL(P,TP,THF,HF)’
CALL PCAL(P,TP, TDIGMA SIGMA)
GO Tu 2

TAV=TSAT

CALL PCAL(TAV,TT,TKG, CONDAV)

CALL PCALLTAY . T1.IMUG.VISCAV)

CALL PCAL(TAV,TT,TVG,VGAV)
RETURN

END

BLUCK DATA AREAS,ANYTHING
REAL TT(39),1P(35),IVG(35) ,THF(35),1Td5{3%) ,TCPF(35) ,TSIGMA(35)
REAL '"TMUF (353, TKF (353, TRUGL 353 TKG (351, TVEL 35, TCRG(35 )




REAL .- FLTHLAQlTTLbuLTTbMELLuuifﬂbLdXiJilqu£M24L3UJ*HhLuXLhJUJﬁ__%,F__hﬂﬂ___
COMMON/AREAG/IT, TP, TVG s THF , THG TCPr;TSIGMA TMUF, TKF [MUG

1.y TKG,TVF,TCPG

LO%MUN/AREA!/D X PG DTSAT,ISAT,VISCG, VISLP CPF, uuwur VG ,VF,HG,
*STGMA, PWALL, HC ,HINCB , HCHEN,, EICH&N HF, FINCB FIC tL F. cpo Z, HPI IFIC
,CUMMON/AREAZ/DTSUB.CHFPUL.ES.ALPHA.AKI.AKZ,AKB.CHF

COMMON/ AREAZ/THALL WOTMIML, OTMINI HAIN TMINT (RATIO, TL OCAL (EM

1o TMIN, CONDM , RUHM ,CPM FIMIN,FITRY,CONDAV ,VISCAV,VGAV, TAV, AV
COMMON/AREAL/ K FITB, 1, 1TB,CHFTOT , TCHF ]
COMMON/ZAREAS/ANU, FIKAL, FBROM, HF ILM i w
COMMON/AREATZ1GESS . h

. COMMON/AREA9/TEKP JHFLUX, T J, THAX : ~
END R .
ENDS - ,
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0,01

+OU-20.0 . 00304

+0) 100 A4 00 B0 0 Sl D))
70.0 +00 B0O.0  +00 90,0 +00 100,0 +00 110, 0 +00 120,0 +00 130.0 +00
JAO L) 0 150.0 400 160.0 +00 17040 400 180.0 +00 190.0 +00 200.0 +00
T210.0  +00 220.0 +A40 230.0 +90 240.0 +00 250.0 +00 260.0 +00 270.0 w00
2RO.0 +00 290.0 +00 300.0 +00 310.0 +00 320.0 400 330.0 +20 340.0 +00
D006112  1,012271 0.023368 0.042418 0.073750 0,.12333 Ve 19919
g.31161 (1.47358 0. 70109 . 101325  1.4327 1.9854 2. U1}
J.6136 4,7597 6H.1804 T.9202 10.027 12.553 15.550
19.0380 23.202 2T.979 33.480 39.776 46.941 55 .92
64.191 74 .449 B5.917 98.694 112.89 1-28.64 146.U8
[.0002 =031.0004 —031.0018 —-031.90044 ~031.0079 =031.0121 =031.0171 =03
1.00228 =031.0299 =031.035%9 =031.0435 =031.0515 =031.0603 =-031.0697 -3
1.0798 -031.0906. ~031.102L. =031, 1144 =031 ,127h =031.1415% =031 .1n45 =03
1.1726 =031.1%0) ~(31.2087 —031.2291 =«031.2512 =031.2755 =031.3023 =03
13321 ~031,365% <031.,4036 —031.4475 ~031,4992 =031.9620 -031.6320 —-03
206.146 1u6.,.422 57.836 L 32.929 19.546 12.045 746776
5.(M53 3.4083 2.3609 1 .6730 d.2101 0.39171 (}.66332
N.50866 1), 39257 .30685 (). 24262 De 19385 0.15635 0. 12719
0.104265  0.086062 (1.U71472...0.059674 0. 050056 .Q.04214Q (1, 035500Q
()J)J)IBJ 0.025537 0.0215643 00183167 0.01%451  0.012967 0.010.779
o006, 41,99 83.36 125, 66 167.417 209.3 1.1
293.0 334.9 376.9 419,1 461 3= 503.7 bW46.3
59,1 632.2 . 675.% TI9.1 7163.1 807.5 8%2.4
867.7 Q43,7 P03 103746 IOtb . 4 1135.0 118552
..L236.8 1290.0 1345 .00 . 14021 .. 1462.U 1261 19964,
2501.0 2519.0 2538.0 2556.0 2574.0 2592.,0 2609.0
2626 .0 2643.0 2660.0 2676.0 2691.0 2716.0 2720.0
2734 .0 2747 .0 2758.0 2769.0 21718.0 2786 .0 2793 .1
27980 2802 .0 28003 .0, 2803.0 2801.0 2796 .0 2790.0
FRT7an.0 276640 2749.0 27127.0  + 2770.0 S 2666,0) 2623 .01
4.218 4,194, . 4.1B2 . . 4.179 ____4.179 _ . 4.181 . 4.l85. —
4,121 4.198H 4,207 4,218 1,230 4,244 4,262
4,282 4,306 4,334 4,366 4.403 4,446 4.494
4,550 4,613 4,685 4,769 4,860 4,985 9. 134
5.307 5.520 5.794 6.143 6.604 1.241 B.225
75 60 74,24 72.78 71.23 69.6| 67.93 56419 .
b4 .40 62.07 ... 60,69 58,78 883 904,85 K283 . . O o
50 .79 48,70 46 .59 44 ,44 42 .26 40.05 37.81
35.53 33.23 30.%20 28.56 26.1%9 23.82 - 21.44
19 .07 16.71 14,39 12..01 9.89 7.75 5.71
1786 .0 =061304.0 -061002.0 =06798.3 -—06653.9 =06547.8 =06467.3 =06
404,13 =06355.4 ~06316.6 =~6283.1 -06254.8 -06231.0 =5210.9 =06
14,1 =08179,B. _+06161.1._=00151.,4_~06148,5 ~-06140,7  -06i33.9 =06 —
127.9 =06122.4 =06117.95 —-06112,9 =06108.7 -06104.80 =611, 1 -6
U97:5 =-06U94.1 =08U90G.T =06UBT.2 -06083.% =-Us0U79.5 =U0607B.4 =06
0.569 0.587 0.603 0.618 0.631 0.643 ).653
0. /62 N.670 (}.676 ). 581 (). 684 (}.687 1.688
(. 668 0.687 0.684 0.581 0.677 0.671 .56 4
. 0.657 0.648 (.632 -0.628 _0.616 _0.603 0H.589
N.574 0.558 (.54l 0.523 0503 0.482 Ve 460
1.863 1.870 1.R50 1 .890 | 900 1.912 |l .924
i .946 1.970 13999 2.034 2.076 . 2.125 2.180
© 2.245 2.320 2.406 2.504 2.615 72.741 2.083
3.043 3.223 3.426 3.656 3.918 4,221 4.575,
4.906 . -25.809.. L0 6,148 . 4,948 4,060 - Q _58n 11.87




