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ABSTRACT -

Film QOfling heat transfer coefficients have been
measured at low qﬁality.;nd subcooled conditions over a wide range
of pressures and mass fluxes in the vertical upward flow of water
in a‘uniformly hgated tube. .The trén&g of the data are examined
and described withlrespec; to the system parameters such as heat
flux, inlet subcoocling, pressﬁre, and mass flux. .The effects of
various contributlng factors are.discuséed in relation to specific

LT
trends in the data. '

—

R o

A comparison of exiétiﬁg heat transfer correla-
‘£ioqs with the dgta indicates that no correlation adequately \
‘characterized ;he trends of the data over the complete range of
flow conditions. However, the.Groeneveld—Delorme correlation [13] b
appears to approach the data at the hi ghest qualitiesr(x > 30%),

and Berenson's correlatioh [4] has approximately the correct

pressure dependence.

The temperature below which the heated surface can
no longer support f£ilm boiling has also been measured over a wide
range of flow conditions (minimum film boiling temperature). The

ma jor trends éf this temperature with respect to quality and

*



pressure are studled' and a correlation in terms of these two

-

parameters is"developed. This correlation predicts the minimum ¢

-

film boiling temperature over the complete pressure range - from

atmospheric to 22 MPa. .
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' Symbol "Pescription.
A T-area .
D tube diameter
F geopmetric view factor
F pseudo view factor
G mass flux
h enthé}py
H heat "transfer coefficient
k thermal conductivity
K slip ratio
L : length
Nu ) Vapour Nusselt number H'D‘kg_l
P, p pressure ‘
Pr Vapour Prandtl number Cpg'ugjkg'l
Q power
r, R radius
Re Réynolds number G'D'ug'1
T temperature
W ‘mass flow rate
x, X quality

Unitsa

m2

: m
kg‘m_z's-l
kI kgL

ke 2voc]

ke~ 1roc™1

kPa

kW

°C

kg's-ll



Greek ' Description

a “void fraction e

Y absorptivity of the vapéur

S ‘vapour layer thickness’

£ emissivity

u ) viscosity

p density .
or reflectance (1 --E).‘ J

6 Stefan-Boltzman constant (

T transmittance

¢ heat f£lux

Subscripts '

fg

sat

actual value

equilibrium

saturated liquid ‘}

difference between saturated liquid
saturated vapour

saturated vapour

Jiquid

saturation value

vapour

ke m—2 . ""K'_4

KWem ™2
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) CHAPTER 1
r.':}" l_..‘ c, -
A'l‘ < L ta
g,
I.1. Film Boiling o T TR

Film boiling heat-trénsfgr occurs when the heated
surface témperature is apové the Leidenfrost Eemperatgggm(aléah“
known as the minimum film_boiling ;gmperht;re, r&égg;ing tempera;
ture). ' The liquid can noflonger wet the surfgce under these con—
ditions, and the surface is covered by a vapour blanket. fhe
liquid is ﬁfesént in the form of a liquid core (pipe f low,
inverted annular flow regime) or as droplets ent¥aiﬁed in the
vapour phase (disperséd flow régime). In Fig. 1.1 a typiecal boil-
ing curve has been drawn, showing the fiim b?iling region [15];

Film Hbilin;'is of particular importance in the
analysis of certain failures in nuclear reactor cooling systems.
fFor example, during a ioss of coolant ;ccident (LoCA), f1ilm boil-

ing could occur ﬁuring the initial blowdown phase (depressuriza-

tion), and in the subse&uent reflooding phase (injection of emer-

gency core cooling water). It ;ould also occur during a "loss of




.regulation“ (LOR) accident where the reactor power accidentally -

increases.
L Prediction of the fuel cladding wall temperatures
during the&dtzggigents is then dependent upon a knowledge of the

fidm boiling heat transfer coefficients under the flow conditions

of the specifie accident. : : A

The data obtained in this study are eepecially
applicable to the subcooled and low quality film boiling region.
Due to the 1imits of the test apparatus (boiling water level

control and pump cavitation), the IOWer pressure limit of the data

. 1s 2 MPa, which may be somewhat above a typical LOCA pressure- .-

Date were aleo obtained up to 9 MPa and over a wide range of mass
fluxee.' These data will f£ill a gap in the previously existing

N -
data base of film boiling results. The higher.preesure and higher
mass flux data have some applicepilit& to CANDU LOR xeactor safety

analysis.



. .

1.2. Hot Patch Technique o "

Water film bolling data are very difficult to _ _ -
obtain using conventionél.ﬁe;t flux concrplle& systems.f In this,
type of sysgém the"tesq section hea; flux 1s increased until the
critical heat flux is exceeded.. At this point the wall tempera-‘
ture increaées drastically as shown on Fig. l.1 from point A to
B [15]. This large increase is generally sufficient to cause a
failure of ﬁhe test section (heater). This iIs especially true at
lbw qualities anq subcooled conditions where the critical heat
flux is much higﬁ;r and.hence the post-CHF temperature rise 1s
mich larger [16]. Since the physical intggrity of the test

sectlon is difficult to maintain, little data have been

‘(previously) obtained in this area.

) A‘rglaqivély new technique [16] {s used in this
experiment, where a copper hot patch is silver brazed onto the
test sectlon. The heat flux of the hot patch iélcontrollable
separately fram the remainder of the test section downstream. As

a result, the hot patch heat flux can be set sufficiently high to

]

exceed the critical heat flux, and the test section heat flux can
- \ ‘/ !

be set much lower, which will in turn limit the test section

-



temperature. This method then allows the investigation of the -
film boiling region between p;int B and point C along the test
section downstream of the hot patch (Fig. 1.1).

In this exper%meﬁt the hot patch method is applied
over a wide range of pressures (2 to 9 MPa) and mass fluxes (120
to 2750 kg'mnz's_l)- Film boiling achie;ed in this manner is a
very stable phenomenon and can be maintained for h;u;s“hith no

change. As a result, the experimental data are believed to be

very reliable and free from any transient effects.

1.3. Minimum FilmrBoiling Temperature

Below a céifain temperature, the heatéd surface céq
no longer support film b?iling (point C of Fig. l.l). Film boil~
ing quickly changes to much more efficient trangition boiling, and
then nucleate boiling. It is important to accurately predict this
temperature in reactor safety énalysis since the rate of heat

transfer greatly increases below this temperature.

(“
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The minimum film boiling temperature as measured in
this- study was relatively unaffected by axial conduction in the:
wall since the test section, spontaneously quenched_at e.point,
without the presence of a previous rewetting frppt. ‘Subsequent to

the initial quench, rewetting fronts propagated both upstream and

BYSAEN

downstream. These measurements are thought to be the only steble

minipun f£1ilm boiling temperature data available which were

obtained aﬂ*elevated pressures.

ah 'r-
= .
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. CHAPTER 2 .

- L7
oy s /
*

-~
[

THEQORETICAL CONSIDERATIONS

]

-

In this chapter the general Eheory of £ilm bolling
‘ heat transfer will be presented. Some of this description applies
specifically to certain trends seen in the experimental data

(Chapter 6) and to that extent this chapter "anticipates” some of

A 4

the results of Chapter ™. This approach was chosen in order to

. ' ¢
avoid overcrogging Chapter 6 with detailed thqufticql discussions

of various’'data trends. Instead; a brief discussion of the data _
trend 1s presented in Chapter 6 with a reference to the relevant

e

section of Chapter 2, where applicable.

-

This method improveé the readability of Chapter 6
1

and allows all of the theory to be presented in one chapter.

rrapbanyt 0

e
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o In flow film boiling of thés experitﬁent, sever&
flow regimes are expected to occur as the quality Jincreases:

downstream. These flow regimes are shown qualitetively on

-

Fig. 2.1.0 [8): ' S
- AP

’ . . toe
Sectdion 1. . ' - ¢

~~r

This is the area upstresm of the hot patch where

!

the liquid is subcooled. Some nucleate boiling will occur’ in this

area since there is a portion of the test section ‘heated length

-

upstream of the hot patch.

Section 2. .

The upstream limit of Section 2 corresﬁonds to the
beg’inning.of the hot /?tch. At this point the relatively cold_

water flowing up the test section comes into contact with the high

= -

Stemperature #wall (AT = 400°C). A certain amount of vapour is

’

generated at this point, which forms a, blanket over the entire

heated surface. The vapour Specific volume 15 much greater than

that of the liquid, consequently the vapour expands rapidly and

accelerates downstream. This leads to a high veloeity. ratio (slip

-

ratio) between the vapour and the liquid.
. d \ ' "

L)

%.l. Flow Regimes _— _ .

-

crmmy

&



The liquid is still subcooled in this region and

Y Y e

flows as a core in the centre of the tube (inverted annular flow

-regfhe) _In this region the ‘act quality is positive, by defi-

nition of quality since there is a vapour flowfrate, however, the

" the inlet plushthe enthalpy added due to-the wall heat flux

. -« hi” hf -mD-L.
*'sgi ey, X = ~+ ] . This quality remains negative

-

thermpdyndmic equilibrium quality is negative.. The thermodynamic®

equilihrium quality is evaluated from the enthalpy of the fluid at

*

b

hfg We hfg

until enough heat hasabeen added to the fluid to raise the

?r“

enthalppy up to- the@éaturation value at that pressurea The thermo—

-

dynamic equilibrium_ quality begins ‘to increase above, zero at this

' point and gradually approaches the”actual quality downstreim.

Unfortunately there is no way to determine the
actual quality (in this experiment) aund therefore the thermody—
namic equilibrium quality will be used for all comparisons of the
data against quality. This method is quite satisfactory as long

-

as 1t isfrealized that the actual quality is never less than zero

’

in film boiling.

T, ' ."ofl



Section 3. ' L e

As the liquld core approaches saturation, the

interface between the vapour and liquid will 1likely become waﬁy
and highly distorted [8]. ?Pis will promote the breakup of the

core into droplets which will lead to dispersed flow.

-

Section 4.

-

In this flow region the liquid is present as drop-

v

lets entrained in the vapour (dispersed flow). These droplets.are

readily accelekéted by the vapour to near the vapour

velocity [15], thus reducing the velocity ratic (slip ratio};b \

between the Ltwo phases.
2.1.1s Heat Transfer -

{ - Heat is transferred from the wall to the liquid by

L .
both convection and conduction across the vapour layer. The
. :

effects of conduction heat transfer are the strongest in Section 2

at low vold fractions, when the vapour layer is the thinnest, and

v

the vapour flow is laminar [7]. Convection augments the heat
transfer process at higher qualities, when the vapour layer
becomes turbulent and especlally when the flnw regime becomes

dispersed (Sections 3 and 4). On Fig. 2.1l.1 the regions of vapour

laminar and turbulent flow héve been drawn in accordance with
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similar figures in the references [22),[7]. As the vapour
accelerates, the laminar vapour layer Becohes turbulent. This
turbulence increases downst:éam, causing a reduction in the thick-
ness, of the laminar region at the wéll- It is acknowledged-in
ref. 22_that this conception of the film boiling process is some-
what p;ersimplified buf immensely mote practical for their pur-

r

poses of developing a semi-theoretical heat tTansfer relation.

