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© Subcooled and Tow quality film boiling is uéuélTy'eﬁcountered
in safety ana&yses of nuc]ear reactors. - In most ef tee previoes
subcoo]ed film boiling stud1es cryogenic fluids were used either in a
stagnant poo1 or a forced convectlve set-up. These data cannot be
applied to reactor safety analysis without excessive conservatism or
‘e;epticism. _ \

In this study, a unique method is used te:esyablieh flow film
boiling of water in a vertical tube at afmospheric pressure. The data
cover a mass flux range of 50-500 kg.m'z.s'l and an inlet subcooling )
range of 5- 70%. It is found that the heat transfer coefficient depends
on the mass flux, inlet subcooling and the axial d1stance from the :ﬁﬁ
point where f11m bo111ng first starts.

A phystca1 modeL is developed ;o predict the wall femperature
of'a tube ‘during invertedlannular film boi?ing It considers the thermal'
boundary layers in the subcooled Tiquid core.and in the superheated vapour

fi]m. The pred1cted wall temperatures and void fractions comg;re well

, with the measurements. ,
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 NOTE: The less frequently referenced symgg}s are defined when they

. % ' appear in the text

-
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d Tube diameter
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1.0 INTRODUCTION . | |
Durl?g the ormal’ operation of water-cooled reactors, thé fuel

sheéth temp e is maintained at near saturation temperature. How-
ever, duringfé-postu1ated‘loss-of-coolant—accident (LOCA), the fuel
claquyng may experience a raB1d increase in temperature as a result of
a change in heat transf‘i mode from nucleate boiling to the Iess effi-
"cient film boiling. The subsequent injection of emergency core coo]ant.
will result in a return to moderate éheath temperatures_'By'changing
the heat transfer mode from film boiTing,via transition boiling back to
nucleate boiling and forced convection. It is during this phase that"
film boii{ng in an inverted annuTar.%wa regime is most likely to be

encountered.

In most of the previous subcooled film boiling studies, cryo-

[N

genic fluids were used (see revipw reports by Groerbveld & Gdrdiner
(1977) and Fung (1978)). One of the reasons why water has no; been
used more frequently in the 1nv§stigations is the high heater wall
temperature required to maintain film boiling at low qualities in.
water. |

Previously deriQed corrélations are based on data obééined in

cryogenic fluids and therefore lack the necessaryldata base to

substanti

e their applicability to water reactor safety analysis. At
présent, ong of the correlations recommended to be used in this region
is that by Msu (1977}, which is a modified Bromley equation for poo1

3
film boi 1ng.-
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In this 1nvest1gat15§ a un1que technique (1§’ used to estab]ish

‘ steady-state Film boiling for water during\ig;ped convection ins1de a

directly heated tube. It permits the measurement of film bo1]1ng-at

Tow qualities in which the flow pattern is inverted annular. This has

not been possible in the previously reported film boiling studies using

a directly heated channel. L a . '

~



‘© 11.0 TWO-PHASE FLOH AND HEAT TRANSFER

CILLY Bo111ng Curve in Poo] Bo111ng Systems

-

* When a heated surface is maintained at a'tempefature above the

saturation temperature of the liquid close to it, a change in phasé

from liquid to vapour may occur. If we plot the heat flux and the cor- -

responding surface temperatgre (or more frequently the wall superheat,
Ty-Ts), we obtain what is referred to as the boiling curve. A
typical beiling curve in a pool boiling system 1s shown in F1g 1.

If the surface is heat flux codtro]]ed e.g. by re51stance
heating, the 5b111ng curve follows a path similar to ABCDF G on in-
creasing heat flux and G F E C B A"on decreastng heat flux. .Init1a11y,
up to point B, heat transfér is by forced convection. At poiﬁt B, the

.surface attains the minimum superheat for ﬁuc]eatioq, and vapour bub-
bles are formed on the surface. The region from B £o D is called
nucleate boiling. One of the main characteristics of this mode of
boiling which distinguishés_it from the.others is thé continuous
contact between the liquid and the heated surface.

At point D,'the maximum 1imit of nucleate boiling is reached. _
The'heﬁt Flux at this point is called critical heat é]UX (CHF). Vvar-
ious other names, such as dryout, burnout, first boiling crisis and
departure from nucleate boiling (DNB) are also used. .

If the heat flux is increased beyond the CHF, the curve will
follow path DF. The transient is usually very fast so that no stable

operation can be mgintaineq along DF. Point F Ties on the film boiling

L
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region of.the boi]iﬁg curve. :
At heat flux above F, the f11ﬁ<3671:ng curve fol1ows path FG.
On decreasing the heat flux, the curve trace® outrﬂPE instead of
returning to D. This hysteresis is typical of poql fi]m boiling. It
is due to the fact that once a_vapour film is established, it doés not
collapse suddenly but instead decreases in thickness as the heat flux
is Towered. "
The minimum'wallltemperature réquired fo-maintain stable film
boi]i;g is called the Leidenfrost temperature. It corresponds to
~ point E in Fig. 1. Qn further reduction in heat flux, the surface
~ temperature will ré}id]y drop to that corresponding to point C, which

~ is im\the nucieate bgiling region.

he above discussion applies to a heat flux controlled system.

mperature controlled system, such as one in which heat ﬁs
supplied by a condensiné vapour, the continuous curve shown in Fig. 1.
is obtained. The region DE, which is not attainable in a heat flux
ed system, is called transition or partial film boiling. In

this boiling mode, liquid-surface contact is intermittent.

L 4

-

I1.2 Forced Convection Boiling

I1.2.1  Flow Regimes ;o
. Forced convection boiling is comonly investigated in electri-
' cally heated channels. The mass quality increases along the heated

channel, with corresponding changes in the flow regime. Fig. 2 shows

9
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'two possible- configurations of the f1ow structures-inside a heated
channel. Fig. 2(a) is most commonly é%countered under low heat flux
conditions wh1]e F1g. 2(b) is typical of high heat f1ux cond1t10ns.

The flow reg1mqgand heat transfer modes a1ong the channel

length can be divided 1nto the follow1ng reg1ons

(a) Single-phase forced convection
(bj Bubbly £1ow ' ‘
o Here the)heated su;face attains the'minimuq superheat for
nucleati®®h. BubbTes are formed and remain in the wall region, since
the bulk of the Tiquid is still subcooled. |

Further downstream, the liquid becomes.éﬁturated. In this
fully developed bubb]y flow bubbles exist in the core region and

]

coalesce to fitm Targer bubbles.

(¢) ‘Slug flow or froth flow L
»l f hdd -

3 Here nucleate boiling is still the dominating mode of heat
transfer. However, the vapour volume igacomparabte to the.liquid

volume. At Tow mass flux, the flow.is intermittent, with vapour plugs
A

: =,
foliowed by Tiquid plugs.c At high velocity, the f?ﬁw*ééructuye.tends

£
to be the more homogeneously mixed froth flow. 4

- {d) Annular flow

The vapour now occupies the central part of the—channel, hith_
Tiquid droplets entrained in it. A liquid film exists around the

heated surface. 0ften, nuclgatioh is suppressed and heat transfer is
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by forced convection ;E;oss the Tiquid film and then by evépora@ion_at

the vapour-liquid interface. $ o - F

(e) Sggpersed flow

1

This is the post-CHF;region;' Heat transfer is by forced
“convection to vapour, evaporation at the droplet surface and droplet- °

! thermal boundary fﬁyer interaction. 5 e . E;:j% -

R P -

i (fj_ Inverted annular flow

Fig. 2(b) represents the situation. in which the heat flux is:
sufficiently high that boiling crisis is encbuntéred by bubble clouding
) P
or subcooled dryout (Tong (1972)). Here the post-CHF flow regime is.~

“inverted énnu1ar! with a vapbur'fiﬂm separating the 1iquid«core and the

——

heated surface. It is usually encountered at-void fraction below 30%. - N
' L s ’ \ !

The transition between this flow regime and the previously discussed -

-annular flow can be represented schematically by a flow regimg'map, as

shown in Fig. 3.

11.2.2 Forced Convection Boiling Curves

A typical boiling curve for forced.f]oﬁ inside a directly

P

'heated tuﬁe is shown schematically in Fid. 4. The same curve will be-

traced out on increasing or decreasing heat flux.‘ This is‘dffferent
from the hysteresis behaviour in the fifm boiling region in the case. of
pool boiling. The reason why the heat flux -does not fall below the CHF~
. . ‘

along the film boiling section of the boiling curve is that a rewetting

front propagates é]ong the channel as the heat flux is reduced. - .
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However, if the system is temperature controlled, the film boil-
ing heat flux can fall below the CHF, .as in the case of pool boiling.
A heater with a high therma]'capa;ity, such as a nuclear fﬁel Bundle,
will resemble a témpefature controlled system. In most of the previous
film boiling studies in direcp]f heated chanﬁe1s, this part of the film
boiling curve could not be measured: In this study, a unique technique
is Jged to enable the measurement of this portion of film boiling in a
directly heated tube. Instead of approaching film boi]ing from CHF .
(which wi]llresu1t in excessive wall temperature), it is established by -
using a hot patch to stop the propagation of a rewetting fron;. ‘
=, It must be mentioned tﬁat a temﬁerature controlled system is
ﬁot generally used bécause of its relatively high cost and technical
difficulties. With water as the test fluid, the choice of fhé second-
afy heating liquid is very limited. Only liquid metal will pbsseés the .

high heat transfer coefficient required %n sych applications. ~

tors,ron the mass flux and the quality. Cong%der a boiling curve

- plotted with quality as a parameter. In Fig. 5, a set of curves of
different quality in the film boiling region is shown. The film boil-
iﬁg curve has also been extended to below tﬁe CHF, since this is the

regiaﬁ‘considered in this study. -
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Consider a point near the beginngng of'the'heaged length where-
inverted annular film boiling has been established. This point is
shown as point C on Fig. 5; The wall temperature has been observed to
incredse 1n1t1a]1y and then decrease towards the downstream end: i
Fig. 6 shows an axiad-t@mperature variation taken from the report of
Dougall and Rohsenow (1963).7'The same form of temperature distribution
has been observed in the presen? study.

Therefore, poiﬁt D in‘Fig. 5 will 1ie to the right of point C
and point E to the Teft of point D. At higher heat fluxes, all points
will be shifted upwards to ¢', D' and E'. The dotted lines such as CC'
will. therefore represent a segment of the boiling curve for a fixed
. point”8n the heated channel.

Since point E is downstream of point D, the quality is higher at
E. Therefore, the constant quaiity Tine through 'E represents a higher
quality than that through D. 1In addition, since the témperature at E
is lower than that at D at the same heat flux, the heat transfer coef-
ficient is also higher at E. This'improvement.in heat transfer is
due to the increase in Qapour ve]ocity in the di;pérsed flow regime;

The effect of qua11ty on the boiling curve has been: studied by
Groeneveld and Fung (1975) The par§mitjr trend is shown schemat1ca11y
in Fig. 7. The 11nes corresponding to low quality and subcoo]ed‘¥TJm
boiling, where 1nverted annular flow prevails, have been included. in

this figqure. Note the opposite trend of quality in the two different
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flow regimes. The chanéeover point would be a suitable ciiterion for

demarcation of Tnvertéd annular. and dispersed flow.-Oﬁvtgus1y, the

quality at this changeover point will depend on the mass flux.
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IIT.0 LITERATURE REVIEW
III.1 General

Post-CHF heat transfer has been the subject of sgxsral review,
reports (Collier (1975), Groeneveld & qu&iner (1977}, Fung (1978) and -
Mayinger & Langner (1978)). In the present study, we are primarily
.concerned with convective film boiling of water in Tow quality and sub-
cooled conditions. Thefefore, pool boiling studies will only. be men-
tioned brief}y if they are bertinent.

The experimental condftfons covered by £he avai]ébie f%ﬂm boil-
ing data have been examined by Groeneveld & Gardiner (1977) and the.
result is shown schematically in Fig. 8. Most of the previous {nvesti-
' gations have concentrated on the high pressure, high mass flux and high
quality conditions, which are relevant to boiler tube design. The
areas marked "Data available but questionable" are relevant to water
reactor accident conditions and interest in it ha$ been enhanced in the
tast" ten years. The present study 1§ part of an integral re;earch
program aimed at a better understanding of the'bost-CHF heat transfer

under reactor accident conditions.

I11.2 Review of Experimental Studies

I11.2.1 Experimental Work

s mentigned e r1§er, most.qf the previous studies of low
quality film boiling }ve been carried out with cryogenics and

refrigerants, mainly because of the relatively low wall temperatures

*
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" required. Recently, because of the interest in LOCA heat transfer,
some of these studies Eave also been carried out\%L water. Table 1,
taken from Qroeneve]d & Gardiner (1977),. summarizes the studies
reported in the literature. ‘ ‘

The last four entries 1% TabTe 1 represent a new approach to
obta1n1ng post-CHF heat transfer data in the past five years. It was
mentioned earlier that the post-CHF region below the CHF 1s unattain-
able for water in a directly heated th1n-wa11 tube due to the pp paga-
tion of the rewett1ng front. To c1rcumvent this, these authors 'ed
thick copper cylineers in which the f1ow was passed through a central
bore. Heat was either supplied by cartridge heaters embedded in the
copper block (Fung, Cheng & Ng, Smith) or by wound-on heaters
~ (Newbold). Due to the high thermal conductivity and thermal capacity
of the copper cylinder, this type of test section approaches the situa-
tion of a temperature controlled system. ' '

The experiments of‘Fung and Cheng & Ng were primarily eesigned
‘to obtain transition boiling data. The limitation of this type of test -
section in obta1n1ng‘?ﬁlm boiling data is the melting point of copper.
Practically, it is Timited to below 750°C. Therefore, the obtainabie
temperature range in film boiling is relatively narrow, The

N -
experiments of Newbold covered the tegperature range below 7002C.
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~The extension to this gechnjque is to ihcorporate the copper
block in a tube. Smith (1976) adopted this method to obtain data in
the inverted annulaf and dispersed flow fi]m‘boiling regimes, but he
was unable to maintain film boi]ihg in his test section using a single
block. Instead, he had several copper blo&ks clamped to the tube.
Each 3f the blocks is indepenéﬁg&]y heated by cartridge heaters and
acted as heat source of the tube. Most’of the data were obtained in

the dispersed flow regime.

-,

< L_QX\\\
I11.2.2 'Parametric Trends Observed I

The overall film boiling heat flux is affected by the mass
flux, sygtem pressure, liquid subcooling and some other secondary
factors. The parametric trends observed in éxperimental studies are

discussed below:

(é) Effect of mass flux

Bromley (1953) studied film boiling of liquid in upward flow |

over horizontal tubes. He observed that an increase in mass flux
increased the heat transfer coefficient, Kalinin (1969) observed‘
a sfmi1ar trend in cryogenics. On the othef hand, Dougall &

Rohsenow (1963), Ellion (1954) and Rénkin {(1961) found no signifi-

cant effect of mass flux on the film boiling heat transfer coeffi-

cient measured in vertical channels. It is possible that, beyond a

certain mass flux, the vapour velocity js more dependent on the

. A
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vapour content of the flow than on the velocity of the flow prior
| to vapour generat1on.

At low flow, situations are similar to pool boiling and buoy-
ancy force becomes important. For upward flow over horizontal
tubes, Bromley (1953) used the Froude number as a criterion for
transition between free and convective ffTﬁjboiling. The
criterion is as follows:

U/gD < 1.0 free convection

. U/QD > 2.0 fprced-convectipn - ~
No similar criterion has bgén pr0posed_for flow inside tube.i

Newbold et al. (1915) stu;igd the effect of flow direction on
film boiling in internal flow in a short test section using a
transient. quenching fechnique. They found that the heat
f]ux increased with 1ncrea51ng mass velocity," although for upflow -
the increase is smal] above 400 kg/mzs. The h1gher rate of in-
crease near the low flow region is probably due to ;the relatively -
higher increase of fhe 1nert1§] force over the buoyancy force.

For conditions of"higher inlet subcooling.and pressure, they _
obsérved no signfficant difference between upflow and downflow.
However, with Tow subcooling the heat transfer in doWnnard flow is

- significantly lower than for upward flow. ‘They attributed this to’
thé buoyancy force actjng-in the opposite direction to the inter-
facial shear, thus increasing‘tne'vapour film thinknegs and

reducing the rate of heat transfer.



(b) Effect of subcooling o . ,
‘ The effect of subceoling on the film beiling heat‘tréﬁsfer
cceff1cient has been investigated experimentally and ana]yt1ca11y._
Increased heat transfer with 1ncreas1ng subcooling was observed in -
the pool boilingvexper1ments_of Tach1bana_& Fukui (1960) ggg,He1n
(1975), in quenchjpg experiments with spheres by Farahat (1977)
and Opir (1978), and in transient.cooling qé shortvcyijndEical
blocks under internal forced flow conditions by Fung (1976), Cheng
(1976) and Lauer & Hufschmidt (1976). Under steady-state- condi-
tions, inverted annular film boiling has only)been obéerve& in
tryogen1cs and refrigerants. Kalinin's data (1969) for downward
flow of nitrogen in a vertical tube and Bromley s data (1953) for
vertical cross- flow over a horizontal tube showed enhancement of
heat transfer with increased subcooling. ' ' ‘
:L‘"ﬁtg eoret1ca1 analyses of forced convective film boiling on
flat ‘Surfaces were carried out by Cess & Sparrow (1961) and _
, Sparrow & Cess: (1962), using a laminar boundary layer approach. \\\_”;:,
' They found that the surface heat flux increased with subcoo]ing,

—

and the rate of-increase was higher at a lower temperature level.

(c) Effect of pressure . , . .
= ETHES i . _ 3

. o . RN
’ o No systematic‘éxperiménta] studies-on the effect of pressure
: have been carried out. Qua11tat1ve1y, pressure affects the film

boi1ing heat transfer primarily through the changes in fluid

" Y e

"’\ . . R ' ' S L,

-
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properties. In his theoretical analysis of laminar film bOj]ing,"

Ellion (1954) derived the following expression for the film

_thickness

. k u- .
8t =12 = AT Z
. fg Py Py

The conductivity and viscosity increase with. pressure, where-

as thé Tatent heat and liquid density decrease with pressure.