-

~—

Lo EL OB 10d,.504 . 08.903. .. _09L.308 09,701 L. 10 LYY

10,89 .29 .67 12,06 12.45 12.83 13.20
13.57 13.94 14,30 14.66 15402 15.37 N2
16.07 16.42¢ 16.78 17,14 1 7.51 1790 18.31
18,74 19.21 19.73 - 20.30 20,95 21.70 22.7U
17.6 18.2 18.8 19.5 20.2 ©20.9 21.6
22,4 23.2 . 28.0. ... 24.9. ... 298 _ _ 6.1 27.4
28,9 30.0 31.3 32.6 . 34,1 35.7 37.4
39.4 41.5 43,9 46 .5 49.5 52.3 56..6
6.9 &6.0 71,9 79.1 87.7 £9.0 114.0

12.7 =03 0,254=01"50,800+00 -
20.3 +O1 00.72 +02 1.0 +00 8.938 +03 3.85 +02 3,79 +02 1.00  +00
1366 #U1 0072 02 1.0 +90.:8.938. 403 3.89 . #02 3.79 +02 1.0+

13.6 +H)1 00.86 402 1.0 +00 8,938 +03 3.85 02 3.79 +02 1.00  +00
20.3 +01 00.72 402 T 1.0 +00 Ba169 +03 4.35 +0)2 017 +02 1.0 %n)ﬁg
99,9 FO1 00,72 402 1.u  +00 8,169 +03 4.35 +U2 U 17 +02 1.0 +0

)
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HEAT TRANSFER PREDICTIUNS FORScmo oo