»

2.1,1.1, Temperaturé Profile in Laminar Flow

The bulk of the vapour initially generated at the
start of the film boiling length will be nea£ the saéuration‘tem—
perature. The vapour near the wall will be close to the wall tem~
perature. As the vapéur toves ‘dowmstream, the temperature of the
bulk of the wvapour will rise due to the conduction: of heat from
the wall into the vapour layei [23]. Fig. 2.1.2Ashows the expec—
ted changes in the temperature profile across the vapour layer as
:‘funﬁtion of axial distance from the dryout.point. Due to the
" higher vapour velocity in the central region of tﬁe vaﬁour layer,

some flattening of the temperature profile will occur, since the

heat. 1s also transported downstream by the vapour flow.
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2.1.1.2. Temﬁerature Profile in Turbulent Flow

-y

7

The vapour velocity will continue to increase down-
stream in the central region of the vapour layer, eventually.pro-
ducing a turbulent region [22]. Eig. 2.1.3 shows the vapour
velocity profiles as a function of axial distance. The tempera-
ture gradient in the turbulent area (in the middle region of-the
vapour layer) would tend to decrease due to the added convective
heat;transfer {22]. .Thergxpected temperatuiz profile across the
vapour layer is shown in Fig. 2.1.4 [9].

» In this figure laminar sublayers are showp on the
wall-vapouf interface_and.at the Gapour—liquid interface. It is
;in these areas that the éreatest portionrof the wall~-liquid tem—
perature difference exists, since the only mode of heat transfer
in these areas is conduction. The laminar sublayer at the vapour
liquid Iinterface will probégly occur when the liquid core is
highly subcooled and the interface is smooth. When the liquid
core reaches saturation, the interface will likely be wavy and the

laminar layer will disappear [8].
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2.1.2. Wall Temperatu?e Determination

.

Three major mechanisms which affeect the wall
temperature, and hence the heat transfer coefficient, based on
Twall ~ Tgar 8re as follows:

1) vapour layer thickness

2) turbulent mixing in.the vapgur

3). vapour superheat

The sections below will describe these mechanisms in turn.

2.1.2.1. Vapour Layer Thickness

In the case where conduction is the dominant form
of heat transfer through the bulk of the vapour layer, a thicker
vapour layer results in a higher wall'temperature for a given hgat
flux. This situation is-likely to occur during subcooled film
-boiling at low void fraction where the vapour layer is tﬁin, and

,the flow is laminar [5]. o *

Convection dominates the heat transfer process. 
through the bulk of the vapour in the dispersed flow regime. 1In
this case the vapour layer no longer exists as it did in inverted
annular flow, since the liquid is now entrained in the vapour
phase as droplets [15]. Therefore changes in the void fraction

J
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{vapour layer thickness) are not expected to have as strong an effect

on the wall temperature, as they did when the voii fraction was low.
2.1.2.2. Turbulent Mixing in the Vapour Layer

.Higher vapour Reyndids numbers are expected to imp}ove
the mixing in the vapour layer and hence i;prove the convective heat
transfer. This will t@erefore reduce the temperature gradient in the
bulk of the vapour layer [9], and wail temp;rature- The Reynolds
number increases as the vapour velocity incréases and as the vapour
layer th;ckness increases (i.e., Re = vvpvﬁfuv in é thin wvapour

!

layer). ~

Since the laminar sublayer thickness is inversely
related to the Reynolds number [9], higher vapour velocities
(Reynolds numbers) will also tend to reduce the thickness of the
laminar sublayers. This will in turn reduce the temperature drop

across these zones and ultimately- reduce the wall temperature.

2.1.2.3. Vapour Superheat — Thermodynamic Non—equilibrium’

All of the wall heat flux will not in general be

transferred to the'liqdid core. Some of the heat will be



©

retained by the vapour, causing Fhe vapour temperature to ’

increase. ﬁeasurements by Nijhawan et al [26] have shown that the (\.
vapour superheat can be very large (greater than 60% of the wall -
superheat (Twall - Tsatq)' As the ?apour températufe increases

the wall tempgrature must necessarily increase in drder to main-

tain the same heat transfer rate across the vapour laminar sub-

layer (i.e., the slope of the temperature gradient is approx-

imately constant for a glven heat flux assuming constant vapour

thermophysical properties). . Increasing the wall temperature will
o
thus lead to a reduction in the overall heat transfer coefficient,

which is based on Toa11 ~ Tgare

2.1.3. Axial Wall Temperature Distribution 7
2.1.3.1. General

The above remarks of Section 2.1.2 can be used to
deduce the expected axial wall temperature profile. “The general
trend 1s shown in Fig. 2.1.5 where vapour supefheat, vapour film
thickness and length (quality) are the three co-ordinate axes.

At location 1, near the beginning of the film

" boiling length, laminar flow is present and the vapour temperature
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1s high only near the wall (Section 2.l1.1.1). It is supposed that
most of the heau~§gux reaching the liquid core will tena to raise
Ehe temperature of the.iiquid fatﬁer than generate vapour (until
the 1liquid core reaches saturation), therefore the vapour filp
thickness will remain relatively constant. The vapour temperature
will increasé in the downstream direction and this increase will

] .

cause an increase’ in the wall temperature [26].

’

At location 2 the vapour layer becomes turbulent,

and both '‘conduction and convection are present. This tends to
. ., ]

reduce the temperature gradient in the central region as discussed

in Section 2.1.1.2.

At location 3 convection is the primary mode of

heat transfer across the bulk of the vapour (relatively flat tem—

perature profile). The‘liquid core has reached saturation and the

L4

void fraction begins to increase as a result of vapour generation.

The height of the plateau in the vapour—temperature profile

- (average vapour-superheat) is dependent upon the temperature drop

across the zone near the vapour—liquid Iinterface.



2,1.3.2. Heat Transfer Coefficient

The general shape of the.ooverall heat transfer
coefficient curve based on the wall temperature of Fig. 2.1.5
is shown in Fig. 2.1.6. The overall heat transfer coefficient

is calculated based on the temperature difference between the

wall and the saturation temperature, i.e.,

ho= ¢/(Twall - Tsat) (2.1)
At low void fractions conduction dominates the
"n;' overall heat transfer p%ocess. ,As_the quality is increased the
void fraction increases (and hence the vapour film thi%kness)
reéulting in a decrease in the heat transfer coefficient.
Convection bégihs to cdntribute to thg heat transfer mechanism
o - when the film becomes turbulent, causing a levelling in the curve.
(Without convection, the heat transfer c?efficient would follow
the dotted line as labelled on the plot).
“
The heat transfef coefficient continues to show a

decrease as the quality is increased further due to the increase

in the vapour temperature (vapour superheat). This causes an

A

e .o e e b s 1= P e L A T AR R T

LT S
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increase in the wall temperéfureaand a decrease in the heat "

transfer coefficient as defined above. .

-

2.2. Parametric Effects

The qualitative effects of heat flux, void frac-
tion, inlet subcoogling, vapour thermophysicél properties, massJ'
flux; quélity and pressure on the heat ﬁransfer coefficient wili
be discussed below.

2.2.1. Heat Flux Effect

The effect of heat flux on the heat transfer
coefficient is due to various mechanisms. Four important

mechanisms are discussed below.

1. Increased heat flux is expected to increase the
void fraction at any given qﬁality especiélly in the low quality
region. This occufé bécause the vapour specific'volumé increases
witﬂ‘vapour tempe;ature which wiliﬂin turn cause an inérease in

the void fraction (Section 2.2.2). ¢
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TI. Higher heat flux will result in a greater vapour .,
generation rate [8]:
'Q'hE'dL

Lt .
" i.-_,e;:“, dX = W*h (2.2)
. Is . ‘

where hp wsﬁeated perimeter ' \

For ; constant incremental length, dL, the amount
‘of vapour: generated, dX, increases as the heat flux ioecreases ( ).
This 1eads to an increase in the vapour thrust force and vapour
flow nate, both of which will tend to widen the vapour 1ayer.
This‘ekfect tends to decrease the heat transfer coefficient with

increasing heat flux.

I1I. The vapour Reynolds number is expected to increase
as the vapour layer thickness increases, since the Reynolds number
is a function of the vapour layer thickmess. This will tend to

increase the convective heat transfer component.

’

Iv. ' The higher vapour temperature encountered as a

Fl

result of the higher heat flux levels is expected to affect the

convective heat transfer mechanism to some extent since the

S
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thermophysical propértieaﬁof the ‘vapour are functions of'temperéture

Ak, , Cp, W ). These properties determine the convection and conduc-

tion heat transfer coefficient between the wall and the vapour.

Fig. 2.2.1 shows a plot of a property 8r°“P'(kv'Pr0.33'uv_o.8)

against temperature. It should be noted that this -property group is
proporéional'to'the convective heat transfer coefficient and was
derived from the general form of - the single—~phase heat transfer

relation t9]:

o —

h

No = Ar pr0-33. ge0-8 (2.3)

At higher pressures the group'displays'a,minimum, therefore, depend-
"ing upon the vapour-temperature, an increase in the heat f£lux, and
hence the vapourrtepperature can cause either an increase or decrease

;n the convective heat transfer copfficient. At lower pressures the

r

minimum is not so pronounced, and an increase in the vapour tempera—

ture always leads to an increase in the group, except near satura-

tion. Therefore, at higher gualities increasing the heat flux could

increase the heat transfer coefficient. This would occur fhrough

increases in the thermophysical properties and increases in the

L «

Reynolds.number (due to a thicker vapour layer).

W

-
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2,2.2. Void Fraction Trends . .

N Changes in the void fraction are expected to affect
the heat transfer coefficient through changes in the vapour film
thickness. Void frection is both a function of quality and” pres-

sure. To show these general trends, void fraction has been plot-

_ ~
ted against quality, Epr several pressures [8].
o = 2 ' o (24)
X +Ke (l—xamg/pf S
where : K = slip ratio

!
. X = actual quality based on Jce vapour mass flow

W
rate, i.e. X, = aE- oo
T .
where Wr 1s the, total mass flow.rate, and

Wy is the vapour mass flow rate.

\ -
Allowing the slip atic-to vary accordicé'td the
density ratio to the _power of 012, approximately accounts for the
ptessure effect in flow situations prior to dryout, according to
ref. 2. Examining_the results of Fung [12], suggests that a slip
ratio of 8.0 at the atmospheric pressure 1s the most‘appropriate

value. Therefore, an empirical relation for the slip ratio, Based

upon the bestinformation available to the auther is:

.
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T

A plot of the above vold fraction relation (equation 2.4) includ-"

ing‘Fung's empirical fit to his vold fraction data ilﬁ],is\shown'

innﬁig- 2.2.2. It can be seen that at higher pressures (8 MPa)

ra
.

the rate of change of void'fractién with qﬁality is Smﬁller thaﬁ

that for lower pressures in the:0 to SI‘édalicy range.