TOQeEher, they tend to increase the film thickness. However, the

f

most significant cﬁange is in the vapoﬁr density. For example,-;
for ATg = 5000C and Z = 0.1 m, the calculated film thickness at
0.1 MPa and 10 MPa are 1.6 and 0.42 nm respectively. A thinner
film will have & stabilizing effect on film boiling, sincé the
g onset of turbulence will be delayed. ‘
witﬁ 2 thinner vapour fiT'; the heat transfer coefficient
will be increased. Therefore? at th’ same wall supefheat, the
total heat_flux will be higher at. hifher bressure. |

“

(d) Effect of surface property

t

In film boiling there is no direct 1iqufd-surface contacE;”’

77"\ Therefore surface roughness and oxide layers are unlikely tb have .

an effect on film boiling if the roughness height is less thanb\\

the laminar sublayer thickness. If the roughness peaks penetrate

Ry

v

i} .
.
e e e = et o) e ooe A rnemenr . ‘EC“ s

e et
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~

through the sublayer the film boiling heat transfer coefficient”
will be increased due to the existence af eddies near the
asperities.

-

IIT.3 Breakup of Liquid Core in Inverted Annular Flow

In experiments cdrried out inside heated tubes, the mass quality

increases along tHe flow direcfion. Therefore, starting from an -
.1nverted annulac flow near the inlet, the liquid core will Break up as
quality increases Until eventually a dispersed flow is formed. Tong
(1965) considers fthe inverted anfular flow as a 1iquid jef'discharg1ng
into 5 moving vapbur stream. The stability criterion under such Eondi-

tions is - .

~

where m is the wave numbeﬁ. Rankin '(1965) included in his analysis a
vapour thrust foree which exerted on the vapour-liquid interface during

dry wall collision and derived the following stability criterion

om 2k’ aT? o 2
ot 3 1+ —-—mtv > (Uv - Uc)
ALe mp,p, he t P, -

c v fg v v




- 95 .
where AT = Tw - TSat 3
Cp AT 2
h: = h 1+0.4
fg fg hfg
f Cp AT Z
t, = 7T g = vapour film thickness
3Pr hfg

¢

f = friction factor ’ . . .

Z = distance from dryout location

Both stability crite ié depend on the wave number m, which is
- unknown.

The bqé;EZL of the liquid core will re§ﬁ1t in ‘a slug flow ini-
tially. This

Will increase the vapour-Tiqg;d interfacial area and
therefore will increase the local heat transfer. Such a situation may
lead to-tewetting,of the surface. If no rewetting takes place, the
flow will gradually change to a disperséd flow. If there is a rewet-
‘ting f?oht, the heated surface will grédual]y be gquenched.

Dougall & Rohsenow (1963) uSéq a different correlation for the
heat transfer coefficient in dispersed flow and in inverted annular
flow. They suggested that as the vapour £i1m thickened due to increase
in quality, the heat transfer coefficient, and hence the Nusselt

" number, decreased accordingly. The minimum Nusselt number then -
-“

Ll Mu;&u#;kﬁm\w-
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corresponds to the transition between inverted annuTar and dispersed
flow. Smith (1976) used the same criterion to éompare his data.
Various authors use the void fraction as a criterion for transi-

tion from inverted annular flow to disperéed flow. For example, Hughes

. ‘ > .
(1976) uses 0.2 and Kaufman (1976) uses 0.4 as the critical void frag- A
tion. This type of criterion is convenient to use but does not des- T

- eribe the mechanism of. the transftion. In additipn, other éffects,
such as mass ffuk and pressure, also influence the transitidn. This is

evident from thg various flow regime maps.suégested (see Collier

(1972)).

t

[II.4 Review of Theoretical Analyses

Several theoretical analyses relevant to the present investiga-
tion are discussed in this section. .In all analyses, the pyrpose is to
predict_the Qa11 heat flux, or the temperature, depending on which
boundary*conditiort is known. The most commonly ;dopted strategy is to
solve éhe boundary layer equation for_the vapour and/or the liquid.
Most of the uncertainties lie in the interface and many assumptions are

made for the interfacial shear stress and heat transfer.

ITI.4.1 Ellion (1953)
In his- analysis, Ellion makes therfollowing assumpiions
e
(1) the liquid is at the saturation temperature;

(i1) the interfacial velocity is virtually zero;

e e e ——— —————_ 2T,
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(ii1)- all the heat leaving the tube +s used to Qaporize the ‘Tiquid.
This assumption also implies that there is no superheat in
the vapour and that the fate of vapour generation %s constant

" along the tube; '
(iv) the total pressure gradient is equal to the hydrostatic
| pressure gradient.

. By assumptions (i) and (ii4) the interaction betwgen the
liquid and the vapour is known and consequently no analysis of the
fiquidlcore is required. |

For thé vapour film, E1116n makes the fol]owiﬁg assumptions

(v) the vapour film flow is ]amfngr, and

(vi) . - the vapour properties are independent of temperagﬁre.
With some additional assumptions which are common to boundary
layer analys1s, the momentum equation for the vapour film is reduced to
dzu
o T
subject to the’boundary conditions of
=0aty=8andy =0 .
Once the velocity distribution across the fi]ﬁ is known, the
total vapour flow can be obtained by'integrating across the vapour
film. By assumption (i§\3\\the vapour flow at any location can a]so be
calculated from. the power. These tho equations for the vapour flow can

be ‘soTved to give the vapour film thickness. The film boiling heat
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4

transfer coefficient is then cé]culated by assuming pure conduction

across the vapour film and is found to be

- ;‘

_ . 3
' hpg = [’fg Py Py Ky ]
12 8T, Zn

-

It is noted that hpg does not contain any subcooling nor

mass flux effect. . This is the result of assumptions (i) and (i1).

¢

IIT.4.2 Rankin (1961)
Rankin considers the separate cases of laminar and turbulent
vapour film flow. The analysis of the laminar fiim is similar to that

4
of E11jon, except that the interfacial velocity and the pressure gradi-

i
'

ent (which is assumed constant) are unspecified-and appeared as param- 85#{// .

b
eters in the solution.

. For the turbulent film, Rankin assumes that the Jnterfacial
velocity is zero. fhe vapour flow is théh considered to be equivalent
to that between two paralleP stationary p?ates. The‘inferfacial shear
stress is taken to be the same as the wall shear stress. By neglecting

the momentum change of the gas, a force balance gives

Buoyancy force = frictional force

2
or - 89(py =py) = 2 x &fp Uy, .

L
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By neglecting the body force of the vapour the film thickness

is expressed as

3 = f — X ‘ ’ 4.2.1

The momentum and heat transfer at the wall are related by the

Colburn 'j' factor as follows: !

f %

i'='§

a Pr
Cp, o, U,

)

By assuming that all the heat'goes into vapour generation,

-

- “the change in vapour flow can be related to the vapour generation at

the interface as follows:

¢
p,, d(U,8) = |+ |dZ
v v (h%g )
)
h.AT
*ThL 4
fg
GAT fU
SLod(Us) = W Y4z



R

Substituting & from Eq. 4.2.1 the following equation is

obtained

2y de'= Cp g ATw pg'/_ -
v dZ £
Zh%g Py Pr

Direct integration gives the vapour velocity. The final

expression for the heaf transfer coefficient is

. h f g Cp3 ATw Py Py %
223 | hig

4

TI1.4.3  Dougall & Rohsenow (1963)
In this analysis the liquid core is assumed to be'at'satura-
tion. Rather than éblving the boundarﬁ layer equation for the vapour
f‘\\\\\‘<film, it is assumed that the universal tﬁrbulent.velogity-distribution
“xholds from the wall to the point of maximum velocity in the film, and
its mirror image for the o;her.ha1f of the-film. Close to the inter-
) face, they consider the following posstp%é'situations
(i) " the turbulent layer exists up to the interface,
(11) a buffer zone exists next to the interface, and .

(i11)  both the laminar sublayer and the buffer layer exist.
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The total shear stress and heat flux are then assumed to be

given by

—_ b -
Py \(vv Yl @y C e 4230
\
¢, "
4 dT _ ,
and b Cp - (av + EH) dy . 4.3.2
v Ty .
3
It is further assumed that the Reynolds analogy is valid,
i;e., €mn €4+ The eddy diffus}yity is then calculated from
Eq. 4.3.1 by using the.universal velocity profile. For the case of ' .

‘constant heat flux, Eq. 4.3.2 is integraféd:to yield the»temperature. A

typical comparison between the theory and their data is shown in Fig. 6 (p. 14).
II1.4.4  Kalinin et al. (1977) |
This is a one-dimensional flow model of subcooled film
boiling. q;; liquid is assumed to move in the form of a turbulent jet,
which is separated from the pipe wall by a turbulent film. Both vapour
and liquid are éssumed to move at the same velocity. In addition, the
heat transfer from the wall to the vapour and from the vapour into the_

»

Tiquid are assumed to follow the equations:

b

Nuy = A Rel) ... 4.4.1

1

Nug =B Re}) | . 0.8.2



e e e e s e em ., - - e ——— ettt T A, R
.
- 32 -

. Since the.velociiy distribution has been Essumed uniform, the
momentum equation is not required in the analysis. Then, by comﬁining
the continuity and energy equations; a dlfferential equat1on for the
d1mens1on1ess vapour film thickness b = -17 is obtained and is shown -

below

db o ‘
W - bp(b) = E W, (b) = e 443

| H s a function of Nuy, and the axial wall températupe J
‘'distribution. E is a function of Nu, and Nug. Qualitatively, H
contains the pridr history of the flow and E is proportional to the
fraction of heat that goes into the 11qu1d.

The solution of Eq. 4.4.3 requires that A and B 1n Eqs. 4.4.1
and 4.4.2 be specified. Once b haslbeen found, the heat flux is
obtained-from Eq. 4.4.1. -

‘ The most questionable as;umption is that of the equal and
uniform velocity in.both liquid core and vapour film. The usual
assumption in a one-dimensional two-phase separated fiow analysis is to
assume a different velocity for eachlphase. The assumption of equal .
(;f]OCIty in the two phases seems more reaT1st1c in dispersed flow than

in 1né:zted annular flow.
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11.4.5 Barnes (1973) - | - s

this aéalie1s, similarity transformat1on is applted to the
governing equations. Analogous to laminar flow, a sim11ar1ty var-
fable n, a stream funct1on ¥ and a dimensionless energy function ¢ are
defined. Since the analysis is app]icab]e to turbulent flow, n and ¥
are functions of the eddy diffusivity. The latter is.assumed to follow
an exponent1a1 relat1onsh1p wtsh n, as well as be1ng dependent on the

i

fluid velocity. The general form is
€ = €.l - exp{-bn}): + v(exp(-bn))

where ém is the free stream eddy diffusivity and b is a shape factor.
) e momentum and energy‘equatioﬁ are'then'reduced to a set of

1taneous ordinary differential equations of the transformed veloc-

- ity and temperature. For the solut1on, the entire f1u1d domain is

divided into three regions, namely the vapour f11m,'the mjxture layer

and the subcooled 1iquid. Numerical method {is used to so]ye the

"coup1ed ordinary differential equations, using experimental)y measured

fwal] temperatures to eva]uate\;he Vapour and’ liquid Fhermophysica]

. properties. | |

IIL:4.6 ".General Comments

Most of the analyses assume that the liquid is at saturation.

This enables the vapour generation rate tg be caitﬁlated. By furthe&_

-



=

-

[P

assuming the velocity at the vapour-liquid interface, the liquid layer
or core is decoupled ' from the vapour film. This seem€ to be an over-

simplification compared with the case of subcooled film boiling where

‘significant thermal non-equilibrium exists.

In most of the analyses (except Barnes'), the vapour-1iquid
interface has been_essumed to pe’smooth. ‘In the actual situation, it
has been observed (Dougall & Rohsenew) to be'wavy. The quantitative

effect .0F waves on the interfacial shear and evaporation rate is not

" amenable to theoretica] analysis at the present time, since the predic- -

tion of the same quantities 4n the case of a smooth interface still
depends on some correlation parameters based on experimental gata.
Assumptions must therefore'be mede concerning the momentum and energy
transfer at the interface. |, ‘

In addition, in the case of a subcooIed 11qu1d core, part of
the heat transferred at the 1nterface eventually goes into heating up
the 11q id. This portion of heat transfer d1m1nishes as the 11quid
temperatlire approaches the saturat1on temperature. The situation is
quite similar to a therma]Fentry-lethh problem (Kays (1966)) in which
the heat transfer coefficient assumes a very high vglue at the
entrance, aed gradually decreases along.the 1en§th. No analysis of
film boiling has so far considered this developing thermal boundary
layer in the.lieuid core. This ﬁé\técadee in saturated flow the 1iquid

remalns at a constant temperature

-
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iI;,S Correlations for Low-Qua]it} and Subcooled Film Boiling

Most of thé cofrelitionsAare deve]opgd based on cryogenic or
refrigerant film boi]iﬁg data.” Their applicability to water has not
been éstabfished through comparison yith yater.daté. The available
corkglations have beeﬁ examined by Groenefeld & Gardiner (1977) and are

tabuTated in Table 2. Basically, they fall into three categories

I
" .

I

(1) Correlatioris based on Taminar flow of the vapdhr-fi]m.. Thgse
. cprrelations have the form

% .

3 . _

k - -

he = A v Py (pz pvhfg +h -
v~ sat - '

where A depends on the vapour-liquid interfacial velocity and L

is a characteristic 1ength.

-

(if) Ditfus-Boe]ter'type correlatigns‘ ‘
The;e correlations assume that all resistance to heat.transfer
lies in thgjvapour film. By suitably Jefintngla ngno]ds number
the cofrelations have the form )

" Nu =% ReD Prd F | R
~where F is incorporated to fit particulaf sets of data.i



-(111) PhenomenoTogical correlat1on

These are deve10ped based on physical phenomena uﬁ%h some

- empir1ca]1y correlated parameters. They are Iess cumbersome to -,

apply than mechanist{c models which require the solution of

several srmu]taneous d1fferent1a1 equatioﬁs.

Y
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is a heat'f]u§ controlled system where the heat output of an e1ectri-'J7 -

LT

~ IV.0  EXPERIMENTAL DESIGN
N v.l Background .

The most widely used system in forced éonvective boiling studies

ca]iy-heated e t is 1ndependent1y controlled. However, as men- - " -..

tioned previous]y, such a system does not permit the measurement of

flow f1lm boi]ing ‘data for subcooled water due to the advancing of the
rewetttng front. _ ) - '

The method used 1o'the present study is the so-called hot oatct '
techn{que originally used by Groene#eld (1§74) to study the effect of )

flux spikes on CHF in Freon. Fig. 9, taken from the original report by

"-Groeneveld, shows schematically the f]ow structure downstream of the

hot patch. It was, noticed that, after steady film o;?ﬁing was estab- ,
lished at the hot patch and the test section power increased graduaT]y,
the drypatch propagated downstream 1nto the heated tube. This method
was subsequently used in a water flow loop by Groeneveld'& Gardiner_
(1978) to eotablish stable fi i ling. _ i e
In the case of wa%er,'he;ifpolr film estab11shed 1ns1de the
bore of the hot patch cannot oe-oropagated downstream into the test T——
tube by raising the power. This is due to the-much higher latent heat o
of water.compared with Ereon. Therefore.'both the 'hot patch and tﬁe T

:test\thEEFave to be preheated to above the Le1denfrost-temperature

before the 1n3ect1on of water. The role of th%’hot patch is then to -

P W
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prevent the rewetting front from propagating into the tube. This

slight difference in procedure is imperative in the successful —
establishment of stable film boiling. '

IV.2 Test Section

The test section is shown sC tically in Fig. 10. Details of
the hot patch clamp are shown in Fig. 11. Tt was machined from oxygen-
fraee copper and equipped with eight cartridge .heaters. The support
ring was welded to the test tube and the copper block was then held to

)
it by three bolts prior tp braz1ng. ./”{/

The copper block was brazed to the Inconel tube in an inert
atmosphere using a high temperature silver solder (melting

/point = 780°C). Two types of test section ﬁere made: one with a

" 6:25 ¢m Iong and one with a 2.54 cm long hot patch. A total of four
test sections was used in the study. Details of the dimensions of the
test sect1pns-are presented in Table 3.-

The‘opt1mum length of the test section.was determined experimen-
tally during the initfa] trial runs. It was desirable to have the
heated length as long as poss1ble, so that the effect of 1ength on the
heat transfer could be examined. The actual length was finally deter-
m1ned by using the following criteria:

‘ .
(1) the maximum wall temperature must be below the melting point of

the tube, and

T L e et
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L
i

(1i) at least a 20% variation in total test section power between

fhe‘runs a£ maximum énd minimum {before quenching) wall
_temperature. |
.J . 5 .

The least .variation in .test éection power usually océurred at the
“Towest flow because tﬁe axial temperature variation was then the
largest. ‘ . .

Chipme1-Alumel thermocouples were spot-welded to the outside
surface pf the tube at various axial locations td-monipor the tempera-
ture during the test. Afﬁ thermoeoup]es were located on the same
vertical ptane. The locations of the thermocouples are tabulated in

Tab]e 3. The entire test'section was insulated with a high temperature
ceramic fi"ber and covered on tﬂutsi de with aluminum tape to reduce
radiative heat loss. |
.

IV.3 Flow Loop

The experiments were carried out in a Tow pressure water loop -
unofficially referred to as the SOUP LOOP ({Subcooled Or Unsaturated
Post-CHF): A schematic diagram of the loop is shown 19 Fig. 12. Part
of the flow through the preheater.was bypasged back to the tank in
order to obtain a‘more_stable control ove?gthe coolant temperature at - Qﬂ*”
the inlet to the test seétionﬂ The flow rate was medsur d by a.bank of

rotameters, each covering a different range. The bypass leg downstream

) | s
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of the flow meter was set to the same flow resistance as the test
section leg. During the heat-up of the test section, the flow was

directed through the bypass Teg to establish the required flow rate and

subcooling.