—
ASS FLUX= 203.00 KG/N2YS INLET TEMP=72.00 C PRESSWE= . 10E+0] BAx
ALL DENSITY= 8938,0(X) KG/M3 NALL CP 384,000 J/KG C WALL CUND= .379c+u3liis
URKACE TEAP=RATURE HEAT FLUX »
7.8 ’ . | 3UBE+06
1 2.8 - « 228 | E+‘)6 et
C117.8 S I 7. ¥ =L 3.
122.4 ‘ LB I90E+06 : 1
i127.8 : . .B46TE+LE : : ~,
1 3.8 < LIQIEH)T
137.8 161 6E+OT
147.0 « 26G9E+GT
15240 - S X =% ¥ <L 1AW J
157.0 ' . 2385E+07
162.0 . 2223E+07
- 167.0 : L2069E+17 A
172.0 o |22 1E+07
1.77.0 .« 1 18OE+LT
182.0 L. o L l84BEHT
1870 o 121 9E+07
192.0 . 1 399E+U7T
197.0 < 1288E+)7
202.0 ' . 11 BOE+OT
2071 L LIBUE+UT
212.0 e Q3 IREH6
217.0 ' LPN23E+06
222,0 L8236E+06
2271.0 L7151 3E+H6 . . CT
. 232.0 L637T0E+06 »
237.0 L6 29UEFUS . S
CDAZ L e s e JBITEFOA .
247.0 ) .5 33BE+06 AN
252.0 L4965E+06
257.0 <4 B0 2EH)6
262.0 «4A2TE+6 .
— 267.0 L4261E+06 ‘ ~
6. 2716..5 ... e e LAL3IER)S .
296.5 <448B3E+O6
316.5 LA 20E+Q6
336.5 S I150EHIE
356.5 47T 3E+NE
376.5 L TBOE+0S
T 101 W0 RO o § B4 181 2 - 4 Ve
416.9 - .6406E+06
436.5 LB TOTE+O6
T456.5 LTO03EHG. _
476.5 . T295E+06 ' o
496.5 . 7584E+0U6 ™ )




L

rifF=

HEAT- TRANSFEA-PREDLECTIUNS

lé. B
1.11.8
ila.8
121 .8
126.8
C131.8
141.0
146 .0
~.1581.0
156.0
161.0
166 .0
1710
176.0
S h8l.0
186.0
121.0
196.0
201 .0
206 .0

B30 1 Y & R

TN216.0

221.0

1 226.0
23140

. 236.0

NIV B N ) IO

246.0
251.0
256.0
201.04
266.0

276.4
296.4
316.4
336.4
356.4
.376.4
96,4
416.4
4436.4
456.4
476.4

...... 496 (b ool

4

ALL DENSITY=

o+,

R~y 3 N ¢ PR X

AS5 FLUX= 136.00 KG/M2/3

HO38.000 KG/M3

URFACE TEMPc=RATURE

EURs

A

INLET TEMP&32.00 C

wALL CP

HIN=

PHE SHaE=

385.000 J/KG C

ALAE+03A AZH2

CTOE+01 BAx

RALL CUND=

L2UEFRTA N2 TMAXs 1. 83 O
HEAL FLUX

" QS TTE+)S

« | B39E+06

B S—

3

516 2E+06
« 1I8BS5E+L6
A1 2EHOT
o 1 Q9OEH+OT

< QL2EFLT

| IQNEHNT

«379E+U3Ny

Al [eMP= 276 4o,

. 1583E+07
< B TE+OT
. 14BOEH)T
. | 3BOE+)T
L1 296E+0T
<1 210E 7

L1I29E+0T

. 1IB2E+UT
LY I94EHIO

D11 2E+06.

.8474E+U6
137QE +)5

.7329&+uo}

6322E+06
<6359E+06

L5V40E+)6

«5964E+06
5232E+06

T4944E+)
L4 [00E+0
«4500E H)6
«4343E+0)6
L4 230E+06
ALG6LEH)S

=

.4 135E+06
448 2E+06
<431 PEHIE
.5 149E+06
5471 E+06
L5 783E +)6

. O09YE+)E
6404 E+U6
B TOSEH)IE
« TIHI2E+H)O
« T294E+0E

1583E )16




GEAT [RANSFER PREDLCTIONS FORL— L. ...~

A55 FLUX= 136,00 KG/M2/S INLET TEMP=86.X} C  PRESSRE= ~ .10E+ul 8AR
ALL DENSINY= 8938.000 KG/M3 "WALL.CP  385%000 J/KG C NALL COND= . 379E+03N/
HFz . c3OBEHOOI/ M — —TuWlAX=-121..34-C : HMTN=~#v393Eiué—dlMJL——__ﬁLN—Idﬁﬁz—ZﬁA-EQC-

URFACE TEMPERATURE ~  HEAL FLUX N

’

1U6.3 . LH6300E+O05
111.3 _//’15 « 1 202EH)6
e 121 g+ 3O TTE+IE.
12640 . + 359 3E+06
131.0 : R ATY: 20T
136.0 C3T26E+6
-l 4] .0 : . .3742E:w6 .
146 .0 ° L3185 TE*)S ’
151.0 e 23T IEHDA
156.0 . .378%E+06
161 .0 <3 T9BE+HIS - .
166,10 331 IE+06 ’ .
171.0 «3323E+06 :
176.0 . 3834EH)G
P 810 : e 3BASERQE—
186.0) © o L3855E+06
191.0 L+ 3364EH)6
196.0 «33873E+006 s
201.0 - .338168+06 - _ . s
206.0 « 3 3BYEH)O
2110, L. e3d9AE+NA
216.0 . 3FU2E+OS
221 .0 « 3P0BE+H)6
= 220.0 ) L3913E+06 .
2310 , T L391IBE+U6
236 .0 «3922E+H)6
. 24L.0 0 - e &3PS E+0A
246.0 L392BE+06
25 1.0 ' ) < 3930E+06
256.0 L3VSIEFO6
264 .9 «3932E+06
284.9 < 42H4EH)6
e 304.9 ; e A AB26E 06
324.,9 c4760E+0S
344 .9 . D 2B6E+H)6
364.v ‘ «HHOGE+VE
384.9 - LHP2IEHIG ,
404 .9 : L0229EH)6
424.9 82 33EH06
444.,9 L6332E+U6
464,9 W T126E+16 -
484.9 . 741 7TE+06