—

-
1 °«

-

It is very likely that the slip ratio i§ a function

<

of vold fraction since the slip ratio is ;érke in inverted annular-

flow and then tends toward unity at high velocities in the

. ™., .
dispersed flow regime as' the liquid droplets are accelerated up to

r

the vapour velecity [15]. {'

Since the void fraction is a function of vapour

E

 temperature (through the vapour density), the void fraction.is

. o ’ ’ : ¥
expected to increase as the vapour temperature is increased. This AN

. -

trend 1s shown in Fig. 2.2.3, where .the vapour density of equa-
- tion 2.4 was evaluated at the temperature indicated on the plot.
- o . /

.
b &

2.2.3. ' Inlet Subcooling Effect

o In the present test section, at*the start of film

boiling, vold is generated more or less instantaneously when the

. \ ’ N
. ‘ : ac
Y * ,
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o ’ - ; s Tay
liSPid flowing up the tesf'section comes into Fonﬁhct with the ™

.\
»
high temperature area under fhe hot patch (Section 2 1). The

amount of void present (i e., the vapour film thickness) is— ,ﬁ? .

- »

thought to depend upon the local bulk fluid temperature (subcool—
ing) at the dryout locationm. The lower the bulk temperature

taigher subcodling) the less void that will;pe present. This

N

seems reasonable since some of the hot patch heat flux will be

required to raise the water to saturation temperature, as well as

evaporate it. . . v

n

. In subcooled film boiling, if most of the heat
delivered to the liquid core tends to increase.the liquid temperar
ture rather than generate vapour, then the vapour layer thickness
will remain relatively constant and equal to the initial value.
Thia suggests that the vapour film thickness Is a function qf"
inlet subcoolinétaa:shown in Fig. 2.2.4. When the bulk of the

liquid reaches saturation then the vapour film thickness beging to

‘Increase. This ignores the fact that superheating of the vapour

will tend to increase the void fraction to. some extent. throumgh----—~" """

decreasing the vapour density (Section 2.2.2).

From the above discussion it 1is evident that the
initial vapour film thickness (i.é., at the upstream'axial limit

of film boiling), and hence the subcooiing at the start of film



boiling could have a significant effect on the heat transfer -

"downstream {until the bulk of the liqﬁld reaches saturation).

~
-
"

2.2.4. Thermophysical Properties . -

Sinde the vold fractlon (vapour film thickness) and

- 1

gﬁe thgr@al conduéti%ity are functions of temperature, the vapour
temperature can affect” the heat transfer coéfficient. In the case
of subcooled;film boiling‘immediately downstream of the hot patch,
the vapou£ température is probably somewhat above saturation, and
increagihg. Most oé the heat is transferred by conduction under
these conditions, and the heat tnaﬁsfér coefficient can be approx-
imated as follows:

4

h = ky/ T @2.6)

where ky, is'the-vapour‘thermal conductivity evaluated

at the vapour temperature

: i

8 1s the vapour film thickness also evaluated at

tﬁe vapour température; from the void fraction:
§=1r(k - (1 -a)ty C(2.7)

r =-tube radius

o 1s defined by equation 2.4.

1
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Since both the thermal conductivity and the vapour-

density are functions of temperature, an increase in vapour tempera-

v

ture will affect the.heat transfer coefficient. kv/ﬁ has been
plotted against vapour temperature (Fig. 2.2.5), to show this effeét.
In this plot both kv_and vapbur density (pv) were evaluated at the
temperature of tife x co-ordinate. The fiéure shows that the heat’
transfer.coefficieht decreages wiqh temperature, reaches a minimum
and then inecreases again.

2.2.5. Flow Rate and Quality Effects

<

Righer vapour flow rates increase the vapour Reynolds

number and therefore are expected to improve the convective heat

transfer coefficient component across the vapour layer due to better

mixing in the vapour layer which occurs at higher Reynolds®

numbers [9].

LS

The vapour flow rate can be increased in two ways.’

Firstly, lncreasing the total mass flux will increase the vapour flow

rate (given X), and secondly increasing the quality will increase the

vapour flow rate (given the total mass flux).

ra e
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Incregsing the quality will also tend to increasel-
the vapour superheat (for a glven total mass flux) since increas-
ing the quality means moving-axial}y doﬁnstream. This increase in
the vapour superhgat will tend to raise the wall temperature and
reduce the overall heat transfer coefficilent. Therefore the net
effect on the heat transfer coefficlent, of increasing the
quality, will be the result of two opposite competing mechanisms:

1) higher vapour flow causing a higher Reynolds number
(better mixing) and a higher heat transfer coefficient;
2) higher vapour temperatures causing higher wall

temperatures, and a lower heat transfer coefficient.

It'is expected that mechanism 1) will dominate at
higher mass fluxes since the vapour Reynolds number will increase
" more quickly with quality at higher mass fluxes. This can be
shown matheméﬁically by calculating the derivative of the vapour
Reynolds nuﬁber with respect to quality, and then examining the
mass flux dependence of the result:

N

Re = G*D

Qi

G'DX+K (1 —X)pvlpf)

ka m : (2.8)

v

(see Section 2.3.1)
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therefore ‘ ’ ) o

dRe GD( - va/pf)

- = ' (2.9)
dX \ M,

The rate of change of the vapour Reynolds number
with quality (dRe/dX) is directly proportional to the mass flux. °
Consequently, convection heat transfer increases a;-a greater rate
(with quality) at higher mass fluxes (i.e., mechanism 1 is

stronger at higher G). The vapour temperature increase with

\\Epality (dTv/dX) (which tends to offset the Reynolds number

increases) may actually be less with at higher mass fluxes due to
the higher Reynolds number,:and resultant bettef mixing (i.e.,
mechanisle may decrease). Thereforé, at higher mass fluxes the
convective heat transfer improvement with quality (due to the
increase in the Reynolds number) could exceed the negative effects
of the vapour superheat, thus leading to an increase in the

overall heat transfer coefficlent (based on T - T ).
wall sat

’

In addition to the above, the rate of increase of
vapour temperature with quality (dT,/dX) is expected to reduce
downstream as the vaﬁour temperature increases, since a higher
vapour temperéture will tend to drive more heat from the vapour to
the liquid. Less heat will then be retained by the vapour and the

vapour temperature will increase at a lower rate. This suggests
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that the overall heat transfer coefficients will probably show an
increase downstream first, since dTv/dX is less in this area

(because the vapour superheat 1is approaching a constant value).

Fig. 2.2.6 shows the expected trends in the heat
transfer coefficient when the flow rate changes. Note that the’
heat transfer coefficient increases in the higher quality region

of the higher flow case, due to the larger value of dRe/dX.
2.2.6; Pressure Effect

Pressure affects the values of the thérmophysical
properties of the vapoﬁr and consequently affects the heat trans-
fer process. The vapour thermal conductivity and Prandtl nuﬁber
increase with pressure contributing to the lower wall temperature

and higher heat transfer coefficient at higher pressures. The

latent heat and density ratio are also functions of pressure which

could confribute to changes in the heat transfer coefficient with

pressure.
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2.3. Correlation Methods . )

Typically high quality film boiling heat transfer
data have been correlated by means of some sort of modified Dittus

Boelter equation:

Nu = ARed+prb (2210)
. s
where 7 Nu = ﬁ;D (Nusselt number) . (2.11)
v .
Cu’
Pr = E Y (Prandtl number) - (2.12)

In many correlations of this form the vapour

properties are evaluated at the vapour film temperature [5]:

T

rry ~ (T

WALL + ?SAT)IZ , (2.13)
A tabulatlon of many correlations of this form can be found in
Groeneveld [14].

The heat transfer coefficient can be defined in two

wdys depending on whether vapour superheat is present:

/
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. 6 .
il.e. l) "h = T - T W (2‘11‘) ’
WALL SAT 2
2) h i (2.15)
© Toarn ~ Tyap

Formulatibn 1) assumes that equation 2.10'pharacter-
izes the overall heat transfer process between the wall and the liquid.
The saturation temperature is used for the liquid temperature because the
liquid temperature at the vapour-liquid interface.is probably near satura-
tion even 1f the bulk of the liquid is subcooled [5].

Formulation 2) assumes that some of-the Qall'heat flux
is retained by the vapour thus causing the vapour temperature to rise.
Equation 2.10 then characterizes the heat transfer process between the éall

and the vapour. A further correlation 1s ‘then required to evaluate the

vapour liquid heat exchange process in order to determine the overall heat

‘transfer coefficient [15]. . This then results in a -two-step heat transfer'

process: wall—vapour, and vapour-liquid. The application of formulation

2) is discussed further in Section 2.3.2.

)

Assuming for the moment that eqdation 2.10 adequately

characterizes the heat transfer between the wall and the liquid, the basic

rl

Vd
- trends of this equation can be-examined by evaluating the two~phase

Reynolds number.



- 29 -

£
~

2.3.1. Two-Phase Reynolds Number

In order to account for the generation of vapour
and the consequent increase in the vapour mass flux, the Reynolds
number can be evaluated as follows:

X

a
Re-—GDa'E; o (2.16)

X _
where Gar = GVAP’ the vapour mass flux {8]..

X_ = actual quality including‘the effects of ther-—

modynamic nonequilibrium (vapour superheat)

a =_void fraction
G = mass flux

“v =.vapour viscosity

D = the diameter of the tube when the flow regime

is dispersed (high quality). In inverted
annular flow this value is equal to the vapour

film thickness (68).

T e R R S L iy e e et~ 1t ey
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The void fraction can be expressed in terms of the

local (actual) quality as shown in equation 2.4. Therefore,

substituting this into equation’ (2.16) results in equation 2.8

(repeated here for clarity):

G+De cxa +K(L- xa)pv/pf)

Hy

Re =

(2.8)

It is clear from the fora of this term tﬁat the
Reynolds number will increase linearly with quality (assuming that
the slip ratio is constant). Substituting this vaiue for the
Reyndlds number into equation 2.10 ;hows that the Nusselt number

predicted by equation 2.10 will also increase with quality.

Some of the data do show this Increase in the heat
transfer coefficlent with quality. This trend occurs primarily'at
?Elgher qualities and hig?er mass fluxes, suggesting that the
| two—~phase Réynolds number is applicable in this region. However,
most 6f the data (which were obtained at lower flows and lower
qualities) show the opposite trend; a decrease in the heat
transfer coefficient with iIncreasing quality. " In this region
other mechanisms may be present (vapour superheat) which tend to

offset the improvement in the heat transfer coefficient caused by

the two—phase Reynolds number increase with quality.



2.3.2. Vapour Superheat — Thermodynamic Non—equilibrium::

Thermody c non-equilibri?n or superheating of
-
the vapour phase can occur/during film boi ing and this can cause

a decreasing trend in the heat transfer“coefficiept as the wall
temperature Increases. Heasuremenfs of vapour temperature during
film boiling by Ni jhawan et al. [26].have shown- that a significant
amoﬁnt of vapour superheat can exist at low thermodynamic equilib-
rium quality. Assuming that a methédlis available to calculate
the vapour suéerheat (i.e., the vapour 1iqﬁid heat exchange

process), its effect can be included 'in equation (2.10).

Equation (2.10) gives the value of the heat trans-—
fer coefficient between the wall and the vapour (Hcor). However,
this heat transfer coefficient is based on the temperature
difference between the wall and the vapour. To compare this value
meaningfully with the experimentally determined heat transfer
coefficlent, the véiue must be based on the wall-liquid
gemperature difference, as follows. The wall heat flux is

therefore:

¢ = Hcor'(T;all - Tvap) (2-17)
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Using this heat flux, the predicted heat transfer’

coefficlent, based on the wall liquid temperature difference, can

be evaluated:

o p = ‘ (Twall - Tvap (2-18)
:g cor (Twall-Tsat)
v -
\\' As the vapour temperature increases, then the

predicted heat transfer coefficient decreases’(for constant walk
= . :

temperatures). This therefore results in the same trend as seen

in the data; a decrease’in the heat transfer coefficient with an

increase in quality (assuming that the vapour temperature

increases with quality).