IV.4 Experimental Procedure

The test section formed part of the flow Toop through which
water was circulated at atmospheric pressure at the test sgétion exit.
-Initially the test section and hot patch,wére heateg separatefy, while
the desired flow condition was established in the bypass'leg. The hot
patch thermocouple and selected test sectiﬁn thermocouple signals were
displayed on an 8-chanrel chart recorder. When the hot patch tempera-
ture exceeded the minimum temperature required to naintainhfilm boiling
(usual]y in the range of 350-550°C, as determined in previous calibra-
tion tests), the test secﬁion power was increased to raise ‘the tube
. temperature rapidly to the 500-800°C range. The flow was theA diverted -
from the bypass to the test section. As soon as the first test section‘
thermocouple showed a decrease in temperature (1ndicgting that water
had arrive&'at that location), the test section power was increased to
prevent the test section from being quenched. The presence of the hot
patch at the entrance created a vapour anfulus around the circhm—
ference, which could be maintained downstream in the heated tube under

appropriate conditions.



T e e e e e — Pt e e s o .

- 45 =

When steady film boiling was estaeIished, the test section power
was increased and/or decreased in steps of epproximately 10%. After
each change, conditions were allowed to reach a steady state before the
&ata were recorded. A typical sequence of event is shown in F1g. 13.

For tests at high mass fluxes (typ1ca11y G> 300 kg*m™ - ) it
Was necessary to start with a Tower mass flux in order to prevent the
test section from being quenched when the coolant first reached it.
lThe mass flux-and the heat f1ux were then gradually increased to reach

.8
the desired flow raes.

IV.5 .Data Acquisition

The test section power and thermoceuple signals were scanned at
regular intervals (generally-set at 20 seconds) and converted to engi-
neering units by means of an on ~line computer. The hot patch power was.
.measured separately by a wattmeter and the flow by a rotameter. These
values we:e keyed into the computer through a teletype console by tﬁe
'operator. A1l information was displayed on a CRT. When conditions
" were stead},'data were recorded on magnetic tape. Further processing
of tﬁe data was carried out on a CDC Cyber 170.

For each inlet condition, data were recorded at several power
levels. The test section power was Timited so that the maximum tube
wall temperature did not exceed 1100°C. The test was terminated when'
the tuﬁeeeﬂ?fted 0 rewet as the heat_f*ux was reduced. The test

matr1x is given in Table 4.
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IV.6  Measurement of Void Fraction
A Y-defsitometer was used to measure the void.fraction for test
sections D and E. The relative positions of the radioactive source,

test section and detector are shown in Fig. 14. A schematic design of
. " ? r

" the ‘electronic circuit is shown in Fig._15. The source (50 mCi

Cesium 137) is éncased in~a—cotlimator which, together with the detect-
or, can be moved parallel to the tube axis to measure~the attenuat;sa:)
at different axial locations. ‘ - ///:

@5 The gamma beam wés collimated so that it was just slightly wider
than the tube diameter at the measurement region. This ensured a max-

imum sensitivity .and ease of a]ignment. It is desirable to have a high

counting rate in order to reduce the random error for a fixed sampling

‘time. This can be achieved by increasing the height of the collimator

Windows. For prqcﬁf&a1 reasons, the collimator windows in the present
setup were adjusted to give aﬁproximate]y a counting rate of 12,500 c/s
and a sampling time of 200 s was used. . |

The void fraction is déduced'from the attenuation of the Y-beam.
A detailed description of the calibration and error estimate is givqi

-

in Appendii‘A.



B

-

- 48 - . . : -
; .
' INCONEL TUBE
,///—-ID=IL94 .
_ OD=13-08
TO COUNTER "

COLLIMATOR[ p¢
SUPPLY

Q
m
-
m
)
-
o)
Q

N \i
VAV AYAYA

- HOT. PATCH \——EE ©
__// - :

CARTRIDGE
HEAT_ERS

éOOLANT'

FIGURE. 14 .. SCHEMATIC OF _TEST SECTION AND Y"-DENSITOI‘!IETER



¥3VIS

- 49 -

Fal

I

Pl

-WNINOLISNIA-L 40 HYWOYIQ HI0T8

A.
WIHIL
WIZATYNY
VINNVH) fep—] 332! M%«nw
319815
;

—

.
.

m_-.w_m

Addns
Y3Imod
VLA
HO1H

w

oy

=

e

[ iy

S

5

[=]

_ -
334n0S ..

Noltviay  ©




v.o - DA%A REDUCRRON
R General S i
) For each run the,teSt;sectjonjcurrent, voltaae andrthermocoup1e,
signals were recorded.- The test sECtion powerjwas then'calcuTated
based on the current and: resistance of the test section. This was used:

to calculate the 1ocal heat flux and heat transfer coefficient (based

?

on wall superheat), taking 1nto account the conduction along and across

the tdbe wall and heat loss to the ' surroundings. The various
J
corrections are d1scussed 1n Append1x.B. St
V.2  Tabulation of Heat Transfer Data
The thermocoup]e signals and the test sect1on power. ?luctuated

slightly about their- mean va1ues at each steady-state condition. To

-

reduce this random error, the’ data for each run were recorded on
~magnetic tape for three times, with approximately 10 seconds between
each recording. - The total amount of raw data 15"therefore too 1arge to

“be tabulated completely. It is decided to exam1ne the data and p1ck

FELY

out only one set from each group of three record1ngs. The criterion

used is thatfthe data of the chosen set are approximate]y the mean
\__\
among the group of three. . ’ . f//Pe;_,/ '
The reason why averaging is not used is that the heat transfer

&

coefficient averaged over the three sets will not be equal ‘to the

average heat flux divided by the average wall superheat.
! .

v .

-+
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The reduced data a;e‘taBElated\Jn Appendix C and shown as

boiling curves Jin Append1x D.

V.3 Void Fraction Data Na ’ ' o

The densitometer signals were processed as explained 1n ‘
~

-~ Appendix K} The vo1d fraction data are tabulated and plotted Tn(\

-Append1x E. \

e, h J}\

-~
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VI.0  DISCUSSION OF RESULTS . }

' Thg results are shown graphically as heat.f1ux versus Qg;?“;\b/
superheat:in Appendi;.D. To this author's know]edge; these are the fﬁrgt
non-transient data on subcooled flow film boiling of water obtained over
a wide range of mass f1ux'and inlet subcooling. Furthermore, the test
conditions are comparable‘to those that are expected to exi§£ inside
reactor coré guring the initial stage of emergency core coolant injection
after a LOCA.‘ The only simi]ar data available are the few points
obtained by E11ion (1954) in a short test section (7.6 cm)® The
réf]ooding testé of the FLECHT program (Cadek, 1971) also éontain some

" information, but it is difficult to interpret the data due to the

transient conditions.

Observations from the data and the parametric.effects on the SoiTing
curve are discussed in this chapter. Test section C contains the widest
test range and will be used .as: tm’iefergnce when corgariso;ls are made

with\ other test sections.

VI.1 Dryout Location Inside the Hot Patch

. The location where film boiling starts inside the hot patch was not
measured duning_the experiment. Howevadg, sqch information is_jmportant
in the theoretical analysis. If it can be ascertained that dryout occurs
over a short diﬁtaghe compared to the length of the hot patch, then it
can bg assumed that the entire block is in film boiling.
To anaiyze‘this; the total power over a un}formly/ﬁeated.tuhe in which

CHF occrs at the end is calculated uwsing two correlations: the local

' conditions form of Ehe‘Macbeth correlation {1963) appTicébIe to Tow

&3
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pressure and short length and the Menegus (1959) correlation. The
correlations are shown in Appendix F. The results are shown as critical

heat flux versus critical quality in Fig. 186,

Another independent check can be made from the CHF data reported

\\N____,bé Fung (1976) in his transifion boiling study. The copper cylinder used

in that study was similar to the hot patch of the present experiment.
The CHF's deduced from the transient cooling curve are reproduced here in
Fig. 17.

For éomparison, the average heat flux over the Ienéth of the hot
patch during film boiling tesﬁs for test sections C and E ére shown in
Fig. 18.. It can be seen .that the average heat f1ux_af fhé hot patch is

.much‘1ower than any of the predicteg CHF's; .This means that film boiling
with a lower heat transfer coefficient exists over:;%st of the hot

patch. Dryout éctua11y occurs near the.in]et and the difference io
temperature between the wet and the dry‘éide of' the surface will cause
signifiéiﬁf’&i?gﬁ conduction aiong the‘copper'cylinder. This also
suggests that he avérége heat flux of the hot patch is always higher

than if pure film boiling occurs on the entire surface.
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For the same inlet conditions, test section E has a higher average

heat flux. This is because of the larger fraction of its length Over which

CHF occurs. The increase in the heat flux near the regionh::;iziizated

\\\igigdj) inlet condition for test section E can be rEgardédras the belaviour of

BN CHF around this region. This phenomenon has been observed 5} Fung (1976)
~in a transition boiling study and is attributed to the higher turbdlence
.due to vapour generation.
In Fig. 18 the heat fluxes at G = 50 I<g.m'2.s'1 do not follow the
L r—'_‘-ﬁ'
same trend as those at higher mass fluxes. It is conceivable that at
such Tow mass flux, the void fraction increases rapidly ovér a short
distance into the hot patch. In other words, inverted annular flow does

not exist over any appreciable Tength at suth Tow flow in the present setup.

VI.2 Effeﬁf of Hot Patch Temperature _ ' . , RT/*
Fig. 19 shows two' sets .of results at virtually identical conditions,
except for different hot patch temperatures. No significant effect on
-@e filn boiling curve was observed.g It was also observed that a change
inghot patch temperature of the order of 100%C did not s1gn1f1cant1y
change the power requ1red to keep the block temperature constant. This
is in agreement with the results of Cheng et al (Tﬁzglﬁsgg\Fung (1976),
who observed a constant film boiling heat flux in the region Gust beyond
-\\‘_,_ fhe ﬁinimum film boiling temperature. In-kgth studies, the test sections
used were very similar.to the.hot patch of thé'present fest section. The
above observations were valid for all conditions, except af the Towest
flow of 50 kgéT:5.5-1 wherg the post-CHF flow regime and the vapour
h

superheat might have changed signiﬁ{@ﬁﬁ%]y inside the hot patch.
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VI.3  Reproducibility of Results

- A total of four test sections were used-in the experiments. Each
differed in sgme aspects from the others. The exact dimensions of each

[3

test section are shown in Table 3.
In addition to the difference in dimengionsL_gbere was strﬁzfural

difference in the region of_soldering between the hot patch and the

t;be. Such differencé wés not intended purposely, but was the result of

imperfections in the soldering procesg. In particular, if the gap

between the central core of the hot patch and the outside surface of the .

tube was not completely filled with solder, then some spoté would be ‘.
rewetted more easily. In such case, a highgf‘aVergge heat flux would be
required. A éomparison bf the average hedt Flux fn the “hot patch in test
sections A and C is shown in Fig. 20.. The difference in power in the hot
patch affects the heat transfer coefficient in the film boiling section,
because the local enthalpy of the fluid will then be‘different.

A more suitable basis to cémpar the data from different test‘
section is thé wall temperature versuéﬁthennodynamic equiTibrium quality.

This is not tota11y satisfactory, because nonequilibrium exists due to

vapour superheat. Nevertheless, it is informatiye to examine such plots.

In.each of Figs. 21-24, data from test sections A-and C are compared.

The nominal inlet subcooling, flow and average heat flux are kept close
‘between the two test sections. For sensitivity cbmpariéon, two runs
using the same test section are shown for‘two_%gwér levels on each of the
graphs. | -

Fig. 21 shows data at the Jowest mass flux and inlet temperature.

The fz&}ﬂtemperature is most sensitive to changes in inlet temperatdre under

[

e
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" transfer lies-in the vapour film. The wall temperature!is therefore more

\_] : }‘

- . . ! .
- .
-65- e )
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these conditions. Fig. 22 shows very'close resemblance oF'the data from'

the two test sections. It is noted that these runs have the closest

natching coﬁditions including the power at _the hot patch Fig 23 and“

24 present some, further comparison W T
I'n drawing any conclusion fron these comparisﬂ'% it should be

reiterated,that{;he basis of comparison (1.e. Tw vs Xe) is not totally

satisfactory.

. his wil;\fe\;econsideredfaT??r the deve]opment of the
'theoretical model. The slight difference inlthe congtruction of the

test. sections make51t difficqit to compare statisticaliy the systematic

error in the measured temperature in different test sections However,

qua11tative comﬁhrisons show that. the resu]ts are quite reproducibie.

2 “ £

VI.4 Temperatu e Profile Along Film Boiling Section

r

Fig 25 aéd 26 show ‘the temperature prof11e at a fixed mass flux

: subcoolings (close to saturation), the ax¥al temperature gradient is

rather moderate -A Steeper increase is obServed for 1n1et subcoo]ing
greater than 209C. At ‘Tow in!et subcoolings, the vapour generation
rate is high. The corresponding increase in vapour. velocity wi]l tend to

Tower the temperature increase.. The heat transfer mechanism can be

)regarded as convection dominating. At high.inlet spbc olimg; . st of the

| heat ipput goes to?heating up the 1iouid'core. The vapour film gradually

thickens and increases in velocity. Most of thesresistance to heat

\

sens:tive to an increase in f11m thickness._

and a fixed inlet subcooling respectively. It can be seen that at Towg .

\
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* developed conditions

¥ taken place within 25 diameters from. the hot patch,

ST AT TOOTER TR TN R L M i, e e . wre - e - oram

It can also be observed from these figures that tt(a,.ual‘l
temperature reacheekiéhax1mum at- ]ocations qu1te far away from the power
clamp. The subsequent drop in temperature is therefore not Tikely to
be due to end effects. Most likely, it is due to the increase in vapour
velocity and quuid-vaﬁsur interfacial velocity, which together will .

improve the heat fxansfer.

VI.5 . Effect of Axial Location

' Fig. 27 shows that the axial location hae a strong effect on the
film boiling temperature. This effect may be more7read11y seen when the

heat transfer coefficient is plotted as a ‘function of axia) location.

- Fig. 28 indicates that the heat transfer coefficient decreases initiayly,

[] . N
but ]evef@ off towards the end and, under certain conditions, it may
increase. The observed axial location effect cdf be attributed to
following:

(a) Entrance effect

Analogous to a single-phase thermal-entry-Tength probTem, he heat

transfer coefficient.near the entrance is much ‘higher than’at a '

developed" downstream region, Ln addition, in the present s1tuation,

‘the creation of a vapour b]anket at the hot patch cons1derab1y d1sturbs

the flow. The resulting h1gher heat transfer coefficient at the

beginn1ng of the dry pat decays w1¢h distance downstream Fully

not be attained for our two-phase cond1t1ons
because of’the continuous vapour production, however, 1h ana]ogy with
single phase heat transfer in an\entrance region, most of the change in

heat transfer coefficient due to developing boundary layer would have

-
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(b) Change in Vapour Film Thickness T

At axial locations near the beginning of the vapour blanket the

vapour film thickness is 1east due to the higher Iocal subcooling and /
shorter film boiling length. Here heat transfer across the vapqur film
is mainly by conduction. At_downstreém locations the vapour film
thickness 1ncreases'because of increased vapqur flow rate. Ini 1e11y
this results in an 1ncreesedltherea1 resistance, thus lowering the heat

-

transfer coefficient. At locations further downstream the vapour'velocity

. also increases, especially when the bulk of the coofant reachés

]

with an increase in inlet subcoql1ng. However, at TC 8 (L

saturation. This increases the ‘convective component and the overall heat
transfer coefficient wiTJ then increase. ® |

(c) *Iﬁcrease‘in Vapour Superheat : a

' Near the end of the heate§ Tength,” high void fractions are encountered
during the low.flow or low subcoo]1ng tests. As- has been observed in K
other post-dryout studies, a s1gn1f1cant degree of vapour superheat can

be expected for thesé conditions. For such cases, the wall superheat, ?