e



HEAT--TRANSFER PREDICTIUNS -FUA2

ASS FLUX= 203.00 KGrWarss

ALL DENSITY= 8169.000 KG/M3

-

INLET [EMp=7
WALL cp”

2.00 C PRESSRE=

435,000 J/KG C

JOEH) BAk

WALL CONU= (L TUE+U 20/

HF = __.z?_u_F_-htﬂrJ/.ﬁQ TMaX= 27 .26 C HaIN=s A1 IF+)0 AZM2 ‘.LIN FEMP= 400 .9a8C
A +
wURFACE TEMPERATURE HEAT FLJUX
118.0 - 1 JODE+)6 -
129.2 « 2281E+06
L lAuL3.. 174 1E+04 '
15'1.9 T LB I9DEHIG -
162.6 +BA6TE+V6
173.8 L LE+UT
184.9 JAB18EHT
207.0 « 2699E+07
2l2 0 2208E£+07
217.0 L2495E+) T
222.0 W 2394E+07
227.0 c 2296E+UT
232.0° L2201 EHOT
V23700 2 2309E+07
242,00 . . 2U10E+0T -
247 .0 LI V32EH)T
252.0 « 134 8E+07
257.0 LATOTE+UT &,
262 .0 . 1 688E+O7 : '
267.0 L I813E+07 ~
2120 194 0E+07 o
2.07.0 « 136 YEH}T
282.0 < 1 302E+07
287.0 < 1337E+07
L 292.0 N 2T6E+OT
- 297.0 N2 TE+OT
L {0 )= § PN 1 No 19 1=F 19
307.0 LATOTEHT
3i2.0 OB BE+OT
317.0 L1 QUBE+QT
"322.0 T @628EH)6 >
327.0 « 9204E+0)6
L. o.332.0 . AR TE+UA
337.0 .B43VEH)O
342.0 « BO9BE+)6
347.0 . J7184E+U6 a
352.0 +T499EH)E ’
357.0 < T24 1E+06
362.0 . ... TJOLIE+UA :
367.0 LHB09EH)6
372.0 « H634E+06
377.4 H648T7E+U6
382.0 «6I68BEH)6
387.0 62T7TE+O6
392,00 621 3E+08
40 1.0 O61O6PEHIO .
421 .0 « 64T IEH+O
441 ,0 L6 T7T3E+U6 -
‘461 .0 « D6 9EH)IO
481 .0 W T360E+06




¢

APPENDIK IV

+ Computer Program for the Transition Boiling Model
s

L7



/

. ETNAX o s e U

PRUGRAM WAVE(4,99),TB
REAL TT(351,TP(35),TVG(35),THF (351 THG(35),TCPF(35),TSIGHA (35)
. REAL TMUF(35),TKF(35),TMUG(35) ,TKG(35),TVF(35),TCP3(35)
COMMONZARE A6/ TT o TP s TVG « THF 4 THG . TCPF , TSIGHA, TMUF , TKF, TMUG
L TKG IVELTCRG o S e

OO0

@

oo o

41

MM O/ AREAT 7 0P 26 v TSATAVISCG s VISCE L CPE ,CONDF VG o VE 4t P
#S1GMA CONDG. ALFAF , TAV

READ PROPERTY TABLES OF WATER

READ(S 1, 1) GFT

READ(S 1, 2)TP

HEAD(S 1, 3TVE

READ(51, 2)TVG Fow '

READLB1,4) THF THG, TCRFL,TSICHKA . : )
READ (51, 1) TMUF '
READ(S1 ,4) TKF, I'CPG 4 ITMUG,TKG

pu R I=1,35 :

THECI) =THE(D)*1000.0
TEKG(I¥=TKG(II*0,0uUl I
TMUG(I)FTMUG(I)*U.UOOUOI
TCRPF(II=TCPF (L )*x1000.0
TCPG(I)=TCPG(I )% 1000.0

THG (1 ¥y=THG(I1 ' *1(0), 0

TSIGMA (1) =TSIGMA(1)*0,00]

-

READ GEOMETRY, INLET CONDITIONS AND BUUNDARY CUNU.

e e ot e e et . ki e S e e s o e ke 8 et S =

READ{(51,5) D,<4,EL

READ(5]1,5)G1,G2, REQ, AK, ALDA, BETAD .