1
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* 2.3.3. Heat Tramsfer by Conduction .. ) ‘

) Ll - 2

» o s - r

. . = +
In addition to convective heat transfer, conduction

can play an important role when-the void fréctioﬁJis low (inverted
7 P T

annular flow regime). The conduction heat flux Es simply related

+

to the vapour layer thperature gradient, i.e.: -

- —

(p =okv T - (2'19)

o’

. Therefore, whern the vapour layer is thin, the
-condhction.heatAtrénsfer'coefficient is given approximately by:

k
v
8

s

where & is the vapour layer thickness. ‘-

At low void fractions in laminar vapour flow,
conduction will probably dominate the heat transfer process, and
the heat transfer coéfficient (kVAS) will increase as the void

" fraction (§) decreases [22]. T

e e b e L M n a4 T

vy
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2.3.4, Non-equilibrium Correlation Methods :

Several empirical cvrrelations have been developed

-which attewmpt' to account for superheéting of the vapour phase. The

,\-'

correlation by Groeneveld and De@orme [13] was based on film boiling -

data obtained at higher qualities and for that reason it does not

predict the trends of the data of this.study very well (Section 7).

Various models have been‘develbped in an effort to

predict the low quality film beiling heat transfer [7], [22]. 'Owiné

to the complexity of the film boiling phenomenon most of the models

contain a number of empirically determined constants. Evaluation of

' some models can be quite time consuming, making them less than ideal

candidates for inclusion in reactor safety analysis codes.

- -~

A model recently published by Chan and Yadigardélu [7]

appears promising since it shows similar trends to the data of this

|l

study, however insufficient time was available to compare in detail

R

[
]



&

- 35 = .

CHAPTER 3

EXPERIMENTAL APPARATUS

. . ..-i\"..-/
In the following ections the major components of
. ] =

»

the experimental apparatus will be described.

3.1. Loop Facllity , '

-~ .
-

The experimentel program was performed in the MR-1

-FLARE loop at Chalk River Nuclear Laboratories. The basic loop

components are shown in Fig. 3.1. The loop as set up in this

.

experiment was capable of 2-10 MPa pressure range and 25-650 kg/h
flow.rate -range. - The-flow Trate was controlled by the opening of

the two flow control valves, as shown on the diagram. Depending

upon the £16w rate, the appropriate orifice~DP cell combination
* 4’

was valved in. The resulting signal from the\Eressure transducer

was ronfed to the on—line comphter data acquisition equipment for
, -

processing and display. v
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3.2. Data Acquisition System . .

-

Wiring from the field was routed into analog to
digital converters. Here the instrument'signals were digitized
and sent to the éomputer.foé processing. A PerkinﬁElher 7/32
ninicomputer was u;ed to conver£ the signals to englneering units
‘and-displa§ the'resulFs on a video displé& terminal. Flow and
enthlapy calculationé were also performed by the computer. At any

+

time, the data could be stored on a magnetic tape for further
process
£

3.3. freheater‘

The test ;ection inlet temperature was set to the
proper value by adjusting the power level in the preheater. Since
this was. a manual adjustment, tﬁe inlet temperature had to be con-
stantly monitored by the experimenter, and the preheater power

.adjusted accordingly in o%der t; maintain the correct inlet

temperature.



The temperature of the water flowing into, the test-
section was monitored by two thermocouples ingserted dire?tly into
the flow. Fig. 3.2 is a dlagram of the test section inétitumenta-
tion. It shows the inlet thermocouples located just upstream of
the test s?}g;on inlet fiénge. Installing the thermocouples in
this location rather than on the test section itself reduced the
iﬁterference of the test section voltage on the'thefmocouple

signals.

The signals from the two inlet thermocouples were
fed to a reference junction maintained at 0°C and then to the
on~line computer system. IObserving and-compariné both of thése‘
temperatures provided a good means to check the validity of the

o
inlet temperature measurement. The temperatures seldom differed
by more than 0.5°C. For.calculation purposes the inlet tempera-
ture was taken as the average of the two values.

v
3.4. Hot Patch

A copper patch 10.1 ecm in length and 8.98 cm in

diameter was silver soldered onto the test section using a high
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melting point silver solder (approx. 820°C). A photograph of fhe
installation is shown_in‘Figure 3.3.. The hot patch was fitted
with twelve heaters, 500 watts each. Power was supplied by two
220 volt 20 ampere ;uto transformers (Variacs) which were mounted
in the control room for easy access. Each Variac controlled the

~3
power to half of the heaters (six).

-
ihree thermocouples were ﬁouﬁted in holes drilled
through the hot patch to within 3 mme of the inner surface. These
thermocouples were spaced to allow measurement of any axial teﬁ*
perature gradients in the ﬁot patch. During the gxperiment; Lhe
two thermocouples located at the downstream end and at the centre
of the hot patch sensed essentially the same aemperature. The one
at the upstream end read about 5% lower. This indicated that «the
dryout location.was close to the upstream end of the hot patch.

3.5. Test Section

.The test section itself was constructed of nominal

7/16 inch (1.11 cm) OD Inconel 600 tubing (ID = 0.8928 cm).
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3.5.1. Thermocouple Instéllatioﬁ
. . .
Chromel-alumel thermocouples were spot welded onto
the exterlor of the tubing at regular intervals as shown in

Fig. 3.2. A photograph of several thermocouples in Fig. 3.3 shows

the details of the thermocouple connection to the test section.

Each thermocouple was Qrapped half way.arqpnd‘the
tubing, along what would be approximateiy a constant temperature
line. In this way heat conduction frod the thermocouple tip could
be minimized. The tip was spot welded to the test section to
ensure good thermal contact. The thermocouple lead was then bent
parallel to the test section for approximately 2 cm and then it
was bent again at 90° to bring the thermocouple connection radi-
ally awa§ from the test section. This 2 cm section parallel to
the test section was insulated with a ceramic sleeye and then
strapped to the test section using thin_metal ties ot welded to
the tube. The main purpose of bending the thermocquple parallel
td the test section was to improve the physical endurance of the
thermocouple tip connection under the stresses of the insﬁlation

' procedure.and‘wiring procedure.



The thermocouples themselves were sheathed in

0.1 cm (0.04 inch) stainless steel tubing with Mg0 insulation

inside the tubing between the thermocouple ‘and the sheath.

Bending of the thermocodples during the installation procedure
often caused a deterioration in the insulation, reducing the
resistance between the leads and the sheath to a value below

2 megohms. This comparatively low resistance would al}ow plck=-up
of the test section voltage, which in turn could cause erroneous
temperature reéadings. Consequently the resistance to ground of
all of the thermocouples was checked befpre insulating the test:
section, and any thermocouples with a resistance less than
infinity .(approximately 10 Megohms on the digital voltmeter being
used) were replaced. This usually represented about 30% of thé

thermocouples.
3.5.2 Thermocouple Wiring

In order to reduce common mode signal pick—up and
retain the high common,modg'rejection capability -of the computer
input stage, the exact wiring connections of the thermocouples
were critical. Each input to the computer was equipped with a
guard terminal, but ﬁnfortunatély this coﬁnection did not extend
to the test section due to economical wiring practices. As a

result, a compromise three wire guarded input wiring scheme was

.

*
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used. In this method the low side of each test section thermo-
couple was connected to the local ground (not the test section).
This connection ensured that the thermocouple output signal was

close to the computer input system ground, and not floating

somewhere far.above itr_\‘

Fig. 3.5 shows diagramatically the connection of

two thermocouples from the test section through the reference

4 * .

Jjunction to the computer input. A complete wiring diagram would

’
.

consist of two 24 conductor cables with one shield around each set

.~

" of 24 wires (12 pairs).

¥

3.5.3. Insulgtion
’ ) o .

:
- .

A-high temperature ceramic fibre insulation wa

used immediatelf against the test section. Fibreglass insulation
was used around this insulation. This resulted in about 6.5 em of
insulation around the tube. Reflective paper and tape were used

on the exterior surface to-.hold the insulation together and ;eduée

-

the radiant heat losses. The insulated tdgt section 1s shown in

-

Fig. 3.5. Théfmocquple wires were supportéd by leads hanging from

the rafters in an effort to lmprove the physical epddrance of the

spot weld connection between the thermocouple ﬁip and the test

gection.

o

. L LF



3.5.%. Hot Patch Wiring
The wiring to the hgé patch was supported by two
semlcircular asbestos plates. Terminal ;trips were attached to
.the support and the heater wires were connected'to the closest
. . terminals. In tﬁis way the wires could be brought out radially

from the heaters and thereby avq}d crossing other wires'

v

(Fig- 3-6)0

At the high operating temperatures of the hot Q§tch
. the insulation on the heater wires deteriorated rapidly and there-—
fore any wirEEFWhieh were touch;ng each other tendéd to short and
either biow a fuse or burn out one or both of the wires. Vngﬁers
were connected to the appropriate terminals around the hot patcﬁ
so that each of the two power supplies was connected to every
other heater. This ensured more even heati&g of the hot patch if

the two powei supplies were not set to the same power level.

a

&

3.5.5. Test Section Power Supply
The tube was heated by direct current from a
( 2000 ampere power supply. The power leads to the test section can
- be seen in Fig. 3.5. The power clamps themselves consisted of two

copper plates (11.5 by 10.0 cm, each with a semicylindrical groove
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cut In it. The test section tube was sandwiched between the two °
plates and the plates in tufn were sandwiched between the power
lead terminations (Fig.3.7). Six bolts were used to securely
tighten the assembly together. AIT parts were nickel plated
before assembly to.reduce oxidization during operation. No auxil-
iary heating of the power clamp leads was employed, consequently
the cableg represented a considerable heat loss to the system.
This heat loss was evaluated and included igééll calculations

(Appendix B).

The power delivered to the gest‘sectiop was deter-
nined by measuring the voltage drop betﬁeen the power clamps and
measuring the voltage drop across a shunt resistor of a known
value placed in sefies with the test section. The on-line com-
puter system multiﬁlied these two values together with the appro- .
priate -constant to evaluate the power. The current and voltage
wave forms were examined to ensure that reasonably pure DC withoﬁt
significant rippie or spikes was belng sent to the computer.
Measurements indicated tﬁat the power.édpply had good filtering
since there was very little evidence of tPe SCR switching (spikes)
on the wave forms. The aécuracy of the power measurement was

confirmed by heat balance and zero power runs (Appendix B).



CHAPTER 4

EXPERTMENTAL METHOD

- The hot patch technique.a; o#ig;éally developed by
Groeneveld [16], was used to achieve film boiling along the length
of the test section. This method allows film bolling to be estab-
lished without the large- temperature rise assogiated with exceed—

ing the critical heat flux. The application of this wmethod and

-

general experimental procedure are outlined below.

4.1. Initial Preparation

The loop was pressurized and brought up to its
operating temperature. The approximate flow rate for the ;un'was
established through the test section, using flow cqntrol valve 1
(Fig. 3.1). The preheater was switched on at a reia;ively high
power-to bring the test section Inlet temperature up to satura-
tion. 'The hot patch power was also switched on at approximately
85% full power, since 100% full power tended to overioad the

cartridge heater wires and burmn out the wiring.