(T, Tsatr’ is no longer a representative. temperature difference. The

~heat transfer coefficient based on th1s d1fference, instead of (Tw-TV),

will result in an artifically lower value. 'J . ' e

~

| | 2. T
VI.6 - Effect of Inlet Subcooling S

N

Fig. 29 compares data at different in]et'subcoo1ings It can be | ,/(l/

=
\
\
N

A
seen that the effect of 1n1et subcoaling is pos1t1ve for short F11

boiling lengths: the f11m bo111ng heat f]ux at JC 2 (L{D=5) 1ncre es
- -

=38), the

effect is much reduced and the trend is reversed.

it A v s e el - L
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The effect of inlet subcooling. can be understood by consfdering

- .

the Tocal subcooling or quality effect. Near the hot'patch the void
fraction is low and the flow regime i C?nug;ted annular Heat transfer '
s primarily by conduct1 n through th:>vapour film. The vapour film
th1cknesséﬂgpends strongin on the bulk coolant temperature afﬂ#ﬁgﬂce
fhe inlet subcooling, with the thinnest films occurr1ng at the highest
subcoo]fngs (Groeneve]d and Gard1ner (1977)) _
It-has already begn shown thgﬁ at locations well downstregm

from the hot patch convective heat transfer becomes more important. This

‘is especially true for 19wer inlet subcob]ings, due to the'corresponding

&

ﬁigher local void fractions. Consequently, as can be Heduc d from

',7 Fig. 29, the film boiling heat flux is higher for lower inlet subcoolings

at TC 8. ~ . ' \g;f>

VI.7 . Effect of Mass Flux

“‘\Ihg effect of mass Flux ét a fixed axial 10cat1on and inlet subcooling
is shown in Fig. 30. The f11m boiling” heat flux increases with mass flux

for all axial 1053t10ns

i Y

In 1nverted annular flow the vapour layer thins appreciably at high

< .mass ve1oc1t1es, thu§//;creas1ng the re51stance to heat transfer across

®  the film. This Epﬁsf_‘a\q{%the f11nkfay be suffic1ent to allow liquid
. ’contact with surface asperities andty explain the observed higher

_rewetting temperatures at higher mass ve1oc:7ies.
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. because at such Tow flow, the liqui

- . | ) -75-

VI.8 [Bffects of Quality on the Convection ‘Heat Transfer Component -

The total heat flux can be considered to tonsist of a radiation
and a .convection component. To examine the convection component, the
radiation component is first subtracted froﬁ the tbta1 heat flux. The
rad1at1on component i ca1cu1ated accordIng to Append1x H together with
the vo1d fract1on correlat1on of Append1x G. The tonvect1on component

is then expressed in terms ofba Nusselt number. Thus,

" rgr - "’Q) De :
CON (TM kv e

The Nusse]t number thus\calculated is p10tted aga1nst the local

equilibrium qual1ty in.Figs. 31-37. It can be seen that for mass fluxes
above 100 kg.m 2 -1 NUCON decreases initially with incfeasing.Xe. It
passes through a minimuﬁ before increasing again. To the left of the
minimum, the flow regime is primarily inverted annular and a significant
fraction of the heat transferred from the wall is needed to heat ub the
sabcooled liquid core. To the right‘of the minimum, the flow regime is
dispersed liquid droplet f1ow and the wall heat flux is primarily used
for evaporation. The 1ncrease in Nusselt number with 1ncrease in
equi1ibrium quality in this region san be attributed to the increase in
~Y§Pour velocity. ' : .
= " It can be séen from Fig. 31 that 't the lowest flow (50 kg.m'z.s-]),
there is_ho prominent component for ating up the liquid core. This is
qhipre is broken up anto stugs and
droplets. It is also evident that the Nusselt -number decreases with
axial Iocation. This again suggests a high vapour superheat at thjs Tow

flow. o,
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VI.9 ~ Minimum Film Boiling Temperature

. ** In some of the tests, as the pawer was réduced; the test section < .
" started fo quench. In most case; quencﬁing started e%ther at the start of
the f11m~boiling section, or at the power clamp at :the downstream end.
This kind of rewetting is dué‘to conductibn.qlopg the heated surface;l
f;nd is sometimes referrad to as “condugtion4contro1ﬁed rewetting". The
\\\\ measured temperature at the moment 6f Eewetting is not a genuiné minimum
film boi1ing temperature; since it is.inf1uenced by the conditions ;éarby.
An examination of the strip chart records of the thermocouple
' traces shows that in.some cases the first fherﬁocoup]e thaf ind%cated
] rewetting was TC3. Such. rewetting occurs when the 1iquid penetrates :
through the vapour thermal boundary layer: next to the wall. At heat f1uxes
above the minimum film boiling temperature, the vapour generated at the
vapour-liquid interface will—create a vapour thrust force. If the force
‘~is large enough, it will push the liquid away from the wall, thus
preventing liquid-wall contaét. If the liquid momentum'in the df?éction.
towards the wall is greater than this thrust force, the 1iquia will contact
the wall momenta;i1y. whether the surface will rewet after liquid-wall
contact has been initjated wil],depe;d on the thermal capacities of the
wall and the 1iquid in the region around the point of contact. Henry (1974)
has considered the minimum film bo1l1ng temperature to be determined by
th1s transient coo]1ng mechanism. This kind of instantaneous réwett1ng e
has also been termed “impulse cool1ng rewet" (Tan & Griffith (1976))

Table 5 shows the minimum film boiling temperature extracted from

the strip chart records of the present experiments. Since rewetting occurred
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during- a reduction in test section power, no record of the exact power af
rewefting was ayéi1ab1eﬁ The equilibrium quality shown on this table was
calculated at a steady-state film boiling condition just prior to the
change in power. Usually the change in.power was a reduction of 5-10%.

A better way of ‘estimating the exact power is to extrapolate the heat

flux versus the wall temperature at location 3 to the minimum film

boiling temperature. In h{ew of the.somewhat qualitative neture of this )
discussion,. we wii1 not pursue it here.

Fig. 38 shews'the minimdm fi]m'boi]ing temperature p]otted_against
the local equilibrium quality. It shows the asymetotic trend of the_J
minimum film boiling temperature. At high gqualities, the minimum film
boiling temperature is c1ose_to the saturation temperature. This can also ;
be seen from Fig: 4, where the high quality'boiling curve changes gradually
from CHF'to film boi1ing: At negative qualities (corresponding to 7'

shbcoo]ing), the minimum film boiling temperature increases rapidly.

VI.10 Void Fraction Measurements o

\] Details.,of the void fraction measurements are discussed in Appendix A.

The 95% conf1dence 1nterva] for the measured void fract1on ranges from 3

3% to *6%, depegd1ng on whether the void fraction 1s ‘near the upper |
(100%) or lower ends (0%). This level of accuracy has been optimized ——
with respect to the sampling time, the radioactive source strength and

the information obtained. Furthermore, this interval only contains the °

random error due to radioactive decay. Other measurement errors have not

been included.

N
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'Figs. 39 and 40 show some of the data(p]ptted'as megsured void
Lfraction versus axial 16cation. It can be seen\that the-void fraction »
_at a fixed ‘axial gocatiqn increases with a decrease'in inlet subcooling
and an increasg in heat'f1ux..,The increasé'fn vo{d fraction with increase
iﬁ equilibrium quality is small in the ﬁigh subcooling region (1argé
negative quality). 'This imé]ies that most of the heat input goes to
heating up the liquid core. | ]

) ‘ ? The same data.as'shown on Fié;. 39 and 40 are replotted against the
'eqh11ibrium qgality based on local pressure in Figs. 41 and 42.,‘It can

be seen that the data fall fairly closely on the same 1ine: Th%s'
suggestg'that the'1oca]-phase_and'Ve]ocity distribution is primarily a
function of equiii?r{um qﬁa]ity. .

Fig. 43‘spows all data froﬁ test section E p]otted[foggther. The
mass flux effect is more evident in Fig. 44 jn which only fhe besi-éurve
through the data of each mass flux is shown. [t can be seen thaf an
jncrease in mass velocity increases the void fraction at a given
equilibrium quality. |

Inside the hot patch the flow regime'wi11 be inverted annular when
film boiling is first established. The dj;thnce over which this flow
regimezis maintained depends- on the void fraction; “Plummer (1974) suggésted
that at a void fraction of approximately 40% the inverted annular flow
‘regime changes into diépefsed fTow; It can be seen frém Fig. 43 that the
void fraction is %n the neighbourhood of 50% at zero equilibrium
quality. This would suggest thaF mo;t of the data in the net éhui]iﬁrium

. gquality region are in the dispersed flow regime.
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In Fig. 45 the calculated void fraction, a = X[X + pv/pz.s.(1-X)],
based on constant slip and either saturated or film temperature for the

vapour, is compared to the data measured during a low inlet subcooling

test. In calculating the Qoid fraction it is ESsgmed that the liquid has

reached saturation before pﬁe first measurement station. This assumption
is reasonable since the coolant is only s]ight?y‘sﬁbcoo1ed at the test
section inlet. The pred1ct1ons show that h1gh 511p ratios tend to lower
the pred1cted vo1d fract1on, while higher vapour superheats can affect
the void fraction either wayﬁthrough a decrease both in qua11ty and
vapour density (the cross section average enthalpy remains constant)
For the condition of Fig. 45 an increase in vapour superheat increases
the void fraction. ~
Fig:—45 shows that a no s1ip assumption results in a large over-
prediction of the void fraction just downstream from the ho£ patch. ‘Hence
high s1ip velocities must have developed inside the hot patch, Also,
near the start'of the film boiling region the measured axial gra&ient in
void fraction is lower than any of the predictions. This may be
explained by (i) an increase in slip ratio, or (ii) a combination of
increase in sljp ratio and decrease in vapour superheat. |

Further downstream the axial void fraction gradient becomes larger
. than any of the predictions. This is to be expected as the flow regime
will be dispersed and the Tiquid core will have broken up into small
droplets; It has been shown (Groeneveld‘é Delorme (1976)) that smaller
droplets are more likely to be accelerated, thus reducing the slip ratio
and hence incredsing the axial vo%d fract@on gradient above the constant"
slip ratio predictions of Fig. 45. o |

An empirical correlation of the void- fraction data.is developed in

. Appendix G.

2
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- VII.0 PHYSICAL 'MODEL OF INVERTED ANNULAR FILM BOILING
'VII.1 Approach and Assumptions e ' ) .
The present analysis uses the one-dimensional integral technique
similar to the analysis of single-phase boundary layers. A similar method .

was used by Dougall and Rohsenow (1963) to analyse film boiling. The
present analysis differs from the analysis of Dougall & Rohsenow in that
it considers the initial stage of the vapor film to be in laminar flow.
As- the vapor film thickens, it cﬁanges 1nto turbulent flow. In addition, a
subcoo]gsﬁ;;;her than saturated Tiquid core is considered in the analysis.
A sketch of the laminar and turbulent regions are shown in Fig. 46. Note
~that the designation of the 1am1nar sublayer is slightly different from -
the usua] convention in the 1am1nar film region. The reason for this will
be explained Tater. .
In the analysis, the acceleration of the vapar is taken into account.
Heat transfer to the subcooled liquid core is ana1y$ed by soTJing the energy
equation. fhe main feature is that the enhancement of the heat transfer
coefficient at the start of film boiling (equivalent to the enfrance region
| in single phase flow) is'considered in the analysis.
The wall temperature is ca]cujated by assuming pure conduction‘
through the laminar sub]éyer adjacent to the wall. The radiatibn component
is calculated by assuming radiation exchange between two cy11ndr1ca1
surfaces.
The following assumptions are made in order to obtain a simpliffied
form of the momentum énd énergy equations:-
(1) The change of vapor momentum is negligibTe in Taminar flow. Consequently,

the viscous force is balanced by the buoyancy force.

—



-96- : Lt

. /
Laminar Sublayer Maximum Velocity

3

/|

SN N NN N NN N N NN NN N N

Turbulent Film

-

Velocity Profile

-l

Laminar Ff]m'g

s

X,

Liquid ©

_ Fig. 46 DEVELOPMENT OF VAPOR FILM

-



(2)
(3)

(4)
(5)

(6)-

(7)

(8).

S
it

transition from inverted annular flow to slug flow takes place over

-07-

Axial conduction is negligible in-the fluid.

_Kinepic energy and viscous dissipation are negligible. This is true

-

at low Mach number.”

The vapor density is much less than the 1iquid density, so that (pz-pv)=pz-
The Tiquid density is constant.

The Tiguid core is assumed to be in turbulent flow.. This is Jjustified
éince the‘Réyno1ds numbe; at G = IOO-ngm'zs'].i§ 2100, At Tow

Reynolds nuhber, there are two possible situations. The first is that

the 1iquid volume is large, and conditions approach that of pool

boiling. The second is that the liquid volume 5§ small, so that

a shgnt"distance. The present analysis does not consider these

bounﬁary cases. ' -

The .velocity profile of the 1iquid core is assumed uniform. This is

reasonable.as a consequence of the previous assumption.

The flow is_;teady.

The momentum and energy equations will be developed based on these

1

assumptions. Further assumptions will be made and justified in order

to reduce the complexity of the mathematics.

After the solution of the governing equation; has been obtained, a

sample calculation is_performed to check the validity of the assumptions.
T

This is shown in Appéndix J.

]
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— VII.2  Momentum Equations ;
é¥ i VII.2.1 Laminar vapor film ) )
- | . In the Taminar film region, the vapor film is thin. Therefore,
we can use Cartesian instead of cylindrical coordinates. A sketch of the &

region undenycohsiderafion is shown in Fig. '47. r According to assumptions
(1) and (4), the momentum equation is simply
i, du A
o = -gpy .
1 : ! VEE .
. This is identical to the derivation of E1lion (1953). The

~solution is -

-gp
e
u, E: + C]y+C2, ‘
At y=0, -y=0 . "
. CZ= -l

Assuming an ?nterfacfa] velocity equal to the Tiquid average velocity

Uy, the constant C, can be'evaluated. The result is

i ap,y8 v
=_ 2 _ b
uv 2uv (1 §{‘+ Uﬂ )

"

“This can be substituted into the definition of the vapor mass

flux:
o )
_ 2mR v :
G, = 2 uvpvdy ‘ %
TR ,
S0
$ 9p,y6 .
=2 % y Y :
R f Py {T—“v (1-5) + 4, 5]‘“’
0

Assuming that the vapor properties can be evaluated at the film

temperature, we obtain
‘ 3

gp,6 u,8 7
G = 0 -—9‘.._+L o
v v 12uv 2

0| ro
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The energy equation will give another relation for Gv' This will

be considered later. Differentiating the above equation with respect to-

the axial direction Z, and -assuming that HEE'iS negligible in the laminar

_ film region, we obtain : . .
46, 2o, [ap,6% U, 7.
Y= _VI2 R 7.1
dz R, " 7 |dz - )

This equation will be used in later analysis.

VII.2.2  Turbulent vapor film
The 1iquid and vapor control volumes under consideration are shown -
in Fig. 48. The forces in the Z d1rect1on’act1ng on per unit length of
the vapor control volume are
(i) Wall shear = -ZﬂRT
= i {em) (R-8) (225
- ZW(R-G)Ti

(i1) interfacial shear cose

COSG)

(ii1) pressure force at Z and 7+AZ +

- [pvn(az-(n-a)z)]
s(za-a)d&- on (R-6)48

=T dz ™y dz

i

dp
- ms(zn-a)zrzl - 2n(R-6)p, tane

(iv) pressure force at liquid-vapor interface.-

I ' .
3 - 2n(R-8)Az Ysing
> pz( cos8 ) Az

. ; T )

2n(R- G)pg’tane ) .

i}

(v) Gravity force - this is assumed to be neg11g1b1e
\,7.

&
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The changes in momentum are:

" e (vi) Change in momentum between z and Z+AzZ

=% f 20,0, %rar )

(vii) momentum cr0551ng the liquid vapor 1nterface
<y

-)l
J{ anp unmr
R-6

-~ Lo '
The pressures Py and Py at the two sides of the interface are

Q.IQ.

4
not equal, due to the presence of a vapor thrust force. If the evaporating
mass undergoes a change in normal velocity from V N to VgN across the
1nterface, then the d1fference in pressure is
Py - 52 ) Amv(.vgn'V

e 2,1 1
)= an (== 1y
N v pg Py

It is shown in Appendix J that this effect is small. Therefore, we assume
that the pressures on both sides of the interface are equal. Undeﬁﬂthis
agsumption, the second term in (iii) can be equated to (iv). Combining

(i) through (vii), the resulting equation is

R R
d 2 d
iz f Zﬂpvuv rdr - U!L EE[ 21rrpvuvdr
R-§ ‘ R-6 y
= - 2Rt - 2t (R-6) - w () s (2R-6) - - - - - 7.2

7Simi1ar1y, for the 1iquid core, the forces in the direction of

flow are . ' &

(1) Interfacial shear = 2n(R-8 )1,
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(11) pressure force at z and z+Az

- g—z. [pl'n( R-G)zl

dp
- w(R-:S)2 HEE + Zﬂpz(R-G) gg-

2 dpy '
= - 7w(R-&} T vaz(R-G)tanB

(iii)_Pressure'fbfce at Iihuid-vapor,interface

-Zw(R-G)pvtane
- go,m( R-6)°

(v) Change in momentum

-8 .
- d 2
= pl FFa f ZwUQ rdr

0 .

,-Combining (i) through (v) and again assuming Py = Pys the liqﬁid momen tum

(iv) Gravity force

'equation is
e o2 2
Py g;J ZTrUR,Zrdr = 217, (R-8) - w(R-6) (E%) -gp,m(R-6)2 - . - - _ 7.3
0 . ‘
i . _ SO
Equating the pressure gradient in eqs. 7.2 and 7.3 we obtain*
R
=y SRR T Y rdr
, R - RS W
- ) 4 u dr ' N , .
T8 (2R-8) dz Pyl
R+ . |

phases_are gaining kinetig nergy.

* In the more, advanced two-fluid models currently Being:devel
gradients in tfie two phases are considered to Be different. This will result
i a cross flow component in addition .to the evaporatfon/condensation_

In the present analysis, the evaporation component is dominating.

oped, the pressure

Y VY S P
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The vapor mass f]h; can.be definéd as’.:
G . f; d - ~
= o u dr. o« . .
Voo Jes VY Ce
Similarly we define the momentum fluxes to be '
l‘ -I R 2 . :
zﬂp u, rdr ' .
- ;;Z J. .
‘T -
~and an U rdr
;Ef e
Equation 7.4 can then be written as -
ET_ L dG ~{vﬁ(2R 5) dM _ er ) 2Ti . gp;TZR-ﬁ)G o _

R

VII.3 Energy Equation
“VIL.3.1 eVapor film

Consider the vapor control volume as shown in Fig. 49. We assume

NI

tﬁet all condensation and evaporation take Biece in a narrow region at the
Tiquid-vapor interface. This regiodthas‘been combined into the vapor
control volume under coﬁsidezg;ien Therefore, the condensation and evaper;
ation mass fluxes P and T (based on interfacial area) will have entha]py
h associated with them. According to assumpt1ons (2) and (4), the energy

equation for the vapor control volume can be written as

b = .,_-__]._ v d_. .
TrD‘I’TOT 2“¢L(R 6)(c056) *oem dz j{ UyPy hv rdr
R-§

+ 2% e)hf( -8) (5a5) I
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Here,cb2 is the net heat- fTux based on interfacial area going into
the 1iquid core. If the Tiquid core is saturated, this component ‘is zero.
The total energy transferred away from the héated wall goes tQ@increasihg

the total vapor enthalpy.

a

A mass balance at the‘fhterface gives
. . - R

1 d - '
7{ D-26)(I‘C—I'e)cose -5 fR 621rp“uvr'dr

.. ‘ u-\‘ =u . sz -
- B a = =Tf Moot

._/ ‘ : dz \/_,J

Similar to the def1n1t1on of the momentum flux, we define the energy

flux'as

R o :
Ao~ ‘
Zﬂp u,h, rdr - T
. - W[.s , o -
”,,/,/* Fq. 7.6 can then be written as - | ‘ *_,//

dE - dG
1 _ g2 v _p2 v
Rozor - ARy sw =R T - Rhe 3
L]
It is more convenient to consider ¢, based on. the projection of the

//iﬁlerfaciaT area on the tube wall. ’ Using this modified definition of

¢2, the above equation becomes
£ .

2R¢ -Z(R-5)¢‘=R2£-.R2h-—! e 7.7

TO0T 2 : .. - .