READ(51 5) TINI,TIN2,TIN3,TINA

READ(S1,5) TMINI , TMIN2 ,TMIN3 ;TMIN4 TMINS

READ(S1,5) STEPW,STEPL,STEPD

KREAD(51,5) TFINI,TFIN2,TFIN3
HEAD(B}.BIG.TIN.P.ROHA,CPM.CONDM.SURF

o _ALEAM=CONDM/RUHMZCEM o o e o e

IF(G.EQ.999,0)STOP

IF(SURF.EQ.1.0.AND.G.EQ.GI }TMIN=TMINI

IE(SURF.EQ.! .0.AND.TINL,EQ.TIN2)TMIN=TMIN3
IE{G.EQ.G2.AND ., TIN.ER.TIN3 1TMIN=TMINZ
IF{G.EQ.GI.AND.TIN.EQ.TIN2 YTMIN=IMINZ .
IE(SURF.FO. 1 0. AND.TIN.EQ.TIN1OTMIN=THINA T
IF(SURF.EQ.2.0)TMIN=TMINS

TWALL=TMIN }

TAV=(TWALLATIN /2.0

CALL PRPRT

CONTIGI1 =4, It *CONDG

QQ 2T al) oo e o et e e s e e



Y

N0 =0..0 _ U _

ENMIN=0.0. B
"ICONT=0 .
U=GxVF .
" REF =DxU/VFAVISCh o — —.

CONRF=CONUF*( |, u+((&EF-Hb0)/HEO)**U 8)
ALFAF =CNRF*VE/CPF

AR=D/2.0

DEE=AR*BETAQ

IF (SURF.EQ.2.0) GO TO 16 '
WRITEC] ¢598ITINGGGR o e e e

Gu Tu 13 o \
'\ © 16 AQITE(1,557) TIN,G.P . )
i3 CONTINUE ‘ g
6  ZFIN=ALMDA/4. - -
DZED=ALMDA/STEPL
GUDEE/STEPD . .« o o oo e -

D00=DIx0 10

DELTA=DD

TYa=0.0

Q2=0.0 -
Ti=0.0 .
ENERG=0e- e mm o e =

SVEL=0. - . :
CALL PCAL(TIN,TT.THE 4HLUCA) ‘
DELH=4.0*Z*0Q*AK/G/ D :
"N HLOC =HL UCA+DELH
CALL PCAL{HLOC.THF,TT,TLQ)
 JF(TLIQ.GE..TSAT)TLIO=TSAT e

[F(AK.EQ.0O.O0)TLIQ=LIN - . R
7 ZED=0). .

17 HEIT=DELTA*CCS(2.0%3.14%xZEJ/ALMDA)
[F(HEIT.LT.DEEY GO TO i8
ZED=ZED+DZED ¢ ‘
Z1=2ED e e e e m———

GU TO 17
18 CUNT INUE
: SUaQ2=0.0
SdaF=0.
SUMV=U,0
FLM=0.0

S1=0.
PI=0.
DTEM=TWALL~TLIQ ~ )
C o -
¢ ‘
 C=—-_ CALCULATE -4ASS_AND FOACE ON. WAVE. SUREACE FQu A GIVE POSITION

9 BETA=(AR=-DEE+DELTA*COS(2.0%3, l4*ZtD/ALMUA))/AH :
IF(BETA.GE.Q.995) BETA=(. 995 ~
DBDZ=-2.0%3. 14xDELTA*®SIN(2. O*J.l4*ZED/ALMDA)/AR/ALHUA
IF(DBZ.GL.0.20BDZ=A).

DELM=CCONDG | *DTEM*2.0%3, 1 4%« BETAXAR*SQHT (1 L O+ ARA*2XDBLZA%2 )
+*DZED/ (AR% (1.0~ BETALL - —_

E)



DMDOT=0ELMZ L Ho=HF L ——_

FLM=FLM+DMDOT

VUqV (2. 0%xCONDG I*DTEW* 3ETA*ARK 3. 1 4%SQRT (1. +ARXR 2% D 3DZ*k2 )% )Led
o« FELM*x (HG-HF 1% AR® (1 /3 =BETAD W/
,(3 1 A%RUGK( HG=HF )% ( | .- BETA)*(I.—BEIA*£2)*AR**3)
HEN=VZAV*DEE/VG/VI SCG

BTERM= BhTAtSDiILL.*AdttZtUJUZx*?!/(L-—B_TA\/(I = F TAkkd+

( | o= BETA®*2)%%x2/ALUG(BETA))

DNOM=(1,0=8ETA%**4) /(.1 ,O0=BETA**2)+(1,0= BETA%%x2) /ALOS( BETA)
P Z=(—=1.,0)%8,0%VZAV* VI SCG/INOW/ (AR**2)
DP—..JPDZ*DZE:D . :

S2=C0S(2 k3 L4xZEDLALMDAL .