-
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The hot patch temperature rose sha;ply, but

‘eventually levelled off somewhat above the saturation temperature
(due to the good heat transfer during nucleate boiling). The
purpose of switching on the hot patch at this time was to reduce
the time required to bring the hot patch up to 750°C after the

flow was cut off.

4.5. Hot Patch Temperature

After the inlet temperature reached the saturation
temperature the flow was cut off using flow control valve 2. The
hot patch temperature was allowed to rise to approximately

\\__‘_ -
720=760°C, over the course of several minutes. Duging this-time

there was Géry little or no flow through the preheater, and the
preheater power was also off. Cousequently the preheater cooled
and the inlet temperature dropped. By raising the inlet tempera-

ture to near saturation before shutting off the flow the extent of

this cooling could be minimized.

4.3. Dry Patch Propagation

With the hot patch temperature approsthing 730°C

flow control valve 2 was fully reopened. Flow control valve l was

+
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previogsly set so that the correct.-flow for that run would pass’
through the test section. The preheater and the test section
power suppllies wer€ switched on at this point, and the hot patch

power was reduced to about 25X full power (1.5 kW).

.
[

At this %o%nt film boiling ‘existed only under the
hot patch. This dry area was spread downstream to the upper powér
clamp, by adjustiné three variables: inlet temperature, flow fate,
and test section power; In general the inlet temperature was
ralsed to near saturation gnd the test-section power was set abo;t_
30-40%Z higher than the maximum value fo£ thatlrun, since the dry
patch'Spread more rapidly at higher powers. Thié was possible
while film boiling occurred‘over the upstréém portion of ;he test

section. As it propagated downstream the power had to be continu-

ously reduced to avold exceeding the test section maximum wall

temperature of 780°C. : (/,\\

As the downstfeam extent of the dry area approached
- the halfway point the preﬁ;ater'power was gra&ually reduced to
aﬁjust the inlet tem?erature to the correct value for the run.
This process of setting the inlet temperature could be quite time

consuming, especially at low flows, due to the high thermal

inertia of the loop piping. During a typical run it would take

e )



«the downstream half of the test
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éhirty minutes for the’dry patch to spread downstream. At low. - # T
pressures and flow;, it became much g@re difficult and time
consuming to spread the dry paéch-downstream. o - L.
‘ . - ¢
During some low flow runs it was possible to spon~’ .
tangously dry out the en?ire fegt section. This'was acqompilshed
by increasing the inlet temperature to near saturaﬁion, and.wtth
the hot patch‘ln.filg boilingﬂ the test sectioﬁﬁpowe:-was quickly .- .

increased to three or four timés the maximum valge for the run.
The test section temperature rose very .rapidly. so that a quick .
hand on thg power control knob was a necessity. If ‘the whole test

L3 *

section temperature increased significantly aboverthe sétukation'
temperature (ATri_lb0°C), before it became necessary to reduce the
power (because one or more temperaturés were aéproaqhing 750°C) 5 .
then film boildng could be in genéral maintained. It was impor-— '
tant to keep the whole test section in £ilm boiling and not allow

part of it to quench. If it quenched at some polnt then generally

section eventually rewetted, and

‘the process had to be repeated.

This process was ideal when it worked since it

could save a significant amount of time that would otherwise be
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needed to propagate the dry patch downstream. However, the
attendant dangers of destroying the test ‘section may have exceeded

the potential benefité of tine savg@. g

4.4. Data Collection

u” . . . Kl

"Once film boiling had been established along the

i 1ength.from the hot pa;ph/to the upper power ciamp, the‘flow

conditions fof the run~were carefully set to their nominal wvalues

" for “‘that run. Analogue temperature recorders were connected to

seiecéed thermocouples to record their temperature-time history.
When these temperatures showed no fluctuatiou over approximately
10 minutes, -then several (4) computer data scans were initiated
approximately once every l.5 minutes. Data were thereby stored

]

] .o
onto magnetic tape for future processing.

-

.&.5} Power Reduction

‘The test section‘power was reduced by approximately

. . * ~

10% and conditions were allowed to-stdbilize for approximately 10
minutes. Computer data scans of the instrument signals were

initiated again.
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4.6.  Quenching -

. The process of power reductlons and data scans, was
repeated until the test sectf:g’agggched at some point, usually

thermocougle—16 or 17 (Fig. 3.2). As the minimﬁm film boiling

temperature was approached the power step size was reduced im an
effort to accurately determine this temperature. Interpolation
from ‘the temperature-time charts was used to accurately detérmine

the temperature immediately befoxre quenching.

.
.
]
. -
f ]
Wt -
. LY

4.7. Heat Balance Runs and Zero Power Runs

“

r

-

In order to estimate the heat losses from the test
section, heat balance runs and zero power runs were taken. During
the heat balance runs, the outlet temperature was maintained at

greater than 5°C below the saturation temperature. - The electrical

power added to the fluid was compared with the fluid enthalpy rise

as calculated from the inlet and outlet.temperaturés. These —

results are presented in Appendix B.

IJ -

Zero power runs were taken while the loop was being

heated up to normal operating temperature. The difference between

—~—
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the inlet and outlet temperatures 1ndiéated the heat loss from the
test section. This heat loss calculated from the zero power runs
was compared with the heat loss evaluated from the heat balance

runs. (Appendix B).
\ -
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CHAPTER 5

RESULTS - MINIMUM FILM BOILING TEMPERATURE DATA

5.1. General
The minimum film boiling temﬁeratqre providés a
limit to the applicability of film boliling heat transfer
correlations, and the start of transition boiling correlations.
It is very important in reactor safety analysis to know this
minimum temperaturéhaccﬁrately 4g:ie the heat transfer improves
drastically below this temperaté}e in transition boiliné and

nucleate boiling.
N _
R Other experimenters have studied the minimuh film
boiling temperature during the propagation of a rewetting front.
The steep axiél temperature gridients in the region og}a rewetting

front complicated the results.
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In this study the minimum film boiling temperature
was measured without the presence of a rewetting front, and‘
theref;re without the large axial conduction effects. For this
reason these measurementé are believed toibe the world's first

steady-state forced convective minimum film boiling temperature

data obtained in water.

During this study the test section quenched
spontaneously at a point along the test section (usually
thermocouple 16 - Fig. 3.2). The test section tempe;ture
imﬁéﬁiately before the quench, at the location of the quench,

was the minimum film boiling temperature.

5.2. Rewetting Mechanism

Most of the minimum film boiling temperature data
were obtained at low qualities orregbcooled conditions. In the
subcooled region the flow regime was liKely inverted annular.
Therefore, liquid contact with thé ﬁeated surface oécurred as a
result of a spontaneous collapse of the vapour film. This
collapse occurred after the wall temperature.had been slowly

reduced in a step—wise fashion (through a reduction in the heat



-
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flux). This type of rewetting was not dependent upon the .
 properties of the wall since no rewetting front was present prior

to the initial quench.

At high qualities in the dispersed flow regime,
rewetting was thought to occur as a result of liquid droplets
impinging on the heated surface and eventually lowering the

temperature enough to rewet the surface.

5.3. Minimum.Film Boiling Temperature Data

These temperatufe;, togethgr with.those data of
Fung [33] obtained at atmospheric pressure, have been Plotted
agalnst the thermodynamic equilibrium quality in Figé. 5.1 and
5.2. Each plot shogs data obtained at a different'pressufe- Also
shown on the plot is -an empirical correlation of the data, as a
vfunction of pressure and quality. This correlation wsa derived

from the followlng general trends in the data:

!
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1) The miniﬁum film bollimg temperature decreases as the -
quality increases,.in the subcooled region.

2} In the positive quality region the minlmum fiim boiling
temperature remains reiatively constant, to a first
approximatton.

3) No significant effect of mass flux on the minimum film
boiling temperature is observed over the rather wide range
of mass flux (120 - 2750 kg'm~2s1). .
4) The difference between the minimum film boiling temperature

and the satutétion temperature decreases as the pressure is
Increased, at a given subcooling, suggesting that. the mini-
mum tem@erature appears to be approaching tﬁe saturation
_temperature as the pressure increases.

Fung's data show similar trends to the data
obtained in this study in the subcooled regiom, in that the
minimum ¥ilm boiling temperature increases with higher subcooling.
His data-also fit into the pressure trend as displayed by the dagﬁ
of this study, i.e., that the minimum fiim beiling temperature
increases more rapidly with increasing subcooling at lower

pressures (compare Figs. 5.la and 5.1b).

k
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3.4. Correlation
This correlation was developed by a combination of
several least squares regressions performed on selected subsets of
the data. It suffices to say that since the correlation was
des{gned to fit only the major trends of the data, the fitting
procedure is - therefore only approximate. It 1s acknowledged that
better fits to the data are possible, especially if the mass flux
and other dependencles can be properly determined gnd
incorporated.
The empiricaf correlation of“thé minimum film
Boiling data, as a function of pressure and quality 1s given.
below: | .
X< 0 P<9MPa T, =284.7 + 44.11P - 3.72P2 -
. : , X-10%
= 2.819+1.22P (5.1a)
<, %

X>0 P<9MPa Ty

284.7 + 44,11P - 3.72P2  (5.1b)
e’ ‘

P

It

pressure in MPa

Thin = minimum film boiling temperature in °C
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.Fig. 5.3 shows ghe data, Including those of .
Fﬁng_[33], oﬁ a plot o{ pressure agalnst the wall temperature.
-The géneral trend of the correlation with pressure can be seen
from the plot. At the higher é;essures the correlation appears to’
be approéching the saturation line. Although no data were
obtained above 9 MPa, it is reasonable to simply fit a straight
line between the value of the correlation at 9 MPa and the

critical temperature of 375°C at 22 MPa since at this point the

difference between the liquid and the vapour ceases to exist.

This then leads to the following equation for the

-

minimum film boiling temperature at any pressure (P) between 9 MPa

and the critical pressure (22.1 MPa):

> = - - .
|4 9 MPa T (Tmin(g MPa) Tsat(9 MPa))

. min
(22-1 - P) .
13.1 f Tsat(P) . (5.2)

5.5. Discussion

The minimum £ilm boiling temperature data have been
tabulated in Appendix D. From these data it can be seen that the
test section normally quenched at thermocouple 16. This occurred

because the test section temperature was the lowest in that area.
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Upstream of thermocouple 16 axial conduction from the hot patch

tendéd to increase the wall heat flux, which in turn increased the
wall temperature, towards the hot patch. This increasing wall
heat flux towards the hot patch also tended to iﬁcrease the vapour
layer thickness in that direction, which further increased the
wall temperature. This effect is the same as the effect of heat
flux on the heat transfer coefficient as discussed in

Section 2.2.1.

Downstream of thermocouple 16 location the
increased vapour superheat and vapour generation led to an
increase in the vapour layer thickness and an increase in the wall

. - .

temperature. Therefore, thermocouple 16 was near the minimum

_temperature of the test section and also probably near the minimum

vapour layer thickness. Hence rewetting occurred preferentially

at this 1ccation._
A

»

Al though correlations have been recommended dn the
literature, many lack®'an adequate data base. The correlation of
this study was developed from a relatively large data base
{51 points),‘and it is expected to be a valuable addition to

present reactor safety analysis codes.