VII.3.2 | Liquid Core -

s So faf, the liquid ve]dcity'has been assumed uniform—acroSs-a '
c}oss-section However, the liquid average ve]oc1ty changes due to
evaporat1on and increases in vapor film thickness. Cons1der the 2-d1mensi§na1

continuity and energy equations written for the liquid core:

Y W P



1323 _ .ot - - X
F_rV2+Tz—_0 ‘ - 7.8

3

3T _ 1 aT . |
and par T rEE (gedry o L 19/

Since we assume that u, i§ uniform, we can'replace the partial

derivative w.r.t. z with the ord1nary derivative. Thus eq 7.8 becomes

Defining r* = ﬁg— .the above equation £an be ﬁ%itten as

. . - 37-*\,2‘ dU
(R-8)r* H"_'"

Integrat1ng over the Cross- section of the cofe we obtain

vr*
Vo= r**\_,¢’~38)

Since y£1s finite at r* = 0, f(z) =

. + dU,
L] = "'(R 6)2 dz
At the liquid-vapor interface, this velocity v, can be considered

as the rate at which the'radius of the 1fquid core is diminishing.

Substituting vginto equation 7.9 and again using the d1mens1on1ess radial

distance r*,.we obtain

du
. 39 1 1 9 r¥ £ 28
Ui’.az (R 5) = orx (e h)ar* 2 dz Br¥
. T =T(r*s )
B ?’fher'e 6 = ——'T—j:n— T T . 7.10

It is interasting to consider a 1imiting case of eq, 7.10. If _
§ = constant and EE& =0, Eq. 7.10 reduces to a familiar tﬁerm&]-entry-]ength

.problem (Kays (1966))}. However, since €y depends on r* as well as z, the

-
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, reduced equation cannot be treated as a Sturm-Liouville prob1em. Never-

theless, it can be seen that qualitatively the heat transfer at the boundary _

X

_gf~the Tiquid core behaves: similarly: an enhanced coefficient near the
entrance,  gradually diminishing to the steady state value. '

" The solution of eﬁ. 7.10 will give the temperature gradient.

. .. -
The heat f1ux ¢2 at the vapor-1iquid interface is therefore
. | , -
- aT |-
" "-p'g.cpn(EHﬂ)-'f’_‘: r=R-§ .
(Ts"Tin)

2 R - 7.1
RS :

- = pchg(EHm)-é-F*_

r*=]
However, equation 7.10 cannot be solved independently, because
the vapor fiTm thickness is unknown. It is coupled with the momentbm

equations 7.1 or 7,5 and the vapor energy equation 7.7.

VII.4 ‘Constitutive Equations

In order to obtain-a complete set of'equations, the constitutive

equations for the interfacial shear ahd eddy diffusivity has to be specified.

VIIT.4.1 Interfacial Shear - -
The general approach of estjmating the interfacial shear in two
phase flow with vapor generation is to determine a correction factor for
the non-evaporating/non-condensing friction factor. For adiabatic two phase
flow, there are at least two approachles of estimating the friction factor.
One approach is to express the equivalent roughness of the interface in

terms of other system parameters such as phase velocities, void friction -

and surface tension. ' This aﬁproach has been used by Cohgn'& Hanratty (1968)

/
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and'Kordyban (1974) with some success. However, as commented by.Hughes
et al (1976), “the general applicability of the'approach has yet to be
established due in part to the large number of degrees of freedom
associated with the interface flow regime."

‘Anothertep;roach is to use empirical correlation. Wallis (1970)

found that, in gas-l1iquid anﬁﬁTE?“{?ow, the interfacial friction factor

can be correlated by
fi = 0.005 [1+300 6/D] = - - - .. 7.12

Moeck (1970} also proposed a similar correlation. Eq. 7. 12 has
been suggested to be used in inverted anpu]ar flow by Hughes et al (1976).
In such casey; 6 is the vapor film th1ckness Until more sat1sfactory
correlations become available, eq. 7.12 will be usedrin the present
analysis. | |
v A simple approach to correct the effect ‘of evaporat1on is to use
the Reynolds flux concept This has been developed by Silver and

Wallis {1965). The correction is expressed as follows

£ % ﬁ_
1 = a = L - . e - e o o
?i_ e 1 f-i “ 7.13

where f * and f are respectively the friction factors with and

without phase changes;
2T

— »

u
va

¢=

and the phase change mass flux is

© 5 dG
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Various similar express1ons have been proposed by Mickley (1954)
and Spa1d1ng (1963), among others. In view of the empirical nature of
.these expre351ons, there is no strong reason to reject eitherrone " For
the present ana]ys1s, we will use egs. 7.12 and 7.13, together w1th a factor

C] to be adjusted 1ater Thus the interfacial friction factor is

i 1 f;

7t
£." = ¢,0.005 [1+3oo %] e ' & L _._.. 7.14
1

and ‘the interfacial shear is \

1
izt ey |uv-ul|(uv-u2)

T

© VII.4.2  Eddy Diffusivity in the Liquid Core
The turbulent the;mal diffusivity is required in equation Z.]d

and also in evaluating ¢2 from the tempereture gr;;;eai at the vapor-liquid
interface. Two possible sources of information available from literature
are pipe flew and jet flow. The absence of a rigid wall in the present =
situation seems to 'suggest that conditions are closer to jet flow than

pipe flow. Ih free turbulent jet flow, it has been found that a eonstant
value of €y 8Cross the main part of the jet is a reesonabIe assumptIon

(see H1nze (1975)). Using Prandtl mixing length hypothesis, the eddy

diffusivity for momentum transfer is given by, »

*m C1b(ﬁma¥famih)
where b is the mixing zone ana C] is a proportionality conStant

_ We intend to use this expression in the present ana]ys1s - S1nce '
the turbulence in the vapor-1nterface and conseguently w1th1n the liquid
core, is expected to increase as the vapor film thickens,, the m1x1ng zone
will be defined to be half of the vapor film thickness (i.e. from the point

of maximum velocity to the interface). In addition, the velocity difference
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is assumed to be proportiona'] to the average Tiquid velocity. Therefore,
~ 1
em = CU, ('2' GT)

»
By assuming ‘that Reynold's analogy 'is valid, the constitutive equation

for the eddy diffusity of heat transfer in the present analysis is

ey = CU, (% ‘ST)‘

VII?.5 Solution of the Momentum and Energy. Equations . .

To carry out the amalysis further, information about the velocity

profile has to be speci"fied in the turbulent film region. We- first express

G,» M, and Ev in terms of dimensionless quantities

- . ) u
. +
. Define u = v -
= ,
‘/E
. | Py
. v ¥
0
_ i
and n=—;
v

w o ' ]
We further stipulate that all vapor properties to be evaluated at the film

temperature i.e. at T, = %(Tv‘”s)' From the definition of Gv

R-&
. -]
and on replacing r by (R-y), we obtain
) § C
. L2 :
Gv ;{-2- J pvudey - f P v_ydy
0 0
¥
. s* 2
. oy N
_ =Z_2_ Ruvju:dn-——p_vv Juv ndn
’ R R ALY 0
0 X
Py
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. +
I Deﬁneel:f Uvdn e L 716
0
) st
+ . '
and 8 =[ ugmdn T - e 7.17
a 0 |
2 P,V ¢
= = vV
S LV S ----- 7.18
T
.
v
R
M, = - 2rp u. “rdr
v ;;2' vy
R-6
8
_ 2 2
' J oY, (R-y)dy
0
2 2 +
= Ez_pvaZf R+uv+ dn _f u, ndn .
L0 1]
s* ) -
: _ +
Define 84 -f uodn o 7.19
0
st )
= + Y
and 84 = J uV ndn =~ _ _ .. 7.20
0
Ve
=2 _ .2 Py .
", RZ o0y | R vy 84 a7 7.21
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: ]
. :
E = 2np u, h rdr
L ;EE-J[ |
R-§ :
—J—- 21 p.u. rdr
TR2 oy,
R-§ ° _
= h G . - === - 7.22

n
:‘

y
| 1
- (A%
O
ra
o
)
nNy
o,
v
O
N A

.
-

. (G-GQ)E} 2 - ‘ | ‘
N =t S 7.23

VII.5.1 Laminar Vapor Fi]m
' Substituting eq. 7.22 into eq. 7.7, we obtain

2L |
(h hf)G ZRQTOT - 2(R-5)¢2 ------- 7.24

The 1iquid heat flug 9y is given by eq. 7.11. Using a numerical
-methqd to integrate step by step in the z direction, we can assume that at

each/step (hv-hf) is independent of z. Therefore, eq. 7.24 becomes

dG
2 v o :
R (hV-hf) az— = 2R¢TDT - 2(R-6')¢2.

Combining this equation with eq. 7.1, the vapor film thickness

N

can be oRtained upon integration.
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VII.5.2 Turbulent Vapor Film
For the turbulent vapor film, we assume that it consists of a
laminar sublayer and a turbulent layer. This two-layer approach_ﬁas been
used by Hsu (1960} to analyse film boiling on vertical surface. In the

present ané]ysis, we assume that jn the Taminar region
+ .
ru = 0<n< ng RN

and in the turbulent region the velocity profile is symetrical
about the 11ne of maximum ve]ocity In each half of this turbulent region,

the I/n-th)power law is assumed to hold, i.e.

] ..
Coo u+ = Cnm n>n
l\- S
h where m=7
C =8.74

S{miiar approach was used by Dougall aﬁd Rohensow to analyse the
vapor film. They used the ‘universil velocity distributiqn law.

The thickness of the dimensioniess Taminar sublayer N has to be
specified. Its lower limit is equal to 5, as has been found in pipe flow.
The buffer zone usually Ties between § < ﬁ < 26. However, simi]ar to the
analysis of Hsu (1960), the buffer zone is omitted and the laminar and |
"turbulent layers are both extrapo]hted 56 thét they coincide at the
transition point. Hsu chose a value of 10. ~ Therefore, for the present .
analysis

5 < ng < 26

¢ Having specified the velacity profile, eqs. 7.16, 7.17, 7.19,
)\7.20 can be expressed in terms of n.
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st L |
91 = Cn" dn /
- P
n n
: . 13
= ndn + 2 . Cn"dn )
0 Ng
5 S m T me
n 4+ emC ( m n, ™ )
= _S_ P
- m+1 S 7.25
Similarly St ] omt1
Y 3, m m
62-%115 +m(“ "N } """" 7.26
kS 2+m 2+m =
n 2
= _S , 2mC m _ m
(P F)
= S .M n L
Integrating the energy equation 7.24, we obtain
. z .
2 -
R (hvfhf)Gv = ‘[[2R¢T0T - 2(R-6)¢2]dz
0
and after rearranging
6, = f [2R _ -6)¢ o 14z
" (h : 9107 "
~.From eq. 7.18
2
PyVy



-116-

v ' ‘
. i = _ -1 - ). 1dz - - - _ -
K Re] - ——T-.a2 = 2u'v hv' - I[2R¢T0T 2(R 6)¢£]dz 7.29
" W - 0 - ’ :
p_v' [ ) , -

The 1ntegra1 on the R.H.S. can be eva]uated since ¢TUT
specified and ¢ is given by eq. 7 1T. LetQYs denote the R.H.S. by @ and

substitute eq. 7.25 and 7.26 into 7.29. The result, after rearrangement,
. : 1 m_,

‘ 3R-26 m S T
. n = ns B S m_+'l_ 2nrt1 - =-17.30

S
[(Zmﬂ )R‘- - (m+1i-'
(m+1) (2m+7)

is

If we assume that inverted annular flow exists atfio1d fractioh
6
below 40%, then (2m+]) R >> (m+1) in most situations. he 1amg
sublayer thickness 1s also negT1g1b1e compared to R. Thus eq. 7.30 can

be 'simplified to

n_
m+i m+]
m
gg - 2 5 + 2meR ng hm+1)
no= 2mCR
- -Differentiating w.r.t. Z, we obtain ’ ‘ _]
’ m+1
dn Q-n? R+ ancrng )(m+'|
n m m+]  dQ
dz= = \mT l. 2mCR 2meR- dZ

-1 (b ' . -

1 m - -
T = n %% . 7.31
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We can now substitute Mv'and M, into the momentum equation 7.5.
Details of the mathematics are given in Appendix I. The result is an

ord%nary differential equation in the form

s _ : '
flE = T2 a— ----- 7.32

where - the f's are functions of n, g 8, G and fluid properties. _%%—is
“given by eq. 7.51. Thus eq. 7.32 can beiintegrated numerically.

At each steﬁﬂbf the nuﬁerical integration, the film temperature
is updated This is equ1va1ent to evaluating the wa]l temperature and is -

con51dered in the next sect1on.

3

-

VII.6 Prediction of Wall Temperature

Assume that the total heat transfer rate at the wall can be d1v1ded

.*

into a conduction and a radiation component, i.e.
9701 © qfcondf+ qrad
It has been shown by Nicholas (1965) that such assumption is
Justified for opt1ca11y thin*gas.

(i) Conduction Component
| For.the conduction component, we assume that most of the resistance
to heat transfer lies in the laminar sublayer adjacent to the heated wall.
If we denote this suBTayér thickness by 65, then the conduction component
is given by
(T,-T,)

ZTTR Lg'—-— AZ
S

,qcond

* An optically thip gas means eijther self-absorption is neg11g1b1e or the

dimension of the\gas body is small. See Appendix H for deta11ed
discussions. .

-
1,

- ‘
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s | . B
In the laminar vapor fi]m regicn, 8¢ is taken to be ‘the sum
of the distances from the wall to the po1nt of maximum velocity and
one hailf from the point of maximum velocity to the interface. The

reason is that from the point of maximum velocity to the vapor-liquid

_interface, the turbulence induced by the irreguiarity of the interface

results in less resistance for heat transfer. Shch assumption also gives
- .
a smoother transition from the 1aminar region to the turbulent region.
From section VII.2.1, the maximum ve]oc1ty_qccurs at

U ?

. Close to the pointwheréthe vapor film is first créated y may

be greater tham 6. In this case, the maximum velocity occurs at the inter-

face qgﬁ\fffrefore y yﬂn_b//
In the turbulent region 8¢ is gi ¥

(i) Radiation Component
The radiation component is evaluated by assuming radiation exchange

between the tube wall and the liquid core, with an absorbing medium in _

‘between. Details of the calculation are given in Appendix H.
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VIII.O DISCUSSION OF THEORETICAL MODEL
The theoretical model developed in the last.chapter incorporates the
effects of (1) mass flux, (ii) 1n1et subcoo]1ng, (iii) axial Tocat1on,

and (iv). system pressure to pred1ct the ‘surface temperature at a given

 heat flux and an inlet condition. Most of the uncertainties 1ie in the o

K/'\
value of the thermal diffusivity of the liquid core and the th1ckness of
the d1men51on1ess laminar sublayer ng- In th1s chapter, Tﬁé&p

1Czsnef:r*'lc
effects on the pred1cted wall temperature nd heat transfer coefficient

are ﬁiscussed Unless otherwise Stated, - the standard run has the

K

following valpes for the parameters: ) S T~
~ .- ) 5 ' ’
De =0:01194 m g
-m* =10 -’ .
) P
* P =105 kpa _
¢, = 15 _ (fThis is a factor to adjust the interfacial
friction factor, see equation 7.14.) T

VIII.2 JEffect of Mass Flux )

At the same inlet condition, the quaiity at any axial 1ocat;3h

depends on the mass and heat fluxes. Therefore, to compare the effect of

mass flux on a local condition basis, the 1n1et temperature is kept

1dent1ca] and the heat f]ux is set proportional to the mass f]ux, so that
the local equ1]1br1um quality is 1dent1ca1

A : s_‘ ' g é

\ [ \?
) . T e e ek A L T g ST Ak LA e e+ - - -
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The wal] temperatures pred1cted by the mode] are shown in Figure

u,

50. The discontinuities in the turves are due to ‘the. trans1t1on from
1aminar to turbulent film flow In:the thedretical model, laminar f1ow
is assumed to change to turbulent flow when the local Reynoids number
Ng is greater than m*.  The neglect of a transition® reg1on results in
some discont1nu1ty and shows up in the predzcted temperature profile.
Figure 51 shows schematically the thermal.subiayer where all the
resistance to heat transfer‘is_assuhed to concentrate. By appropriately
choosing n*, the discontinuity in dTh‘at'the transition point can be
minjnized. This will be considered ‘in the riext chapter.

The overall heat transfer coefficients (based on Tw—TS) are showp
in Figure 52. This 'overall' HTC.includes the contribution by theznal
radiation, which ranges approximately from 10% at T =600°C to 40% at

T =10009C. ‘The ‘convective’ component of the HTC is shown 1n Figure 53.

}t can be seen from thes} two figures that both the overall and

convective heat transfer/coefficients increase with mass flux. The
increase is greater at higher mass flux.

The increase in the gbnvective component is due to the increase

in the vapour film velocity. The pr dicted vapour velocity is- shown in'

Figure 54. It'1ndicates that the' pour velocity increases with mass

flux, The vapour ve10c1ty reaches a maximum at around 45-50 cm. This will

- suggest that the actual flow r;ggme will _ch&nge into a dispersed flow,

e

VIIT.3 Effect of Local Equilibrium Quality

The predicted heat transfer coefficient at the same inlet

temperature and mass flux are compared in Figure 55. It can be seen that,
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at the same inlet con&ition,‘the overall heat transfer coefficient
decrpases with the local equilib}ium qua]ity.' Figure 56 shows the same
effect at a mass flux of 400 kg.m'z.s'].

The increase in the heat transfer coeffi&ient in the subcooled
region is dué primarily to the increased portion of the total heat flux
transferred to the Tiquid core. This results:in less vapour generation™
and conseqﬁen%]y'a-thinner vapour film. | | |

—

VIII.4 Effect of Inlet Subcooling

The effect on the heat transfer coefficient of an increase in inlet
subcooling at a fixed mass flux is shown in Figure 57. ‘At higher inlet
subcoolings, higheg heat fluxesvare réquired‘tb maintain the tube in film
boiling. Therefore, the comparison shown in this figure is based on the
same outlet equiTibrium quality at the end of a 60 cm tube. The improved
- heat transfer fs most noticeable near the entrance. Further downstream
the heat transfer coefficients for different inlet subcooling approach
each other.