VULE= DELTA*UZtD*(52+b|)*(AQ ~DEEI*3.14 .

SUAQ2 =SUMD2 +QELM

SUMV=SUBVYVOLE

pP2=pP1+DP

PAV=(Pi+P2)/2.0

EF=2. U*J.l4*HETA*pAV#DZBD*bQRT(—I- ou&ﬂ*D—BUéu*-a—}*AR---m -

SUMF=SUMF+EF

ZED=2ErD+DZED .

PI—PZ o
=52

IF(Zl:D GE. 'ZFIN JGL To lU

Go 10 ¢ . — e e e e
10 CONTINUE \
ZFIN=ZED Y
FIMAS=SUMVZVE ) : P
DIST=ND*COS( 2.3, 14%xZED/ALMDA) /2.0
DHORK={=1.)%SUMF*DIST
ENERG=ENEAG+DnUOKK . . e e i e SR

OVEL =SQKkT( 2. ()kDVuURK/ﬂMAS)
LT Y#M=DD/ IWEL
IF(ICONT .BQ. 1)LTYM= l)D/(VMIN-UVl:L)
T IR2=SUMO2xJITYM
© o Q2=02+DQ2
TYm=TYM+DIYM. .. . e e _

SVEL=SVEL+WEL

VAR=DELTA/DEE

IF(VAR.GT.).85) DD=DDU

DELTA=DELTA+DD

IF{ICONT.EQ.1)GO TV 12

IF(DELTA.GE. DEE) GO TO 2u. e et e e e —_

GU Tu 7 !

C-— CUNTINUE INTEGRATION GF I:NE:HGY AFTER CONTACT===-—-

oo o

12 CONTINUE
' IF(ENERG.GE.ENMIN) GO TO 30
IF(PELTALLE. DEEDTI=TYM
Gu TQ T — -

20 CONTINUE .

————— ENERGY AT THE MINIMUM HEAT FLUX POINT -——




oo

s

QMIN=Q2/TYM/ (3. 1 4% WAL MDA/4.0)

VM IN=SVEL:

ENMIN=ENERG

VZAVI=VZAV r
TYMIN=TYM

OTYM=4.0*TYM
FraIN=1.0/0TYM. ... - -

CONTINUE : - v
TWALL=TWALL-STEPW

TAV=(TWALL+TLIQ)/2.0

CALL RRPKT

[F(TWALL LE.TFIN1 .AND. SURF.EQ.2. G0 TO 40
IF(THALL .LE JTFIN2.AND ,TINJLT.TING)X GO- T -4 v oo~

IF(TWALL.LE.TFIN3) GO TO 40
ICUNT=1

Gu Tu 6

CONTINUE

T2=TYM
TCUNA=(T2¢T1)%0,5
VLYM=4;0%T2
FREQ=1./0TYM

RATIO=1 .04 0 LZEIN=Z11/ALNDA e e e eiem —

Ce==— HEAT TKANSFEK DURING LIQUID CUNTACT——=—=w———-

TE=(TWALLrTLIO)/(1.+CONRF*3QRT(ALFAM/ALFAF)/CONDM)
N=2 . (CUNRF* TEXRATI UASQRT{TCUNAZ 3. T4/ALF AF)
ON=Q*FREQ. . - .

Cmgmrm=— ——HEAT TRANSFER BEFORE CUONTACT -

U AL —

202=0N2/TYH/ (3, 14% DX ALMDAZ4.0)
70=001+002 ‘
WRITE(] Ho@)TWALL OO - oo —

GO TO 28
CONTINUE

RHITEC] ,986) VLAV
GO TC 41
FORMAT(T7E10. 2)
FORMATCTFLOGO). oo — o e s

FURMAT(T7E10. 4)
FORMAT(TF10.3)
FORMAT(8E10.3)
FORMAT(1H1 /77, 20X.“TRNSIlIUN BOILING HEAT TRANSFER FUR CuPPER

*SUKFACE", /7/,20X, "LIQUI D TEMPERATURE (C) = ",F8.2," ™ MASS FLUX{KG/
* Max2/ SlEﬂ+Elﬂ,3,ﬂm_PRESSURE_LBLRLE_“.F'“ 3

* F77,20XK " AALL TEMPERATUHE(C)“.IOX."HEAT'FLJX(N/M**2)"

*,//)

FORMATC1H1 /7, 20X, THANSITIUN BUILING HEAT TRANSFER FUR INCONEL
*SJRFACE" .77 20X "LIQUI D TEMPERATURE (C) = ",E10.3,"MASS FLUX(KG”
* #Ha*x2/ S)=", E10.3," PRESSURE (BAR)= ",EI10.3,