]
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CHAPTER 6 ‘ :

RESULTS - HEAT TRANSFER COEFFICIENT DATA

The trends in the data will be discussed in a
general sense, followed by a more detailed discussion with respect
to the specific effects of heat flux, pressure, inlet subcooling,
mgss=flux. These trends will be related to the physical

mechanisms as they are outlined in Section 2.

6.1l. General Comments

Voow
ks
o

A series of plots have beeﬁlgenerated in order to

tonr
.

display the déta graphically. In Fig: 6.2.1 to 6.2.9, the heat
transfer coefficient has been plotted against the thermodynamic
quality, where the heat transfer coefficient was calculated from

" the inside wall te;gerature of the tube as follows:

¢

T
wall - T ]

=
I

wall heat flux

]

O ~ O
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where ¢ = test section éowar/heated area .
R = radiation heat flux as evaluated from
equation (13) of Appendix A.

T (p

sat = gaturation temperature evaluated at

out)

the outlet pressure.

It should be noted that the actual data polnts were

plotted on the figures (although ne symbols were used) and no

smoothing of the. data was employed.

Also shown on these plots is the wall teﬁpefature,
appearing as the dashed lines. Several sets of d}ta have been
plotted on these f;éures, each at a different heat flux. The
highest heat flux was generally limited so that the maximum test
section temperature remained below 750°C. The lowest heat flux
was determined by the gquenching of the test-section at some point.
The héat flux associated with each wall température curve was
marked on each figure. To détermine the heat f£flux associated with
any of the heat transfer coefficient curves {solid lines)'it must
be remembered that the highest wall temperatures (dottéd curves)
correspond to the lowest valueé of the heat transfer coefficient

(solid curves). .
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- Some of the data plots show evidence of axial .
conduction from the hot patch. Referring to Fig. 6.2.2b, Lhe
reductions in the heat transfer coefficient curves at the lowest
qualities afe a result of the hot patch raising gﬁe temperature of

the first thermocouple (lowest quality) and causing a decrease in

the overall heat transfer-coefficient.

On Figs. 6.4.1_t0 6.4.3 the heat transfer

_ | f
coefficlent has been plotted against quality and axial position.

The inclusion of the axial position plot allows some evaluation of

-

any entrance effects.

In general, the heat transfer coefficient during
film bolling decrease; with increasing quality at‘low to moderate
‘mass fluxes. This is most likely due to the for;ation of vapour
superheat [26]. At higher mass fluxes'tﬁe same trends are present
except that in the higher quality region thé heat transfer
coefficient increases with quality. A discussion of the reasons

for this increase was presented in Section 2.2.5.

In the lower quality region (X < 0,02) the heat
transfer coefficient increases sharply with gecreasing quality
(Fig. 6.2.2) due to the reduction of the vapour layer thickness.

This increase is greater at'lowe; heat flux levels.



In the sections below, these effects and others

willl be discussed in’relaéion to changes in the system parameters

such as heat flux, pressure, inlét subcooling and mass flux. An
effort has been made to qualitatively indicate the range of the

effects with respect to the relevant flow variables. However,

Pl

owing to the tomplexity of the film boiling process, and the
intérconnection of effects, rigid limits cannot be set. Gener—
ally, a brief summary qf the observeéd data Erends will bg‘givenn

followed by a discussion of possible cauéeg.

6.2. Heat Flux Effect® .

Observations

-~

(1) The lower the heat flux, the higgér the film boiling heat
flux heat tran;fer coefficient.

In the low and negaé;ve %galiﬁy'region, decreaéing the heat:flux

always leads to an ihcréase in ﬁhe heat transfer coefficient

(Fig.,6,2.i). This effeét occurs over the range of pressures from

2 MPa to’8 MPa, in the low quality region. At higher qualities

thishtgénd changes somewhat with pressure (Section 6.2.2).
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' iscussion . : '
— e

»
_The effect of heat flux on the heat transfer
$:~ ' . h

,ﬁcoefficient in the low quélity reéiog and subcooled region is at

~

least in pért caused by the changes in the conduction heat "

-
Bransfer rate, due to changes in bhe-vapour\film_thickness.

Thérefore, by décreasing heat flux the vapour layer thickness

, decreases causing a, réduction in the wall temperature and an

increase in the overall hegat transfgrlcoefficignt (based on °

T - T_ ). In addition, the heat flux is expected to affect
. wall sat . L oa I

the vapour superheat, and therefore the vapour temperature could

-

lead to an Iincrease in the thermophﬁsical property gropp (Section

2.2.1) and hence an’increase in‘the heat transfer coeff&cignf.-5

. t
, : ™ . - . ¥y

;6.2.1.' "Cross Over Effect" ’

Observations

...{1) There is a minimum in the ef%ect of heat flux on .the heét;
.- ’ - - $ . e

‘transfer coefficient. .. S . ‘ s

(2) Tﬁere is a "cross over” in the ggfect of heat flux on the

P

'heat\transfeg,éoéfficient.
:

H
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Réferring to Fig. 6.2.2, the effect of heat flux on .

the heat transfer coefficient reaches a minimum at approximately
'0.005 quality at 2 MPa. Although it may not be obvious from the

‘figure,<at this quality -thé heat flux effect appears to "cross.

[ .
cover”. At qualities greater than 0.005, an increase in .the heat

-

flux increases tﬁe heat transfer'coefficient. Below this quality,

increases in the heat flux decrease the heat transfer coefficient.

Discussion

As explained in the theorftical section 2.2.1, an.

.
-

increase in the heat flux tends to decrease the conduction heat
tfansﬁer component (due to a.thicker vapour layer). An increase

- in the heat flux tends to increase the convective heat transfelr

component tﬁgbugh increases in the Reynolds number and changes in

the vapour thermog@ysical properties (duevto the higher wvapour

" temperature). : *

The cross over poinﬁ cduld be the region where the

- ‘a

rate of decrease of the.conduction component equals the rate of

v

increase of the conyective tomponent.

—
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*(2) At high wall temperature and higher pressure, heat fiux does

_ ‘through changes in the vapour thermophysical properties. At~

- 64 - S

6.2.2. Pressure

Observations

e
£

(1) Increased. pressure appears to prevent'phe occurrence of the

"cross over? effect

not appear to strdﬁgly affect the heat transfer coefficient.

S
bk,

- ) - - 2@-
The 4 MPa data of Fig. 6.2.2 show thg "eross over"

effect, but to a lesser degre% than, the 2 MPa data. The 6 and
. ) > ‘ ' )
8 MPa data do not show the effect. Referring to the data obtained

at, 8 MPa, the three highest heat flux curves do not show an

effect of heat flux on the heat -transfer ccefficient. The)same

effect - is present in! the 6 MPa data shown 6n Fig. 6.2. 20 It is

als§ observable to gome extent on Figs. 6.2. 1 6.2.3 and 6.2.6 at
8 MPa.

4 . .
Discussion , S

] ’K

-ﬁighe: pressures could reduce the cross over effect
S '

-

higher pressure an ingrease in ghe vapour temperature does not

- necéssarily lead to anfipcreas%;ij‘iijfthermophysical properties.

L
[
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In fact it could cause a decreasé {Section 2.2.1). Therefore,

4

/f)}ﬂcreasing the heat fluxﬂaguld tend to decrease the conductdion

"

compenent (due to a thicker vapour layer) and could also decrease
the convection component (due to a resultant decrease in the
thermophysical properties group). The fact that the convection

component "decreases would prevent any cross over effect.

*7T

-
In addition, since the void fraction does not

increase as quickly with quality at higher pressures (see

JFig. 2.2.2) the decreasing conduction component would‘pefsist to

higher qualities. This decreasing trend could obsﬁﬁre any

increases in the convective heat transfer component.

Thg fact that the he;t flux does not affect ﬁhe
heat transfer coefficient at the highest wall temperatures (obser;
vation (2)) could indicate that the vapourltemperature is in the
area of fhe minimum in the vapour the?ﬁophysical properties curve
(Secfion 2.2.1). Conseduently,-the vapour temperature could vary
over a raﬁge with compa}atively littie cﬁaﬁéé in the thermophys-

'ical_properties, and hence, iittle change in the heat transfer
coefficient. In.addition, it suggests that changes in the vapour

flayeg thickness due to chaﬁges‘in the heat flux dre not affecting
the heat transfer coefficient. This could océur 1f the bulk of

the vapour layer was turbulent and hence the heat transfer coeffi-

¢
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4

L]

-

cient between the wall and the liquid would not depend upon the
. T
vapour layer thickness (i.€., as it does in the laminar flow).
.Some of the higher pressure runs do not show the
effect as strongly as ohher runs because the wall temﬁerature (and
hence the vapour ‘temperatures) were probably below the region of

the minimum in the thermophysical properties curves (Fig. 2.2.1).
6.2.3. Higher Flows and Higher Inlet Subcoolings

Observations- .

(1) The heat transfer qpefficient decreases very quickly with
quality at hiéh docal subcooling (i.e., X = -0.10 to ~0.15).

'(2) A minimum in thé heat transfer coefficient curve occurs near
-0.06 quality at the higher heat fiuxes.

(3) Above 0’'quality the heat transfer qﬁlfficieht decreéses

again.

. Fig. 6.2.8 shows four sets of data obtained at high
flow and high inlet subcooling.. The flow rates are the same, but
the pressure and inlet supcoolings vary from one plot to the

next. -
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. All of the plots of Fig. 6.2.8 show the above
effects, but the plats with higher inlet suchQIing (c énd d,
labelled left to right and top to bottom) show the effects most
strongly. Evidence of this effect is present on other plots, but
to a lesser extent. Figs. 6.2.6 and 6.2.7 show similar trends.
fhe‘flow rates are about half:of those in Fig. 6.2.8, and as a
result the wall he;t fluxes had‘fo 5& maintained considerably
lower in order not to exceed the maximum wall temperature of
750°C. Fig. 6.2.9 shows two sets of dath obtained at higher mass

fluxes where the same trends are present.

Discussion
The observed trend may be at least in part

explained by considering the variation of vapour properties with

vapour temperature. -In subcooled film boiling, the flow regime is

“inverted annular aééording to the flow regime map (Fig. 2.1.0).

Wb :

In this region,'changes in the vapour ﬁemperature affect the. ther-
mal conductivity and density-of the vapour }ayer. These changes
in turn affect tﬁe conducfion heat transfer as discussed %n
Section 2.2.4. A plot of these effects (Fig. 2.2.5) shows similar
trends to Fig. 6.2.8c in the quality range from -0.1l4 to -0.03;
iee., a sharﬁ decrease in the heat transfer coefficient followed

by a2 minimum and then an increase.
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As the heat flux is decreased the vapour temperature -

AN

will also decreasé, at a given quality. According to Fig. 2.2.5,
at lower témperatures, the het transfer coefficient will be higher

(if the vapour temperature is below the minimum in the curve).