* The improved heat transfer is due to the hfgher heat transfer to
the liquid core near the entrance. The development of the temperature
profile of the Tiquid core for one typical case is shoin in Figure 58..
It shows a high temperature gradient at %he entrance, which subsequently
diminishes as the thermal boundary layer develops. Figure 59 shows the
percentage of the total heat f1qX'trangferred'to the liquid core; At
higher inlet subcooling, a highér percentage is used to heat up the

1iquid core. The increase in the percentage of liguid core heat f1ux at



H (W/Ms$2.K)

e et rr—— -, Vo

=127-

698.
T T T T T T ]
e o (kW/m?) G = 200 kg.m~2 s~ —
. P = 105 kPa i
O 200 T. = 800C
se8. | A 150 m i
' + 100 ]
455, | —
480, | —_
goe. | L+ — s
ass. L O — |
o
268. | a b
.. o o ]
* a . ' g
208. | + o4 & ]
+ N + - + A
_+
168. |— o —_—
9. I N
-4..8 -3.5 -3.8 -2.5 -2.8 -i.5 -1.9, -.5 9.8 ) 1.8

EQUILIBRIUM QUALITY (%)

FIGURE 55 EFFECT OF EQUILIBRIUM QUALITY ON THE HEAT TRANSFER
COEFFICIENT



(WN/M*x2 . K)

H

-128-

8
80, A
| | | | | | |
I e g
= a
= A A s T. = 800C —
o 200 in
es6.[ . O ]
N
sa;a. _; A ]
” .
sg0. .~ - o | _
A
) Al
age. | N ]
a B7

| A S a a a
208. | —. A 4 D__
108, - ) .._

N l L] | l !

48 -35 3.8 -2.5 2.8 1.5 -1.g -.5 2.2

; EQUILIBRIUM GUALITY (%)

FIGURE 56 EFFECT OF EQUILIBRIUM QUALITY ON THE HEAT TRANSFER
COEFFICIENT

U



H (WM #2,K)

.129-

FIGURE 57 EFFECT OF INLET SUB

COEFFICIENT

»
aes. | : | | l ' | |
s58. T 6 = 200 kg.m2. ™1 t.. o¢ ki/m2 e |
P = T05 kPa \11"( . W/
g gg 192
: 150 . [
o088 — A 90 108 Y
458. | ? _
+ %
4. | —
5388, L . O —_
+
88, | : —
+ m)
258. + A ]
& -+
- D D +
oo, | A i |
A 0
158, | — " A —
. - A
188. l | | I I ' I | ‘
-8. -5. ‘-4, 8. -2. -1. g. 1 2.
- EQUILIBRIUM QUALITY (1)

COOLING ON THE HEAT TRANSFER



: G
'Tin
R

) NUMBERS ON CURVES INDICATE

!

FIGURE S8 DEVELOPMENT OF THE\IEMPER

o

i

-130-

200 ~kg.m'2.s‘] '

8oo¢
0.00597m

LIQUID CORE

/\

//XIAL DISTANCE

’AT/URE PROFILE IN THE



199

o8.

eg.

~J
=

[y

&
- -

PHILIQ/PHITOT (%)

t

&a.

48.

39.

29.

0

-131-
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: N, o : :
around 25 cm is due to the increase in the turbu]ent thermal diffusivity.
Had this d1ffus1v1ty remain constant along the bo1l1ng length, the heat
flux to the 11qu1d core wou1d'have decreased monotonically. However,

" in the model the-d1ffus1v1ty is assumed to increase w1th the vapour

film th1ckness Phys1ca11y, th1s can be interpreted as the increase

~in the wav1ness of the vapour-11qu1d interface. ConseQuentIy the
res1stance to heat‘transfer is reduced. . y

. -Based on the resu]ts of Figure 57, an entra length* of 6 L/D's

is obtained. This is much shorter than 1n tube flow and can be attributed

to the 1ncrease 1n turbulence in the liquid core due to the creat1on of
the vapoyr film.

In the exper1menta1 program of th1s study, a hot patch was used
- to estab11sh film bo111ng at the entrance As d1scussed egr11er, CHF
occurred 1n1t1a11y and deveToped 1nto 1nverted annu]ar film boiling. It
"is not certain how the radial temperature prof1le of the 1iquid core
adjusts under such circumstance. In ‘the theoret1ca1 analysis, the T1qu1d
core is assumed to be at a uniform temperature at the entrance. This
results in the very distinct entrance effect Referring back to
Figures 31-37 where the convective Nusselt number is plotted against the
. equilibrium qua11ty, the "scatter" can be attr1buted to th1s entrance

¥

. effect, although at a reduced magnitude. . z

* When a fluid flows into a heated‘channef the temperature at' the boundary

changes 1nstantaneously from its temperature pr1or to entrance to the
temperature of the channel. The heat transfer coefficient is therefore
~ infinite at the entrance. As the thermal boundary layer deve]ops, the

heat transfer coefficient diminishes An entrance tength is the length

over which the heat tranﬁfer coeff1c1ent approaches the "fu11y deveToped" HTC.

s

T
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 VIILS, Actual Quality in Subcooled Film Boiling i

In.low qua]ity inverted annu]ar filni boil1ng, the vapour is

superheated above the saturation temperature, while the 1liquid remains

- subccoled. Therefore, the equi]ibrzum quality can be negative. The

- actual quality, however, is always between 0 and 1 Its va]ue depehds

on the actual vapour temperature and the slip ve1o€1ty In the ~
theoretical model, the vapour film is assumed to be at the "fi]m" "
temperature (=0.5%(T +Tsat)) Th veIoctty distribution across the film

is either ca]cu]ated (for lamfnar filir) or assumed'to fo1low ‘the Taw

,o% the wall .(turbulent film). The vapour mass flux 1s obtained by

integrating acros the film. .The calculated actual qua]ity (=G /G) is
shown in Figures 60 and 61 for two mass fluxes. It can be seen that,
at the same mass flux,.the actual qua11ty increases w1thkthe heat flux
level. This can be explained as fo]]ows. 7 — .

. The heat conducted to the liquid core is 11m1ted by the temperature
gradient in the liquid therma] boundary 1ayer next to the vapour Tiquid

1nterface. Figure 62 shows the percentage of the liquid core heat flux

_(based on tube d1ameter) at the vapour—]iqu1d 1nterface At the same mass

flux, the thermaI boundary - Tayer develops approximate]y at the same rate -

(neg]ect1ng for the time being the influence due. to evaporation). ‘Any

- increase-in the total heat f1ux will therefore be used for evaporation:

Figures 60 and 61 show that the actual quality depends not only
on the equ111br1um quality, as-‘is usua11y observed in higher qua11ty
(d1spersed f?ow) film boi11ng, but also on the heat flux.
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VIII.6 Slip Velocity

. " In the theoretical model, the velocity of the Tiquid core is

assumed uniform. Nevertheless, it can still vary with the axial dfstance.
The development of the liquid core velocity is\EEBMZ in Figure 63. The

. increase is higher for higher initial velocity, i:e., .for ﬁjgher mass
flux. This can be explained by considering the hydrodynamics of the
vapour film, | .

The vapour velocities (averaged qﬁer the cross-section of the
vapour aﬁnu]us)‘borresponding to the same conditions as those .in Figure 63
have been shown in Figure 54. Ehe'vapour film thickﬁesses are shown in
Figure 64." The vapour velocity and the vapour film thickness are
drimarily determined by the balance between the buoyamcy force and the
sum of the wall and the interfacial shearsd¥ Figure 64 shows that the
vapour film is’ th1cker at higher mass flux. _A thicker vapour f11m
results in less flow area for the 1iquid core, and consequently the
liquid ve]oc;;y will increase. ‘

Figdre 65 shows the slip under the same system conditions. It
indicates that there is Tess slip at highEr mass flux. Fer'higher.mass
fluxes, tife slip reaches a maximum and then gradually decreases, This
suggests that the flow is changing to the more homogeneous d1spersed flow.
‘ It may seem dgﬁbtfu] whether some of the high slips as. shown in
th1s f1gure actual can exist in inverted annu]ar flow. The high value #

is actua11y f1ct1t1ou§\ It is"due to the neglect of the’vefocity gradient
v R -

in both the vapour film and the liquid core in calculating the -s1ip.

+

e '
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VIII.7 Effect of System Pressure

Although there is no data oﬁéained at elevated pressure in the
present study, the theoretical model is Qer{ved for more general situation.
Recently, some Tow quality film boiT%ng data are repoﬁ?ﬁd by Groeheve]d
et al (1981). Figure 66-15 reproduced here from this reference. The
predictions by thé present model are shown for comparison. It seems that
there is & shift in the equi1ibfium quality between the préggctions and
the experimental data. This is probabiy due to the exclusion of the "hot
patch”" region in the theoretical model.

The increases in the heat transfer coefficients with increases
in system pressure is due primarily to the increase in vapour aensity,

which results in a thinner vapour film.

VIII.8 Effect of Tube Size

The effect of an increase in the hydraulic diameter on the heat
transfer coefficient is shown in Figure 67. It.dan‘be seen that, away
‘from the entrance region, the heat transfer coefficients iﬁcrease with
the hydrau1%c diameter,

Near'the entrance; the trend is different. This behaviour can best
be explained by considering the vapour fﬁlm thicknes _ A-thin film means
‘that the heat transfer res1stance from the wall to/{i; vapoun-11duid
1nterface is small. On the other hand the eddy d1ffus1v1ty of the
11qu1d core is directly proportional to the vapour film th1ckness
Therefore, as- the vapour film grows, the resistance to heat transfer
1ncreases in the ¥apour film but decreases 1;7the 11qu1d core. Depending
on which resistance is dom1nat1ng, the heat transfer coefficient may.

reach a maximum shortly downstream of the entrance.
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In & uniformly ﬁeated;channe]; the‘incfease in equi1iﬁrigmﬂquality N
" is inversely prnpbrtion§1_to the hydraulic diamégér. In inverted annular
- film boiling, the heat flux whiéh can be apﬁ]ied to a tube in film ‘
béiling is usuall ,1iﬁited by the wall temperature at the downstream
'regioh where the qyality fs highest. Therefore, for the same length of

tube, the one withl a larger diameter can sustain a higher heat flux.

-

VIII.9  Sensitivity of Model .
Most of the uncertainties of the theoretical modél lie in the

trangition between the laminar and turbulent film f]ow, and in the constitutive

equatiohs-for the interfacial shear and thé 1iquid eddy diffusivity.

Mo;t of the dependénce of these quantities. on the flow field has been

incorporated into the modgl, leaving only a few factors to be adjusted

later. The effects of changes in these factors are discussed in this section,

"VIII.9.1 Transition point between laminar and turbulent film

Figurgng shows the effect of the changeover"ﬁﬁiﬁﬁ from laminar to
turbulent. It shows that n = 12 gives a smooth transition. A larger n

also mears that the vepour, film is in laminar flow for a longer distance.

N

~

VIII.8.2, Interfacial shear v
' *

' Figure 69 shows the effect of interfacial shear theNgredicted
temperaturé. AThigher interfacial shear means that the vapour expeyiences
~" : T !
a §reat r retarding force. This results in a thicker vapour film and

consequently higher waﬁtemperatures.a

-

~
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VIII 9.3 L1qu1d eddy diffusivity

. F1gure 70 shows the effect of the 11qu1d eddy d1ffus1v1ty 13
h1gher d1ffus1¢ity results in a greater fract1on of the heat flux’ conducted
to the liquid core and therefore Tess for vapour generation. Coneequently{

the vapour f11m is thfnner and the wall tempgrature is lower

N

‘/fyIII .9.4 Vapour density e ; d ' _ . £

In the deve]opment of the mode], all of the vapour propert1es are _

L)

evaluated at the film temperature The propert1es that affect the

—
predgct:on most 51gn1f1cant1y are the thermaT conduct1v1ty and the dens1ty
The former affects the predtct1on of the wal] temperatures. through its
effect on the resistance to heat transfer 1n the laminar sublayer next to ™
¥, 4

PAYR
the wall. The latter affects both the pred1cted wal] temperature and void

) " .

fraction. 3.
Since the 1am1nar sublayer is close to the wa]l, 1t seems reasonab]e
-to assume that the thenma] conduct1v1ty can be represented by its value at .
the fiim temperature. = | A ;
The portion of the vapour film beyond .the laminar sub]ayer is assumed .
" not to offer any resistance to heat transfer Th1s implies that the de;¥ﬁty
of this port1on should be eva]uated at the saturation temperature. However, "
i mode]s-that conta1n some simp1ifying assumptnons, 1t/)s often found
J (3§tessary to d1stort a certain aspect to compensate fonetb/ The ultimate
" criterion lies in the compar1son with the exper1menta1 “data.

+

In order to show how the vapour density affects the predicted wall

?.

temperature.and void fraction, two runs are.compared: one with the vapour .
-\ *

v

»
.
. Y
' ~
. [
-
. .
N .
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*

density evaluated at the film temperature and the other at ‘the saturation.
'teﬁperature. The resuitq/ﬁ;gﬂ§ﬁswn in Figﬁres 71 and 72. It can be seen
that the predicfed wall tehperatu;es are increased bj aphroximate{y
1009C when the density is evaluated at the film temperature. Thé void
fraction is also increased: eq\\ .

The measured data favour a-higher wall temperafures and void
fractioqs. Therefore, all vapour properties  in the mode] are evaluated-at

the film temperature. o : '

IR
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[X.0 COMPARISON WITH EXPERIMENTAL RESULTS
Ix.1 General .

The theoretical model is used to predict the experimentally
.Tsasured wall temperatures. JTh? paraTifers wsjch are left indeterminate in
the model are then chosen to fit the data. To recall briefly, the most '
sensitive parsmeters are the interfacial friction and the eddy diffusivity
1ﬁ-the liquid core. With the wide range of data in hand, it!fs possible
to use a least sﬁﬁare; fit methodology to calculate the best estimates for
these parameters. In fact, a prgxqéfﬁ;ry version of FORSIMOPT (Selander
1980)) is avai}ab]e, This compuser.code will solve the coupled PQE/ODE'S
;apd ad%yst the parameters in the equations to fit‘the input data. However,
fff/towﬁaf1;g time would be prohibitively large, since at present it
requires aboyt 100.5 computing time on the CDC Cyber 170 to integrate a

tube 1 h of 50 cm. In addition, some of thesconstitutive equat1ons used

are only best estimates for the real s1tuat1o; [t does not seem to justify
a more precise (in the statistical sense) evaluation of the parameters.
The final method used is to choose various sets of data and'compare
~ them with the predictions graphically. For each set of data, the average
of the pressures at the 1nlet and ouﬁ}ef‘bf the film bo11{pg section as rJ/
calculated in the data rEduct1on is used as the system pressure. In
add1t1on the average heat flux is used as the boundary condition. ‘fhe
initial conditions are the mass flux and the inlet temperature.
NS The value of the inlet temperature requires some explanation. The
“$\\\_ theoretical model QOes nos/gggg into consideration the inceptjon of CHF
at Phe start of the. test section. It is not\ékrtain how this would

affect the radial temperature profile of the liquid core. Therefore, in

)
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the theoret1ca1 pred1ct1on, two initial conditions are considered:- -

one case the inlet- temperature is set equal to the measured inlet
temperature, while in the other case an "art1f1c1a]" inlet temperature is
used so as to.match the equ111br1um qua11ty at the first thermocoup]e
Tocation. For those runs with high mass f1uxes, these two values are not
very different and the predictions should.bound the measu}ed data.

Such Jeyeba]l" fitfing produces the following estimates for the
parameters |

| (i) Transition between laminar and turbﬁ]ent vapour fi]m, Hs =12
(i1) Proportioﬁa]ity constant for interfacial shear, C1 = 1.5
(iii) Proportionality constant for eddy diffusivity, TURB = 0.08

In addition, the theoretical model is only written for inverted

annular flow. As the thickness of thevvapor film increases, some of the

assumptions may break down and will cause. the bfedicted temperature to blow

up. There are also uncertainties in the transport properties of superheated

steam (Gro peve]d et al (1981)). Therefore the computer solution is
alowed toq§KSSEEE up to a film)thickness of 0.5R (¢ = 75%), or a wall

temperature of 1600°C, wifchever occurs first.

IX.2 Prediction of Wall Temperature

The fpredictions are shown in Figures 73-86. It can pe:seen that, in
general, the trend and the magnitude of the wall temperatures are correctly
predicted. The model pepforms'pgst at high subcoolings, when.it can
safé]y be ascertained théf the_flow is inverted annu]ar. At close to
saturated inlet conditions, the génerated vapéur will probablyﬁﬁé entrained

in the liquid core.;“This effect.has not Been modelled.
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Figure 74 shows that at low flow, the prediq;1ons are best

. obtained by using the "equivalent equilibrium temperatures" at the start

of the film boiling section (see d1scuss1on in 1ast section) Th1s d
indicates that the temperatures of the liquid core is fairly unifonn
F1gures 82 and 86 show greater di;crepanc1es in the" &red1 ions.
This is probably due to the overest1mate of the system pressug As
explained in Appendix B8, the pressure in the film bo111ng sect1on is
estimated by us1ng appropr1ate correlations. Tha?) pressures est1mated for
the runs shown in. Figure 82 and 86 are 135 and 126 kPa respectively. It °
is felt that these may err on the h1gh side, A higher pressyre will result,

in a higher vapour dens1ty and a h1gher saturatioff temperature. Both of

- these will contribute to an underprediction .of the wall temperatures

IX.3 Compar1son With 0ther!Corre]at1ons

As mentioned earlier, there is no appropriate corre]at1on ava11ab1e.

. to pred1ct the f11m boiling heat flux under the conditions 1nvest1gated in

this program. None of the corre]at1ons considers the effect of subcooling
in the Tiquid core For saturated cond1t10ns the correlat1ons of

Ellion {1954) Hsu (1977) are the most applicab]e, although they‘st111
lack the effec:n:;}hass flux. The correlation of E111on (1954) was f
derived analyttcally- based on a laminar flow assumpt1on The local heat

transfer coeff1c1ent 1s expressed in terms of two component5°

h = h +ho o oY

-

% - '
o 3 4 4.
T eeedal, w0 - dgem) .
1eerggt2ﬁ§ Sttt ATeat N
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| subcooling and mass flux effects.
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The data shown in Figure 76 were obtained under very low inlet

959¢).

subc ing (T. = Under these cond1t1ons, the correlation of
ETYion underpredicts the wall temperatures

carrelation with the data at a higher inlet subcoolin.