IS S 7 ¥ 4 &0X4"RALL_IEMEERAIhHhLCJ_*iQX¢_HEAI_ELHXLNJU**?)“




. 5h6

*o /) '

FURMAT ( 7% + 20X s "AVERAGE VAPUUR VELUCITY = ",F9.1," M/SEC")

550 FORMAT(25X ,F6.2,20X,EB.3,2X,3F6.1)

t

0CNOEGOCO0

20

30

. *SIGMALCONDG,ALFAE.JAV —_

EnvD

SUBROTINE PCAL(VARI.THT.TBD.VARD)

HIS<SUBRWTINE INTERPOLACES UR EXTRAPULATES IN TALES TO
OBTAIN TAE CORRESPONDING VALUE OF AN INDEPENDANT VARIABLE:
VARI = INDEPENDANT VARIABE '

T8l = IEEXER] TABLE
TBO --=. DERENDENT. . TASLE-.

VARD= vevees VARIAHLE

REAL TBI(35),L3D(35)
m 20.1=1740
DIF=TBI(1)-VARI

IF(DIF)Y 20,304,300 . - ¢ = o
CONTINUE . .
VKHDﬁrﬂb(I—lJ+(VARI"TBI(I—L))*(TBU(IJ-IBU(I—I))/(TB[(I)-TBI(I—I))
RETURN

ENJ : .~
SUBHOUTINE PHPRY '

AL TT(35).TP(35);IMG(3514IHhL35J.TﬂGLﬁ5L*ICEE1151*15LGMAL351_
REAL TMUF(JSJ.TKF(J5).TMUG(35).TKG(SB).TVF(J5).TCPG(35)
COMMON/AH&AO/TT.TP.TVG.THF.THG.TCPF.rSIGMA.TMUF.rKF.TMJG

1, TKG,TVr ,TCPG i
CUM“UN/AREAI/U.P.G,TSAT.VISCG.VISCF.CPF.CUNDF.VG,VF.HG.CPG}
*5S1GMA,CONDG, ALFAF, TAV
CALL PCAL(P.{P.iT,.ITSAT)

CALL PCAL(P,TP,THUG.VISCG)

CALL PCAL(P,TP,TMUF,VISCF)

CALL PCAL(P,TP,TCPF,CPF)

CALL PCAL(P,TP,TCPG,CPG)

CALL PCAL(P,TP,TKF,CONDF)

CALL PCAL(P,TP+TKG4CONDG) e -

-

CALL PCAL(P,TP,TVG,VG)

CALL PCAL(P TP,TVF,VF)

CALL PCAL(P,TP,THG,HG)

CALL PCAL(P,TP,THF,HF}

CALL PCALGP TP, TSIGMALSIGMA)

TAV=TSAT - - S U —

CALL PCAL(TAV,1T,[KG.CUNDG)
CALL PCAL(TAV,TT,T®UG, VISCG)
CALL PCAL(TAV,TT,TVG,VG) ‘
RETURN

END ‘

8L UCK3DATA _AREAS . COMMUN

GEAL TT(35),TP(35),TVG(35),THF(35),THG(35),TCPF(351,TSIGMA(35)
REAL TMUFQBSJ,TKF(35).TMUG(Bb).TKG(BS).TVF(35).TCPS(35) g
"CUMMON/AREA6/1T, P TVG ,THE ,THG . TCPF ,TSIGMA JTMUF TKF o [lJG

| ,TKG,TVF , TCPG ’ '
CO4MONZAREAZD,P,G,TSAT,VISCG,VISCF,CPF,CONDF ,VG,VF, 4G,CPG,




END

ENDS




-

-

.ol +00 Moo #00-2041) - #0030t AN AUA— 200D Y S
70,0 +00 80,0 +00 90,0 +00 100,0 +00 J10.0 +00 1200 +00 130.0 +iK
Y40 ) +00 1500 400 162.0 +00 17040 +00 180.0 +00 190.0 +00 200.0 +00
T210,00 4y 220,00 00 230.0 +10) 2400 +0U 250,00 +0U 260.0 +00 270.0 +K)
JROL0O - +00 290.0 +00 330.0 +00 310.0 +00 320.0 +00 330.0 +00 340.0 +00
H.006112  0.012271 0.023368 0048418 0.073750 0.12335 0. 19919