- This is the same trend as shown by thé data of ?ig. 6.2.35

' 6.2.4. Much Higher Flows (2750 kg'm 2*s~l)

et

o

Observations

Fig. 6.2.9 shows two plots of data obtained at much higher

flow rates (approximately three times that of Fig. 6.2.8). Essen-

tially the same trends are present as on Fig. 6.2.8. The notable '

. ."r.

exceptibn ishfﬁé continued increase in the heat transfer coeffi-
cient at qualitiJ@ greater than 0, whereas thé runs of Fig. 6.2.8
showed a definite decrease in thig region. Upon closer examina-
tion of the Fig. 6.2.9 it can begseen that the heat transfer coef-

ficient increases less quickly above approximately -0.02 quality.

Discussion

It 1s thought that this reduction in the slope
(near —0.02 quality) corresponds to the bulk of the liquid

reaching saturation and therefore net vapour‘generation;//"i
’ \



4

The incfease in the void fractiqh tends to reduce the
heat transfer coefficient. However, the increase in the vapour flow
rate is high (see Section 2.2.5L§pr a d%scdsgion of the effect of !
flow rate on the rate of increase of the Reynolds number).” The net

result is an increase in the heat transfer coefficient, but at a

lesser rate. L

6.3. Pressure Effact

Fig. 6.3.la shows four sets of data obtained at dif-
o i
ferent pressures but otherwise the same conditions. Several heat
flux values were selected for plotting in order not to - overcrowd the

plots. Most of the data on these plots are shown on separate plots

of Figs. 6.2.1 to 6.2.9, with all of the heat flux levels.

Observations

(1) The heat transfer coefficient varies directly with pressure
(2) Low pressure (2 MPa) data indicate a sharpér increase in the
heat transfer coefficient with quality‘than do the higher

pressure data (at higher qualities).
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Discussion

Pressure affgcts the heat transfer mainiy.tﬁrough
changes in the thermophysical properties. This aérees with the
tren&slin the thermophysical proéerties as described in
Section 2;2.1. However, tﬁé magnitude of the p;;ssdre depend;nce
on the eéxperimental data is consiﬁerébly larger than the pressure
de%endence predicted by a cdrrelation 6f the form uéed to generate
Fig. 2.2.1. This suggests that other‘dipeAsionless'groups may be

involved such as the density ratiO'pg/ E;

- Y

.
’

Observation (2) above could be attributed to the
fact that the Reynolds nnmbér.increas%s more quickly'with quélity.
at lower pfessuréﬁ (at:the same flow rate), As outlined in
SeCtion“Z.Z.S the increase in vapodr Reynoids humber with quéiity
nge/dF) is directly proportionhal to the tetm G-D-(l—K-pg/pf)/pg.
Diue to the pressure dependence of‘pg/pf'énd pg this term will be - -
larger at lowgr pressuresh(assuming constant slip). Calculations

.indicate that the difference is apprqximately 20%, between 2 MPa
and é MPa, assuming the same slip ;atio. The fact that the slip
ratio decreases with increasing pressure will tend to éeduce the

term, but not change the basic trend. . '
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Observations

-
'

(i)‘ The heat transfer coefficient ;ncreaseé more rapidly with
decreasing qual}ty in the low quality region, at lower
pressures, éhan.at higher pressures.

Fig. 6.3.1b shows four sets of data obtaine&pa; a
lower flow rate than Fig. 6.3.la. Both Figs. 6.3.1a and 6.3.1b
show a sharper increase in'the héat transfer coefficient in the
low quality reglon at lower pressures, i;e., dH/dX ecomes more

negative at lower pressures, with decreasing quality. '

Discussidn

’ . ~

" The increase in the heat transfer coefficient at

¢

low qualities is due to the thinner vapour : er and the presence

of conduction from the wall to the 1iqdid corels Therefore, the

sures (2.MPa) compared with higher prggsure; (8 MPa); indicates
that the vold fraction is varying more quic&ly with qualiﬁy at
lower pressures. - This 1is exactly Fhe expected trend in voild
fraction as discussed in Section 2.2.2; Figse. 6.3.2a and 6.3.2b
show further data obiained at a greater inlet subcooling. Thése

data show similar trends to those described above.

[k

sharper increase in the heat transfer coefficient at lower pres— '
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6.4. Inlet Subcooling Effect
v

The effect of inlet subcooling on the heat tranqﬁef
coefficient is shown in Figs. 6.4.1, 6.4.2 ang 6.4.3. Two, thgée
or four runs obtained at the same élow rate, preésure and heat
£1lux, but different inlet subcoolings were plotted on the same
figurg. Alsoc shown in dotfed lines 1is the heat transfer coeffi-
cient plotted against axial locgﬁion, where 0.0 represenﬁs the
downstream end of the inlet power clamp, and the hot patch length

has been omitted. These curves were Iincluded to help isolate any

effect ofalengfh on the heat transfer coefficient.
6.4.1. High Quality Region

Observations

N W

(1) There is little or no-effect of the imlet subcooling on the
heat transfer coefficlent in the high qualdty regton

" (i.e., X > 0.10)+

RN T
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The runs of Fig. 6.4.1 show essentially no change
in the heat transfer coefficlent with a variation in the inlet
subcooling. There is some dev;ation at the lowest qurlities, but
this is due to axial heat coqdpction from the het patch.

Fig. 6.4.2 shows similar trends at higher qualities.

Discussion

This Indicates that at higher qualities, the film

" bolling heat transfer coefficient is a function of local

. conditions and not inlet conditions.

6.4.2. Low Quality Region

Observations

-~

(1) In the low quality and subcooled region, the inlet subcooling

does affect the heat transfer coefficients; the higher the

inlet subcooling, the.greater the heat transfer coefficient.



cf‘I

(2) This effect is stronger at higher mass fluxes.

o

Higher massrflux runs tend to have data at lower
qualities (for the same inlet Eemperature) simply because the hot -
patch heat flux does not increase-the quality of the fluid a; much
at higher mass fluxes.‘ Consequently Figs. 6.4;2 and 6.4.3 have
datq at progressilvely lowerwqualities.

- * The data of Fig. 6.4;2 do n;t show any pgrticular
inlet subcooling‘effecé,'but the data of Fig. 6.4.3 obtained at a
" somewhat higpgr mass flux do show a definite effecg. It should be ~
noted tha; the agtﬁal quality will be greater than zero in f{1m

o

boiling regardless of the equilibrium quality. Therefore.in the
_subcooled region, the equilibrium quality 1is not an accurate
representation of the actual quality, but it does serve as an =

‘indication of the subcooling of the liqﬁid assuming that most of

the heat is delivered to. the liguid.
Discussion

As stated in the theoreticﬁl discussion
(Section 2.2.3) the liquid temperature at the start of the f£ilm

boiling length may 'affect the vapour film thickness. It is

- . -
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possible that the higher the inlet subcooling, the th;nnef the

initial vapour layer. If this is true and the vapéur léyer thick-

ness does not increase significantly downstream, until’ the bulk Qf"
the liquid reaéhes.saturation, then the in&eb subcboli;g will
affect the vapour film thickness and the heat transfer coefficient
downs;ream. The higher the inlet subcooling the‘;higﬁEt the

vapbir film and the higher the heat transfer coefficlent. This

effect would produce trends similar to the trends of Fig..6;4.3.

* -

. 6.4.3. Pressure Effects

Observations . _ <

t
[}

-
_—
bt

(1) The effects of inlet subcooling are not as pronounced .at
1ower pressures.
. Discussion

-,

There are several contributing factors which tend'
to reduce the inlet subcooling effect at lower pressuras. ’
Firstiy; since the vold fraction 1s a much stronger fpnction of

quality. at low pressure, the vapour film thickens more quickly

with quality. Hence  the inlet subcodling/effect disappears more
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.
.y

quickly giih quality. SEcqndly, at lower pressurés, it was more
difficult to maintain film boiliné'at higher inlet subcoolings,
which in part accounts for the lack of data in this area. .The
" latent heat is greater at lower.pregsures, ;onsequently, at the

same inlet subcooling, the inlet quality will be higher for the

lower pressure data.

'6.5. Mass Flux Effect

On Figs. 6.5.1 to 6.5.4 the heat transfer coeffi-
cient has been plotted against thermodynamic_equilibrium quality.
On each plot several runs were selgcted at tﬁe same. pressure, heaE
flux and inlet sub;oéling, but different flow rates. Althougﬁ the
inlet subcoolings are normally the same, the hot patch heat flux
and the portion of the heated length upstream of the ﬁot patch
tend te increage the quality more at lower flow rates. Therefore,
the higher ;he mass flux the'higher the subcogling at the start of

. )
the film bofiing length.
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6.5.1. Higher Mass Fluxes

Observations

(1) The heat transfer coefficient increases with mass flux.

Referring to Fig. 6.5.1, the higher mass flux data

show higher values of the heat transfer coefficient at any

.

quality.

Discussion

This observation is probably related to the higher
vapour Reynolds number and consequent better mixing in the wapour
layer that occurs at higher mass fluxes. Thils effect can be seen

in Figs- 6-5.1 and 6-5-2-
6+5.2. Lower Mass Fluxes

Observations

(1) At lower mass fluxes the heat transfer coefficient does not

appear to be a strong function of mass flux.
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ra

{2) The ‘lowest mass flux heat transfer coefficient can be higher
o

,than the next higher mass flux heat transfer coefficient.

The data of Figs. 6.5.4 and 6.5.3 do not show a "
strong mass flux dependence although the ovérlap at low quality
values is minimal in some cases. Moreover, the heat transfer
coefficient appears to be a function of qualitxvalone (and

»
pressure). .
The lowest mass flux heat transfer coefficients are

greater than the next higher mass flux data at the same quality.

This can be seen in Figs. 6.5.2, 6.5.3 and 6.5.4.
Discussion

Observation (1) suggests that the improvement in

the heat transfer coefficient as a result of the higher mass flux.
. 7 1

is equally offset by the higher vapour superheat. This could
occur since at the same quality, the higher mass flux data were

obtained from locations downstream, where the vapour superheat is

probably larger.
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This mechanism also explains observﬁtion (2), J
except that in this casé the vapour superheat more.than offsets
the improvement in éhe heat transfer coefficieﬁ; due to the h;gher
flog rate. The wall temperature curves (dotted lines) éf
Fig. 6.5.4b support the idea that the axial location affects the
vapour temperature;\ If these curves were plotted as‘wall tempera—
ture against axial ldcaFion, the two %?wesf mass flux curves would
‘fall almost on t.:op of one anothet?. The.refc_)re, the wall tempera-
tures aré essentlally a function of axial location and not
qualicy. R

»

6.5.3. Quality Trends -

Observations : "

(L ft higher mass fluxes the heat transfer coefficient begins to

ificrédse with quality in the high quéLity?;ngon.

The. heat transfer coefficient decreases as the
quality incregseé, up to a point. At this point the higher flow
rate data will tend to show an. increase in the heat transfer coef-
ficient, while the lower flow rate data will continue the decreas-
ing trend. Fig. 6.5.1b shows thisleffect ¢learly near 0.10 qual-

ity. Similar trends are visible in the other data plots. It ca;\\%_



be seen that the higher flow rate data tend to show larger
increases in the heat transfer coefficient in this "up-turn”

region.