Figure 77 compares the

- It can be

concluded that the lack of agreement is due to the omission of the

The predictions according to the cofre]ation recdmmendgd by Hsu

baééa"on\;?st-CHF FLECHT (Cadek,

reproducé “here in SI units:
h= Mty te * hmod.Bromley
=\2815 pY-5%8 o4y (<0.00481 p
-0.25

+ 0.6 ,
2 | 2n EGT
(P is in kPa)

Since the correlat1ln ¢onsists of the sum of two components, it \

pred1cts two different wall temperd%ures at the same heat flux.

g

1g)

temperature corresponds to the-r

hig ér temperature the film boi]ihg regi
corr, 1at1on7does not predict adequately the trend of the data.

discrepancy can also be attr1buted to the 1ack of

effects in the correlatiﬁn.

1971) reflood data.

-

10

The correlation is

0. 1733 )
ATcat
(pi pg)hfgg

MgTsat

M

0.25 !§><f/

Q g

The lower

f transition boiling am¥ the

It éapears that this
The

flux anﬁ/igbcno?ing

I

«f1977) are also shown on these two figurés. This correlation was derived
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1X.4 Prediction of Void Fraction _ _ . e
The void fractions calculated in the theoretical model for the
runs shown in Figures 73-86 are compared with the measured values in |

g1ve ‘the best agreement between the measured and predict 1

Figures 87-91.. The calculated values correspond to inlet conditions that
o
' temperatures. The solid curves are the same ones as those shown in Figure 44,
which are the eye-ball fit to the measurements in Test Section E.
| It can be_seen'tnat the measured void fractions are usually higher 7]‘
than the Predicted va]ue. This can Be due to entrainment of the vapour J
in the Tiquid core. The result of entrainment is a thinner vapour film

and an 1ncrease in the effective eddy d1ffus1v1ty in the liquid core. The

latter was probably included in the proportionality constant for the eddy

diffusivity used in the model, ° f‘J$ ' (
.~
. e )
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E
X.0  CONCLUSIONS AND'RECOMMENDATIONS

X.1 .Summary of Contributions

Subcooled film boiling data were obtained for water under ﬁprced
flow condition,inside_a tube. They covered a wide range of mass flux and:
inlet subcooling similar to those expected %o exist 1in é nuclear fuel
channel under accident conditions. Similar data were nonexistent prior - 7 »)
to this study. The use of a unique technique to initiate film boiling
was instrumental in the success of the experiment,

| A theoretical model was developed to predi t the surface temperature
. of a tube dur1ng 1nverted annq?ar film boiling. It incorporates the effects
of mass flux, inlet subcoo]1ng, pressure, thermal entrance length and
7ydrau11c diameter. The predictions compared well with the experimental data.

Both the theoretical and exper1menta1 results indicate that the” o
overall heat transfer coefficient-based on (T Sat) is a- funct1on of the
mass flux and Tocal equilibrium quality, except in the thermal entrance
region. This region is estimated to be in the order of 6 L/D's from the -
-start of the heated length (which cancides with the start of the film
boiling Tength in the theoretical mode1). Over thishlength the heat
transfer coeff1c1ent is enhanced by 1ncreas1ng the inlet subcoo]1ng The
fu]]y developed heat transfer coeff1c1ent decreases w1th increasing
equ111br1um quality, until the flow regime changes to dispersed flow, /i;>
Heat transfer by thermal radiation is an important component at high wall | |
temperature. It may account for about 40% of the overall ‘heat transfer.

‘ The theoretical prediction indicates that the heat transfer
coefficient increases with pressure. This is due primari]y to the increase
‘in vapour density and consequenfly.decreasg fn'the film thickness, and to

the increase in the  thermal conductiv%ty.
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" .X.2 Reécommendation for Future Work

The théoretical model developed "in this thesis “gives a ‘skelethn of a

mechanistic model of inverted annylar film boiling. Most of the uncertainties
- ]

lie in the interfacial shear and eddy diffusivity. The const1tut1ve equations

e

for them have been under deve]bpment cdﬁstant]y. It is suggested that such

projects be pursued with greater emphasis. This is also consistent with the

requirements of th®<current two-fluid mode]s_development.

One of the simplifications adopted in the dengopment of the theoretical
model 1is an assumed dniform vélocity in the 1iquid core. In other words, the
ve]ocxty boundary/-layer of the liquid core at the ]1qu1d-vapor interface is
neglected. Thisleffect can be included in the further development of the mode].
The eddy diffusivities of momentum and heat transfer in the liquid core
have been assumed equal. There are situations where this assumption is not valid.
Therefore, potential users of the model should note this 11m1tat1on This 1is
a]so an area for further investigation.
The theoret1ca] model still needs some data at different pressures and

hydrau116“é1ameter to substantiate its applicability. As a theoretical model of

‘ —~
such complexity is almost always impessible to put into a large computer code,

vthese additional data wf]l be useful for’devefsﬁﬁng-aﬁ-empirica1 correlation. The

theoret1cal model may be used to identify the important parameters

The theoret1ca1 model only considers inverted annular film boiling.
Each phase is considered to flow separate]y, without any entrainment of the
other phase The region of low quality dispersed flow has not been included.

Such data were almost always obtained in the exper1menta1 program. Several

*models for dispersed 1ow film boiling at high qua11xy are available in

the T1terature. It would be of academic .and practical interests to

‘consider the low quality region.
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b,

- {from Groeneveld & Gardiner (1977))

CEOMETRY

TLOW COXDITIONS

*

HAIN ORSERVATIONS

Varcical flow
ovar s harizoatal
cylindar N
0.D. - 2.0 m= .
- 12,6 mm
- l6.2 mm

N-haxane, CCl;,
banzens, athyl
aleehol ware usad.
Mags fluxes of O co °
6.56 2 103 xgu-1g-1
uers tesCed.

Tor I.II/.__D' < 10, b, ia tndspeadant of valocity

and for IH/I_D * 2.0, he ia proportional to U".

Mutphy, Karmode,
acd Izxhradaik

1970

Hocizoatal placs

Haxane, benzane,
and sathanol vers
used. Hasa [luxes
af 0.67x 107 co
4,047 103 wga-Z4-1
ware Castad.

¥ated & molerace incrasse in the haat transfar
coafltclane with velocicy.
i

Raakin ‘
1961

VYartical cubs
1.0. - 26.9 mm
length -~ 1.2i m

Fragn=11) and
mathanol st mass
fluxes of 0.38x 193
to 4.0 % 103 kgm=iyl

%o affect of valocity in f1lm botling ul;ton.

Dougall and
Rohagnow" 1,

1963

Vacrtical tuba,

I.D. - 10.2 mm
- 4.6 mm

leageh = 186 ma

0.43210Y to”
1.11 % 103 ‘kga~2p71
Fraon=-113

Ko affact of pralocity ca film bollisg.

Mocta and
Bromlay
1957

Varcical flouw
over hocizoncal
cylindacs
0.0, = 9.8 s
S o= 12,6, mm
- 16.2

-

0-5.56= 107 xgm=2a-1
of ¥-haxana, CC1g,
benzane, sad athyl
aleahal with
subcoalings of

0 =43°C

Subcooling ln:r-n-&’:h. hast transfer coef-
,flclenc by a3 wmuch as a factor of 4. Tha
aftect of subcooling incraassd vith incresssd

valocicy. .

Xalinin

1969

Dowmuvard Tlow in
4 vartical tuba
I1.0. = & am

to 20 wm
length = 100 om

3 d
6.)2x107 - 18,9 103
kgm-2s~L of nterogen
wicth 0~ 38°C sub-
coalings io
transisanc tasca.

Tanlold increase In haast tranafar at highasc
subcooling avar satutated condicions.
Thraefold idcruane ia heat flux over maas fluz
raage Cescad,

Ellion
1954

Upward flow fn a
vercical aanulys
0.0, - 63.5 =
I[.0. - 6.4 em
langch = 76.2 »m

0.316% 103 _¢e 1.5
w103 kgm~2u=1 of
wscar vich 28°C to
34*C aubcooling.

-

Na affect of subcooling or valocity on film
bofling heat transfar. .

[# Fung
© 1976

Upward [lov in a
varcical tube

1.D. - 12.7 == .
langeh = 101.6 mm

- ’

I
0.068x'107 to 1.33
« 13 k“"i‘l aof
" watar with 0~76°C
subcoolings in
transiant tasca.

Reat flux loccassed fourfold ac highest zub-
cooling over sacurated conditicns. Haac flum~
inccaanan tanfold at highast flow.

Chang and ¥g
,1978

Upvard [lov in a
vartical tube N
1.0. < 12.7 e

langsh = 37.13 == |.

0.19 % 103 aga-e-1
of vater at sub-~

coaling of 0= 26°C
in cransienc tescs.

Meat flux incressad sixfold for highest lub;
cooling, %octed a suddan dip io tha boiling
curve pear che ninisus film boiling tempera-~
turs ac 2&°C subcooling.

Nevbhald

1976

Varcical cuba
upvard and down~
ward {low.

1.0, = 10 ma
langeh = 77 mm

0.016 % 103 to
1.245% 103 kgn-2s~1
of water in tran~
slanc Tests. .

Ordar of magnitude {ncraasa ia vall haag flux
ovar aass flux raoge tested.

Satch
. 1978

Varcical cube
1.0, - 121.3
langeh - 1.23&

0.0254 103 ¢a
0.132% 103 kgm-2s-1
aof vager.

Too fev data painca at che sama subcoaliangs
and fressure to deav any concluaions oa
velocicy effecc.

'y

[P

ram e e oy
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TABLE 2. LOW-QUALITY AND SUBCOOLED FILM BOILING CORRELATIONS

(from Groeneyveld & Gardiner (1977)) -
. aasct of arrLItARnYTY
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. a LR ] detargeat o - 3.2 wall ever che
1970 \-o.lu'n‘_ ———-—-—u“'."‘ o‘“‘ - Sk m :u..::'nu-
yeoubar Reny - fretisea
' AT
. ..'Lu.i_
. . . l’ '.
Andstame ot al. sz o8 . s (1o Satuquced Glvea alighelp
: L L R e -/ races Righar haag
DR —'—’{—lr; /. teasaler coafa
1976 v, 81,0 ftciep idgs
Jaresses’s
1| evnmsce soum . e
Theety saly.,
Bl Len 3.7~ Wagar Yorcieal 0.2 =041 (ﬂ.llt-b”) 15'c- 3¢
f NI otatiny Ly =l
N - o - 823
1954 ;ET"-?:T'“. - i .
h g
Ml
‘Esliale e ol 1) laverted Asmuler flew HiTegea Doaminrd G.41-1.1) | {8.32~-10.9) 9 - Muc Waial required
Har ip s - te evaluara
1) swteendal reples . warriesl Tuba the film
0.1 . 10 = & mm thishasas
~ | m- -.enu[?—'-]n 2 E.-l..u wp{-0.08 ;)] te 20 =
. 1 ' l-(lhm;
. . 1) e esttbids]l fogion -
1969 . 5 “.o.u :
e o a.mn[—';] ey
» [}
L4 »~
. re [1_- =10 ot.)-.(-u'ln".;]
0.1
& AT [o -n-] N
*ts s
* Sleg Flew A .
5, - -.:“”E +8.13 sap{-0.08 é}] .
1" -_ﬁ.—!,—'
" v .l ‘l.l. "v v o’
.. D N ’
. 1
. LI ",
Biagall sad 8 Da Prase-113 - | Vertisal tuba 0.10¢ {0.43 2120 Eaic puslity
Sahastanr ;-_ ;! ¥ = 10.12wm LT w w101
aad 4.8 = .
[P i BN Vgt = -
1963 * 1.0 sm .
. lemx & !
-
' ___r: L
Kl



-180-r-

TABLE 3
DIMENSIONS OF TEST SECTIONS

. ' Test Section
T A ¢ N :
ID (mm) 11.81 - ° - 11.94
0D {mm) ‘ '12.70 © 7 13.08
Heated length between L _
power clamps (cm) Jr.26 © 75.25 - 76.73 76.14
Heated length before - '
hot patch {(cm) : 3.81 - 3.81 3.786  3.35
Heated length beyond last . i
TS thermocouple 1.39  8.44 9.946  9.79
Hot patch 0D {em) ' —~———— 8.89 — -
Kot patch Tength — 6.35 - ~  2.54
Cartridge heaters . =—— 8 x 2500 ———— 8 x 150
Thermocouple location i
£1evat10n‘(cm) from
Itop of hot patch .
TSO "0
TS1 2.46 3 -
TS2 5.08 6
TS3 ° . 7.38 9 .
TS4 ' - 10.28 . 12 .
TS5 15.08 = 18 -
“1s6 o 25.48 24
TS7 35.48 35
758 , 45.88 45
TS9 . 55.64 . 50 ’
TS10 : 70.27 55
TS11 ' " Bottom of downstream power clamp
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p TABLE 4 RANGES OF TEST CONDITIONS

Nominal Mass Flux (kg.m—2,g-1)

T . (o) .

in o

{nominal) 50 100 150 200 250 300 _ 350 400 500
1 ¢ E E E E E
5 L S1 AC_8 aC CGEC ¢ g
10 A A,C,E A,C AC,E C ¢c,E ¢,D C,D,E C,E°
20 ¢ ACE AC CE c c,E ¢, ¢,0,E C,D

o ‘ : , A !

30 aC ¢ c ¢ C
40 | c C c ,
50 c ¢
60 . AC C

70 a,c

-

Entries in table indicate test section.
4 . L

N



TABLE 5 'MINIMUM FILM BOILING TEMPERATURE" .

RUN NAME

A 50.605
A 50.102
AL00.207
C100.057
€100.10D
C100.205
C150.106
C250.205
C250.303
€350.205
C500.206
C500.206

-182-

T-MIN (C)

365.
302,
313.

293.-

335.
335.
310.
419.
414.
427.
405,
405.

b)

.,/

QUALITY
~.154800E~02
'+ .218500E-01

-390580E-03

.252773E-01
-923900E-02
.187310E-02
.994483E-03

-.134619E-01 -

-.214547E-01
-.180936E-01
~.143072E-01
~.143072E-01

*
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APPENDIX A: GAMMA DENSITOMETER

A.l INTRODUCTION
The radiation attenuation method of den51ty determ1nat1on is
based on the absorption of ‘gamma rays by the 1nterven1ng material.

Theoiretically, the attenuation can be pred1cted and related to the void

.fraction of the measurement reg1on. In practice, a calibration curve

is obtained in a mock-up structure. The method is a well established

technique. A comprehensive review of the methodo]ég} can be found in

Lassahn et al. [1979]. 1In what fo]]ows the features specific to the

present 1nvest1gat1on are described.

A.2 DESCRIPTION OF Y-DENSITOMETER ARRANGEMENT AND CALIBRATION

The densitometer consisted of a 50 mCi Cesium 137 source encased

'in a collimator, a detector and electronic counting devices.

The d1mens1ons of the co1]1mator and detector window. are shown

in Fig. A.1. The relative pos1tions with respect to the tube are shown

i Fig. A.2. o

Calibration was carr1ed out by measur1ng the attenuation through

L3

Luc1te p]ugs of various diameter inserted into a mock- -up tube to

simulate inverted annular f]ow; The % attenuation is defined as .

+

I - 1 .
ST

N\
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R R ' | ’ _
‘ : -/
where Ié“and Ip are the emptyvznd full count rate respectively. (fx
1t ‘can be sﬁg\q‘(Chan [1980}) that if IE/IF is close to
un1ty, then A=1 -nq. . . "

The- above method of relating the attenuat1on to the void frac-
t1on is app]1cab1e 1n an arrangement in which the beam is at Teast as

wide as the tube cross section. In such case the void-fraction is the

. average void fraction over the cross section. Th)order to investigate

tUEﬁeffect of preferential void.distributibn on the measured attenga-
tion, a computer program was written to calculate the atteeeafion,
assuming that the flow was homogeneous 1in- one case and {nverted annular
in the other. The results are shown in Fig. A.3., It can be seen that
the present arrangement does not differentiate between flow regimes.

n

A.3 ERROR ANALYSIS

. Let Ip and Ig be the full and empty count rate averaged'oVer
a period of T s. Since radioactive decay f0110we Poisson statistics,
the assoéiated standard deviations are VTEzE ;;d /TE7?“

respective]y..’If during the calibration runs .n repeats are taken, then

we have

average full count rate = Ir + K /I/m

average empty count rate = TE.i K ¥VIg/nt
where K is a function of the confidence level.

For 95% confidence, K = 1.96. . . A

-
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" If we assume that'IE/IF'is close to 1, then the-fuli scale

- . difference can be written as
. ' )

RS = (fp-Tp) + 2@7151117

Ry

- LN - e

If a count rate of I is obtained over the same period T during -

the experiment, thgn

I, -1

Ces B

% attenuation "a" = —
g ' -1

a -l Ie-If . .

IR T
N
m
-~
. 1|
-l .
| |
~
-—
+
5
Pnmt®
-+
.
fu
=1
A |m
t.P

For the densitometer used ‘in this infestigation, ¢
- ~ -
i o PR S a
| [g - 17005 Ig ‘
* |

Ng = 2,500,000 for T = 200 s -

s .

G

e
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P v Ig = 12,500
5 F}ir_ 95% confidence level
oy 1 - 12,500 -
‘ : pa = 1.% [ +¥5) + 2] 0.05 x 12,500 %/200 x 5
= {3.236 + 2a) x 0.01108 - -
Since a=1-aqa -
SeooAad e My
The following table shows the variation of & at different void 1
fraction{"/ | /
c a 6% a3 %
: o 0 100 3.6
o S 0.5 50 4.7
o 1 0 5.8
-~ o
The lower & at large void fraction is due to the slight increase in
count rate. . 1 i
: -
| :
@
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A.4 EFFECT OF THERMAL EXPANSION OF TUBE CN THE ATTENUATION

Consider a small element AL along the tube with mass equal to am.