S 0.31161 Q.47358 _0.70109 .1 01325 1.4327 1.9854 2. 301l _

©3.6136 4.7597 6.1804 7.9202 10.027 12.553 15 .550
19.080) 23.202 27.979 33.480 39.776 46.941 55.0h52
54 .19) T4 .449 85.917 98.694 112.89 | 28.64 146,48
1.0002 0310004 —031.0018 =031.0044 =031.0079 -031.0121 =031.0171 -03
1.00228 =031.0290 —33:1.0359 =031.0435 =031.0515 =031.0603 -031.0697 =03
1.0798 -031..0906. =031 102 =031, 1144 =031.1275 =031 .1415 =031,1245 =03
1.1726 =031.1900 =031.2087 —=031.229] =031.2512 =031.2755 =031.3023 =03
1..3321 ~031,3659 =031,4036 —031.4475 -031.4992 =031.5620 —031.6320 =03
2064146 1U6.422 57.836 32.929 19.546 12.445 1.6776
5.01453 3.4083 .2.3609 1.6730 12101 0.3917] N.H6332
1. 50866 \ (}. 39257 1.30685 (). 24262 . 19385 0. 15635 012719
0.104265 0Q.0B6ULE2 L.0T71472 (0159674 050084 U U42]4Q 0, 0455099 .
0.0D0133 0.025337 0.021643 0.018316 0.00IB451  0.012987 . 0.010779
000061 41,99 83.86 125. 66 167.47 . 209.3 aﬁl.l
293.0 334.9 376.9 419.1 461.3 H03.7 b46.3
589. 1 632.2 675.5 T19.1 7163.1 807.5 352.4
87.7 - Q43,7 CO0. 3 1037.6. 08H. 8 1135.0 1185.2

--1236.8 1290.u Jd345.0 L L4u2 .t . 146241 AN 246,.0 1hea U
2501 .0 2519.0 2533.0 2556 .0 2574.0 2592.0° 2609.0
2626.0 2643.0 2660 .0 2676.0 2691.0 2796.0 , 2720.0
27340 2747 .0 2758.0 2769.0 27718.0 2786.0 2793 .U
2798.0 " 2802.0 2803.0 2803.0 - 2801.0 2796.0 2720.0
P78 2766.1) 2749,0 2727.0° « 2700 26661 2623 .0
4,218 T 4,194, . 4.1B2.. 4,179 4,170 4,181 4,185 _—
4,191 4,198 14,207 - 4,218 4,230 4,244 4,262
4,282 4,306 4,334 4,366 4,403 4,446 41.494
4.550 2 4,613 4,685 4,769 - 4,865 4,985 5.134

‘5,307, 5.520 5.794 6.143 6.604 7.241 B8.225
75 .60 74,24 72.78 71.23 69.61 67.93 56,19
ba.40 . 62.87 ... 6069 58.78 56,83 L4 .85 52.83
SU.79 48,70 46,59 44 .4 42 .26 40 .05 37.81
35,53 33.258 30.90 28.56 26.19 23.82 21,44
19..07 16.71 14.39 12..11 9.89 7.75 5.71
1786.0 =061304.0 -061002.0 -067983.3 -06653.9 -06547.8 -0646T7.3 =06
404,83 =06355.4 =06315.6 =-06283.1 -=-06254,8 =06231.0 =08210.9 =06
194, 1 ~06179.,8___ 06167, T._=06157.4___—-Q6148.5 =06140.7 =06133.9 -06 .
127.9 =06122.4 =06117.9 =06112.9 =06108.7 =06104.8 =-20101.1 =46
U975 =06U94.1 =06090.7 -=ubUBT.2 =06U83.5 =U60UT9.5 =U6UT5.4 =uUb
3.549 0.587 0.603 0.618 .631 0.643 0.653
0. 562 .670 0.676 ().581 0.684 (}.687 0.688
0. 668 0.687 0.684 0.581 U.677 0.671 0.564

. 0.657 _0.648_. (1,639 0.628 N.616 0.603 1.589
0.574 0.558 . 0.54] ().523 .503" 0,482 ). 460
| .863 1 .870 | « BRO) 1 .B9() | « 200 |.912 1.924
1.946 1.970 1.999 2.034 2.076 2.125 2.180

© 2,245 2.320 2.406 2.504 . 2.615 3.2. 741 2.983
3.043 3.223 3.426 3.656 3.918 4,221 4.4975
4,996 . BR.509.. bHl48. . 6.968 o, 080 Q. 880 11L.87




-

O8.105
10.89
15.57
16.07
8. %A
17.6
22.4
28.9
36.4
60,9
12.7
20.3
Q.7
23.0
2al)
2e4
20.3
200. 3
13.0
0.1
13.6
15.6
QY .Y

CO0BLH04 - B O3 QL 306

~-03
+0) |
+U1
+01
+030)

()2
401

+031
+0U1
+() }
+0)
+{)1
+()1

fole v /U WS ¥ 4 NIE ¥ & NS § 4 N5 R
11.29 11.67. 12.06 12.4% 12.83 13.20
"13.94 14.30 14,66 15,02 15.37 15.72
16,42 16.78 17.14 17.51 17.90 18.31
-19.21 19,73 20 .30 20.95 21.70 22.70
18,2 8.8 19.5 200.2 20.9 2.6 -
2302 e 24,0 .0 24.9 5 25 8 26,7 27 .8
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