Density of tube wall = p--ﬂéﬂ—
nD-aL

gg' . _ d(aL)
P (aL)

The linear absorption coefficient is given by
B = Ko(T)

where K is a coefficient calculated from the absorption-cross section
of individual atoms of the tube material.

The change in the absorption coefficient is therefore

' dp
Ap = K ar AT

_ v o alat)
Kar = AT

n

- Kp o AT

= o hoy AT

H ;Uo“ -a{T - To)) L2



" For the water inside ihe tube, the change in temperature is too
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small to affect the absorption correlation.

A'computer programiwas written to calculate the change in count

Table A.1(a).

Measurements were taken by heating db the tube. The results are

shown in Table A.1(b). The higher ratig,4n~tQ§ measurement was partly
density at higher temperature, and other. .

due to the lower gas

uncertainties in the

insulating material surrounding the tube.

- rate due to expansion of the tube. The results are shown in

It was -

therefore decided to use the theoretical prediction to correct for the

measured count rate.

The correction curve is shown in Fig. A.4.

{

B e o T UGS

E ]

-4



Increase in count rate, c/s
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=2.76 + 0.13924*7T

|

-3.766 + 0.0976*T .
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2 111'1"-11 | | |

200 . 300 Loo 500 .600 joo 800 . 30‘0
Wall Temperature (°C) '

FIG. A.4  TEMPERATURE..CORRECTION FOR COUNT RATE
- 4 ) .
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TABLE A.1
TEMPRRATURE CORRECTION FOR EMPTY COUNT RATE:

(2) Theoretical

Empty count rate ratio

T (°C) /14
20 |
200 ' 1.0003218
300 1.0005145
400 1.0007084
500 1.0009096
600 1.0011290 |
700 1.0013760
800 1.0016540
900 1.0019530
1000 1.0022470
1100 10024830

{b) Experimgntal

Counts in

Average over

T(°C) | 200 s No. of samplings /1,
20 | 2664271 -7 B!
406 72665365 8 1.0004106
606 26697§0 10 1.0020600~'
970 2671814 _? 1.0028310

Pt e e e e ce i e
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APPENDIX B: CORRECTIONS USED IN DATA REDUCTION

. B.1 " Temperatures on the Inside Surface of the Tube

S1nce the thermocouplés were spot-welded on the outside of the
tube, the temperature of the 1ns1de surface has to be estimated by‘\
solving the steady- state heat conduct1on equat1on for the tube wall.

If the axial temperature gradient is assumed to be much smaller

than the radial gradient, then the governing equation is

+lﬂ+‘92=0

d7
;;2- r dr k

where q" is the heat generation rate in W/m.

The solution in terms of the inside surface heat flux $ is

2
T':'I;-?—Ti RO R_O_l
i 0 7 22:"
k R RI

Ri' z

For a typical value of @ = 200 kW/m? and k = 20 W/m? (°G/m),
To - Ty = 2.9°C. '

B.2  Electrical Resistivity

For ?aeﬁ test section, the electrical resistance per metre of
the tube waiicalcu1ated from the voltage and current measured during a

heat balance run in which the maximum wall temperature was about g0°c.

T —— e e e T e s e =



W
P
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»

;oA

The resistance at-other temperatures was then ctorrected by usiﬁg the
information from the supplier. Table B.1 tabulates the thermal proper- <)
ties of Inconel 718. Assigning a value of 1 to theoresist}vity at

90°C, the resistjvity at other temperatures is given by the following

polynomial derived by fitfing the data: - >
' 5

TRESIST = 0.98372 + (0.1621226-3)*T

- (0.11893€-6)*72

+ (0.3076D4E-10)*T3 -
The total ﬁower along tgé tube is calculated using-the resistance and
the measured current. This is then compared with the product of the
measured current and vo1tagg. The difﬁsafnce is generally less than

1%. .

B.3  Thermal fonductivity

The normalized thermal conductivity is given_by the following

correlation:
.'COND = 0.875672 + (0.120865-E-2)*T

+ (0.1741726-6)*T2
- (0.102129€-9)*T3

TT is in °C : :

T e e e m ik ety i T AN e ——————
. -

-
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* B.4  Heat Loss by Axial Conduction -

» Consider the heat balance for an elemental Jength AZ

Qg $/QLoss + Q1 = Qo + g™ AV oo B4l
. . >
where/the Q's represent the heat losses from different faces and q" is

the rate of heat generation per unit volume. -

In terms of the temperature gradient, Eq. B.4.1 becomes

S

R

; .
XN kaz 31| ok 3T
, - 2nr kaz o - 2Rk B . 2nR(k + 3 Az)(az +
. . 0 |
i
. Ro -
a (a1 . aT mo 02 o2
2 (az) AZ_)dR = - I 2nRk 2 dR + g™ (RO Ri)AZ
R;
4
S

T t——
~ o
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Dividing each side hy 2TAZR,, we obtain

. © R ' ,
3T R, aT R 23 AT\ -(R -R
ek — -k-2 -] — — k[—|dR=qw 21!
: R| . . R. 3R R. 2z YA
Ri.. i ' Ro ‘ Ri i
a7 . 3T
i “’Loss\ -k —
2R R R0 ar R
. 4]
R_.
| R, k [ ° #%T(R,Z)
%eg “d0ss|. —-— | 2
Ry Ry , R 57

Since the.wall is: thin

2

5 :
) 9 T(RO,Z)

3°T ) 3°T
(R Z) = independent of R = (R ,Z)
a8 - a2 O
2 . pf 2
[ - R ) 9 |. Ro " Ry * &y
- F LOSS :
. Ri TR Ry R
Power
. qlll -
‘w(Rz - R ) X HL
. ) )
Power . R ro = %

a2t

. 0
6T ——— 2
B ‘s 21R; x HL LOSSIRO R, er,
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The second spatjal der1vat1ve is approx1mated by f1rst fitting a
second order po]ynom1a] through three adjacent points and then differ-
entiating the resulting po]ynomfa]. Thus, if the temperatures at Zp, Z2

. and 23 are f], TZ and T3 respectively, then the Lagrangelinterpolation“

is

-z

L? ) Z?)(Z B 23) , :
(2~ 1), - 25) 2

(7, ) L)z - z,) "
(z-z)z- z,]

(23 “ 4z - Zz]"TB

TiRyZ) -

LY

and

T‘““’“ e .fz J

For ca]culating the grad1ents at the f1rs; and last test section

32 T

-zih -z] 2, -q”ﬁ -1,

thermocoup]e locations the “zeroth" and “n+1"st thermocouples were used

if they were 1nsta11ed in the test section. Otherwise, the temperature

at the mid-plane of the hot patch was taken as the “zeroth" tempera-

ture; the n+lst temperature was takén to be 450°

C below the nth temper-

ature and the Tocation was at the bottom
clamp. The value 450°C was chosen after

data in which the n+lst thermocouple was

edge of the. downstream power
an extensive survey of the

installed.
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B.5  Test Section Radial Heat Loss Through Insulations

During the commissioning of a new test section, a dry test was -
~ carried out in.which the test section was heated up with a slow flow of
‘nitrogen through it instead of water. The heat flux, after being cor- .
-rected for axial loss, is thé radial heat 1055; Near the start and end
of the heated length, axial conduction was‘greater'than the radiél heat
loss under dry conditions. Thereforé{ it wés-decided to take only the
heat loss at the location of zero axial tempeFature gradient and derive
a correlation of heat loss vs. wa]i temperature. -This corre]atioﬁ was
then.used at other axial Tocations. For test section A, the correla-

tion is

9055 = 1-23974 - (0.381818E-2)*T
+-(0.129243€-4)*T2
+ (0.194641E-9)*T3  k/m2.0f tube inside
' surface
Test sections C, D and £ were similar and the heat loss

calibration was carried out for test section C only. The correlation

is

®oss = 0.22619319E1 - (0.16666573E-1)*T
+ (0.46720548E-4)*T2 )
- (0.21880536E-7)*T3 -



i

c . ~ -200- -

Another independent estimate can be made by considering the

conduction through the insulation.

2

2* Consider the situation shown in the following sketch

—{sod= |

il 645 cm -

The thermal conductivity of the.insu1ation is assumed to bhe
0.035 Wem~l-co-1, |
'+ Heat loss by conduction through insulation

L]

K AT

ri‘zn (rO/ri)

© 0.035 x (600 - 50)
0.0039 x &n (0.065/0.00536)

a,ﬁEEh“,z”/// = 1351 Qz of tube inside surface.

Using the second coltrelation expression, the result is

=

4355 W/me.

S

T e o TR A A 2y 1 s hrirmta LS s



(1)

v (i)

L

Bl6

the hot patch. The correlation der}ved is

-201- +

- -\J
The discrepancies may be due to the fo]lowing factors,

the insulation close to the tube had been observed to heat up to

'a‘glowing red condition. This had the effect of reducing the

insulation thickness; : :

foma power. supply rated at 50 V and 1000 A, it was not possible
towmeasure accurately the: actual power at such Tow 1eve?s (a
heat flux of 4355 N/m2 was equivalent to a total power of

114 W for the test section). The empirical correlation wi]l

tend to correct for any zero offset.
) y

Heat Loss in Hot Patch

Q = 155.344 - (0.437261)*T

Dry test similar to those qescribed in B.5 were‘carried out foﬁ
+ (0.487421E-3)*T2 W

”

JThis correction waggapplied to all test sections. ‘It would

appear- that“ test section E should have a different heat 'loss since the

‘ h.._,_.:

hot patch was sharter. However, the difference was found to be sm§11¢f

This was because the heat Toss was more dependent on the area of the

exposed insulation surface.

A
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B.7  Linear Expansion - : - . ‘ ‘&*r//r'
. The coefficient of line expansibn is given in.Tab]e‘B.l. e .

corre]ation‘derived by means” of least squares fit to these data is -:
- o= (12.87195823 + (0.3832677818E-2)*T .
+ (0.5699454545E-6)*T2 + (0.3313636364E-9)*713)*10-6
m/m/ °C | _
A1l dimensions of the Inconel tube are correctéa for thermal

" expansion.

B.8  Pressure Drop Along the Heated Length

The test section pressure at the inlet

. . ’ ‘.
a pressure gauge. The-actual value was not-resorded because of -its

b .

fluctuating nature. ‘Instead, the pressure along| the heated length is
: o=

calculated by using'tﬁsrshqge pressure drop correlations. The calcula-

tions are carried out backward from the ‘point wh re the f1ow_dis$harges

Q

‘ into the reservoir at atmospheric presiure. From this point to the end

of the heated léngth, the C]axton*(1972) éorre]at on. for iwo-phase
frictional prédssure drop for adiabatjc round tubes is used. The

calculations are as follows.

—

'* Strictly speaking, this correlation should onlty be'applied to 2¢ flow

in which the wall s wetted. ' Since there is no correlation available for
predicting the pressure drop in inverted annular flow, we will use it as
a first approximation. In addition, the correlations quoted in this
sectioh are taken from some propriatory report. Therefore, the
references will not be given. Luckily, "those who work in this field will
~ine no difficulties identifyin?igbe sources.

Y

g

"

(N
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ge =80
9wy
Re = 6(1 - x)D
el A u
L

Calculate f2 and fg from the expression .

Re20

[ey/)

16/Re if Re < 2000

0.0014 +0.125/Re® 3% if Re > 2000

2f, 62 (1-x)% v,
D

28 -0.363 "

° ("_a)"‘z

exp {—

-2+ £1(6)-T,

1 +C/X+'l/}t2'

1og]OA + 2:.5'2
2.4-107% (@)

- G-D

He

@

s
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1 N TP -
Calculate flo from.Rezo as before.
2 X f“
= (1-x)
b0 =T 4Ty

If ¢§0 <1 put ¢§0 =1

g Tt

Along the heated 1ength Rouhani's (1969) modification of
Becker s (1962} correlation is used. The two-phase multiplier is

" defined as

2 . (dp/dz)two-phase - ‘ ' (\
(dP/dz) '

single-phase liquid

T + 2850 (xkp) - 8150 (x/P)2

-where X is the vapour weight quality

P is the pressure in bars.

This correlation is aﬁpTicab]e in the range 0.001 < X/P < 0.1.

However, it is extrapolated to beyond the upper range for the fb]]owing

reasons:
. . r"\
C
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{a) the Tength.over.which thé quality ig greader than
| . -present study is relatively short/, if exists at all.
(b) The overall pressure along the fieated Tength is small.
Therefore, errors introduced due to extrapolation will not
signiffcant]y affect the pressure drop estimate.
For qualities below 0.001, the value at 0.001 is used.

L

B.9 Program Listing

A listing of the computer program incorporating all the

correcttons can be found in the following pages.
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SN
TABLE B.1

THERMAL PROPERTIES OF INCONEL 718+

E (Ann. 180dfF/h)
Temperature - Thermal ETectrical
Conduétivity Resistivity
°F Btu/sq.ft/ht/°F/in. ° Ohm/circ.mil/ft.
200 8 - 762
400 . T m
%0 - 11 . 775
s 123 (ﬂﬂ\ “784
1000 135 ' . 798
1200 147 - . 805
1400 , 160 802
1600 . 173 799 '
1800 185 - 801
2000 196 . 811

Mean Linear

Expansion

in/in/°F x 10-6

7.2
7.8
8.0
8.1
8.2
8.6
9.1
9.5
- 9.8

10.0

*From International ‘Nickel Company of Canada Ltd. (INCO).

CONVERSION FACTORS

1 Btu/sq.ft/h/F/in. = 0.14423 W/m (°C/m)
1 Ohm/circ.mil/ft = 1.662 x 1073 ghm/mmZ/m
in/in/°F_= 5/9 m/m/°C
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PROGRAN BOIL T4/ OPTeL KEMOmens/ b N TFIT] 0943 11.29.29 ACE
rmm BOLL {{WPOT.OUTICT, PUNCE. TAPEY, TAFES =CgTIUT,
TAFET=PUNCE, FLOTY
e
e ex ~xce rcoce
¢ FIOSIAN BOIL cmum LOCAL EXAT FTLUX PROM FILN 3OTLING
[ RAN DATA, VARIOUS CORKECTIONS ARE INCORPORATIO. 3RX
3 APPENDIX B OF TEESID 3T K.K.FUNG
c

REAL STORN(30,10),5TORTS{30,10) .lﬂl’ll!ﬂ 13-4
EEAL E(12),RLEATILY), TRAT(12), PP (12}
FEATER/AR (1]}

INTICKE ROLAME, PRI
INTEGIR MAXE
KRAL ﬂ(l:l.?ll!l.l(lll.ﬂllu) E(13) . ETCI1L) . BT{1TY
REAL T7(8),I(%)
KEAL FTOKE(S0,.14),8TORF(30,10)
REAL THE (50),PRIS(30}
COOICM/L120/K 1 480
COMIEON /SCALEL/ XNIN,IMAX,TICK,PFIECAL, THIN, TRAX, TICT, FYSCAL .
COWNNCE /PORMAT/XL, YL, FTTTLE(D), FSUNTIT{N), PXAXTIT(N) , FYAXTIT(S) ,
LESTVARS , STVARS (10} -
SETHEAN/BTIC00 (101, FEYMBL{3) . FEVIGZ (11, FSTIE3 (1), FADIOBA (3],
., :.hmsm.nmm.nmvm SFITIM D) I (21, HmLa () 4
1 BTHLOCK, STHLOCY {
COWMON /TITLIC/ TITLOCK,TITLOCY,SUNLOCK,SUBLOCY, XAXLOCK , EAXLOCY,

£=4/ N
l!..ll..l!..)l-.l!.."..!!..l! /

OATA IA1.3. 1!..]!..‘!-.!3

DATA ZOPT1.JOPT2/0,0/

DATA EQUIL/D./

DATA JORFUN/0/ .

DATA WOTITL/L/

JORPUM=0 KEANE WO PUNCNED CARDE
, JOPTl=l WO PLOT -
' DEFAULT 1S wItx PLOT AND WITBOUT POWCHED CARDM

WOTITLE=0 KEAME %0 PLOT XEADING
OXFAOLT IS WITE NEADING

WTITL=0
JorTiel

aoanaanaonnn

H
H
e,

TENT SECTION CROMKTRY
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APPENDIX C : DATA TABULATION

Each run is identified by an eight characteﬁ alphanumeric run name. The

legend is shown below:

AAOO . 10 .1

I--L\‘\'t:esv,t: sequence

-

)

Test Section” mass flux

(kg.m=2.5™1) inlet subeooling

(°c) e

Note that the mass flux and inlet subcooling in the run names are nominal
values and should not be used in any actual calculations.

-

Each set of data consists of five lines. The format is:

First line

Run name
Inlet Temperature (°¢)
Mass flux (kg.m 2.s-1) | ’
Hot patch power (W) | ‘
Hot pat;h temperature (°C) '
<

Measured power (W)

Corrected power (W)
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Second line
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Calculated pressure at end of hot patch (kPa)
*Calculated p%essure at end of heated length (kPa)
Inletlénthalpy (J/kg) ‘

Enthalpy at end of hot pateh {(J/kg)

-*Sat@ration teméeratﬁre at end of, hot pa;ch {°c)

¥Saturated liquid enthalpy at end of hot pateh (J/kg)

Third line

Corrected wall temperature (9c) at 10 locations.
Fourth line

Heat flux (W/m2) at 10 locations.
Fifth 11¥e

Enthalpy (J/kg) at 10 locationsf

* In the case where this calcﬁlated value is below the atmospheric
pressure, the atmespheric pressure is tabulated in its place. The

saturation temperature and liquid enthalpy still correspond to the

- calculated pressure.
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The distances in cm of the ten thermocouple locations measured from the

top of the hot patch are:

TEST SECTION

A C, Dand E
TS1 2.46 3
TS2 ' 5.08 6
TS3 7.38 9
TSY 10.28 12
155 15.08 18
TS6 25.48 2 ,
TS7 35.148 35
T34 4s.88 | Is
TS9 55.64 50
TS10 70.27 . 55

r‘l
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