+
kad

Discussion
As discusséd in Section 2.2.5 there are two
competing mechanisms present:
(1 With_constant vapour superheat, increasing the qualitf
increa;es the overall heat transfer coefficient.
(2) wWith constanthquality, increasing the vapour superheat
decreases the overall heat transfer coefficilent.
3
As the quality increases, both of the mechanisms
occur, consequently the net éhange in the pvﬁrall heat transfer
coefficient depend$s on the relative strengths of the two mechan-
isms: The case of the "up-turns” as noted above is a situation
- where mechanism 1) exceeds mechanism 2). As noted in
Section 2.2.5, fhis situvation only results at higher mass fluxes
since mechanism 1) increases in strength with increasing méss N

flux. _ : -

N

~—
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CHAPTER 7

COMPARISON WITH 'EMPRICAL CORRELATIONS

Four correlations are compared with the data over a
wide range of pressure énd mass flux. '6nly one set of data (one heat
flux) was choéen for the comparisons to avoid overcrowding the plots.
These comparisons are made graphically by plotting the heat transfer
coefficient against ;ualicy in Fig. J.1 to 7.4. On each plot the”
experimeﬁtal,data (at one heat flfx) are indicated by the solid
curve. The four correlations Are ghown by the dashed curves numbered
as follows:

(L Groeneveld-Delorme [13]
(2) Dougall-Rohsenow [1Q] (high quzlity correlation)
(3) Berenson [4]

(4) Sherman [29]

The vapour thermophysical properties of correlations 1, 3 and 4 ﬁere

evaluated at the vapour temperature defined as ('I‘wa + Tsat)/Z.O.

11
The Dougall-Rohsenow correlation used vapour properties evaluated at

the saturation temperature.

It shbuld be noted that Bromley's correlation is very
simllar’ to Berenson's correlation [5], and hence the trends of two

cor;elations will be similar.
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7.1. Highest Flow Results (2750 kg'm_z‘s_l = Fig.:7.l) .

Fig. 7.1 shows two sets of data obtained at
) [ .
2750 kg'mfz's"l. The Groeneveld-Delorme correlation appears to b?

closest to the data in the subcooled region. In the positive
quality reglon, this correlation increases ﬁore quickly than the

data resulting in a progressively increasing overprediction of the

heat transfer coefficient.

Sherman's correlation appears to be reasonably

close to the data as well, although it does not show as strong an
increasing trend at higher qualities.
" The Dougall-Rohsenow co}relation (appearing off the
top of the plots)”significantly overestimates the heat transfer

. ,

coefficient. Berenson's correlation Eignificantly‘understimates

the heat transfgr coefficient.

7.2. Moderate Flbw (923 kg'm'z's'l - Fig. 7.2)

Berenson's correlation appears quite close to the
- data especially in the low quality and subcooled region. It
fails, however, to predict the lncreasing trend in the heat

transfer coefficient at higher qualities.



&

Both the Dougall-RohsenoG and GroeneveM=Delorme

corfelations show sharply increasing trends with ﬁuality. This 1s

contrary to the relatively flat trend of the data. To some \extent

the Groeneveld-Dalorme correlation appears to approach data in the

higher quality region (i.e., 6 MPa data). This trend is present
to a larger extent on the lower flow'data of Figs. 7.3 and 7.4.
. . , . .
Sherman's cdrrg}ation cﬁnsistently overestimate§

the heat transfer coefficient by about 35%. °
’ K -~

7.3. Lower Flows (359 kg-m2.s1 - Fig. 7.3)-

L

These plots show similar,trgnds“;o Fig. 7.2.
Berenson's correlatibn appears ;gasonably Eloée to'the‘datamgaga
the range of pressures in the low quality région. As the quélity_
increases the experimental data shoew a decreaée,'possibly due teo

»

vapour suPerheat. None of the correlations display this trend,
- ’ . .\
except possibly Sherman's to some extent.
The Dougall—-Rohsenow correlation shows much too
sfrong an increasing trend with quality. This is primarily dué‘to

the two-phase Reynolds number in the correlation (Section 2.3).

The Groeneveld-Delorme correlation also shows a strong increasing

¢

T ——
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trend with quality, for the same reason. However, ft does appear, .

. .to approach the experimental results at higher qdaliéigs. This

indicates that the correlation may be valid,foti;:ediftion of'high .

-3

quality film boiling data. This seems reasonablé'since high

. -

quali?y film_boilinﬁ data were uged to'éptimize‘the:coefficients

)
[ .

of this correlation.

- ' 'G L

fer coefficient at all pressures. However, it does predict a

hl -

detrease in the heat trapsfer coefficient with decreasing pres-—

- .

sure, which is the correct trend. ' : o
- :

7.4. Lowest Flow Data (120 kg -m—2-5~1 — Fig. 7.4)

~

¢
%

In the le quahi%g region, Berensonfﬁ'COrrelatioh

is the only 'one near the data over the pressure range of 2 to

6 MPa. Both the Groeneveld-Delorme correlation and the Dougall-~

Rohsenow correlation fail to account for the decreasing trend in -
the heat transfer coefficient with qualig;}\‘ﬁowever; the

o' a
Groeneveld-Delorme correlation -does agree fa;;hgably with the data

o

'iﬁ the- higher quélity region. -

Sherman's correlation overestimites the heat trans=

]

—
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A The empirical correlationsachosen for comparison

\

with the\gata were all derived from high quality filé bolling data
™

(X > 40% approximately). Therefore, it is not surprising that the

" trends of the correlation do not match ‘the trends of the data over

all flow conditions. However, selected correlations appear to be

s

better than the others within certain bounds.

In the low quality and subcooled region, Berenson's
correlation app;ars to most acqurately predict the data. The
correlation agrees most closely with the data of a mass flux of -
923 kg-m—2.5-1 and since it contains no mass flux dependence, the

-’

agreement deteriorates with higher or lower mass fluxes.

-
-

The Groeneveld~Delorme correlation appeérs to be
the most accurate at higher qualities, especially at lower mass
fluxes (Fig. 7.4).

At very high flow rates (2750 kg-m—2.5-1)
Sherman's correlation appears to most accurately estimate the

data.
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CHAPTER 8

1]

SUMMARY OF RESULTS AND CONCLUSIONS

(1) The minimum film boiling temperature has been measured
over a wide range of pressures and mass fluxes. These data
are believed to be the world's first stable minimum film

boiling temperatures and they fill a large gap in the

previcusly existing data base.
v :
2

Y

(2) A correlation developed from the minimum film boiling
temperature data predicts the major pressure and quality

trends of the data. This'correlation is expected to be

useful for inclusion in reactor safety codes.

-

‘ . A
(3) A large data base of stable low quality and subcooled film

boiling aata has been obtained. This data base covers a
range of 2 MPa to 9 MPa and 120.to 2750 kg'm"z's“l. The
range of the data is summarized in Table 8.1 These data are
believed to be the first low quality and subcooled and film
boiling data-obtalned at elevated pressures. A large gap in

the previous existing data base has been filled with these

/

data.



(4)

-
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From the ‘discussion of Chapte} 6, it 1s clear that film .

boiling is a very complicated p“ﬁnomenon incorporating many

different effects which occur over limited ranges of the flow

conditions. These effects change as the system parameters

change (flow, pressure, AHin) and it is difficult to spgcify

exact ranges of appficability for each effect. For this

reason the major effects will be stated here with the proviso

that the ranges are limited as shown by the actual data plots

and discussed qualitatively in Chapter 6.

(1)

(i1}

(i1i)

Vapour superheét or thermodynamic non—equilibrium
plays an important role in determining the overall

heat transfer coeffiqient. This role increases as the

S
mass f£lux decreases. : ~.

.
Heat flux affects the heat transfer coefficient,
especially in the low quality and subcooled reglon:
the lower the heét flux the higher the heat transfer
coefficient. This effect does have some exceptions as
discussed in Chapter 6.
Inlet subcooling affects the heat transfer coefficient

. ' ' ™
in the low quality and subcooled reéﬁ@ﬁ: the higher
the inlet subcooling, the higher the heat transfer

coeflecient. This effect is stronger'at higher mass

fluxes and higher inlet subcoolings.



(iv) -The heat transfer coefficient varies directly witﬁ

pressure.
(v) The heat transfer coefficient increases with mass _

flux. This effect is stronger at hiéher mass fluxes

and higher inlet suBcoolings. ) : M
I} M . M"l
(vi) The heat transfer coeffieignt increases” sharply in the ~_"

~

subcooled region as the quality is reduced.

hd -
v . N i

(5) DNo single -empirical heat transfer egrrelation aceurately

predicts the film bolling heat transfér coefficiént of this"

study, aithough séveral correlations do‘a;pear be;ter in

certaln ar;as: Berenson's corrédlation [4] at low qualities
*and Groeneveld;Délorme [13]'at hggh qualities. Sherman's

correiation {29] appears to most accurately predict the

highest_mass flux data (2750 kg'm-z's_l). -7

X L3
wiy -23 -

None of the correlatidns account for the sharp ° .
: Y
inerease in the heat transfer coefficient with decreasing

quality seen in the subeooled region, nor,the’gradual
n

decreasé in the heat transfer coefficient with increasing

quality at low to moderate flows.

.



APPENDIX A

. - RADIATION ' .

L S

a.l. Rédiétive Heat Transfer

. ' The net radiant heat flux from the tube wall to the.
vapour and liquid core was calculated by means of Hottel's
Method [25]. The method involves the evaluation ofﬁvarious "view

§
factors” and "pseudo view factors”.

’
-

SURFACE 2 (tube woll) J

5 . ' : SURFACE | (liquid core).

FIGURE &.0

Surface 1 is assumed to be athabsolute zero, and
Surface 2 is assumed to be at‘é temperature such that if it was
‘black its émissive power would be 1.0. Surface 1 will have a heat
-flux away from iﬁ due to iﬁciﬂent radiatiqn‘from Surface 2 that is .
réﬁlectéé. Similarly Surface 2 will have a heat'flux.away from it
‘due’'to reflected radiation ané due to original emission a; a

result of its temperature.’ -

“



These reflected heat fluxes are termed R, and R

s 21 22°
The first subscript indicates the surfane from which. the radiation

ﬂ -~

originated and the second subscript indicates the surface from
' . Wwhich it is reflected. The reflected heat fluxes are scaled down

by choosing Surface 2 to have an emissive power of 1.

The radiation away from Surface 148 A R21. Since

this is due to reflection of the incident heam, then the incident

beam has an intensity of l__él. (All surfaces are assumed to be
1 ) : o
gray, meaning that the absorptivity (y) = emissivity (g) and

neither is a function of wavelenguh). Knowing the incident
intensity, the absorbed radiation, as a resulé‘of emission at

Surface 2 is: _-

AR _.E

. 172171 _
1- ¢ {.e., El = yi)

The above relation is set equal to A_F ‘where EZl

2 21°

is the "pseudo view factor” with which Surface 2 sees Surface l.

In general

Afon = By |T- e, : (A.1)



A
The values of the R's are found by calcilating

energy balances on the surfaces (two in this case).

The following discussion makes use of view factors
(F) which are defined purely on a geometry basis. These factors
represené the fraction of radiation leaving one black surface that
1s intercepted by the other. These are distinct and separate from
the "pseudo view factors” (F) which include the effects of surface

v

emissivity and vapour transmissivity.

Aﬁy.radiant energy passing between surfaces must
, Pass through the intervening vapour layer, and as a result a
portion of the energy is absorbed a ortion is t;ansmifted.
As an example, Tiz indicates the fraction of fhe radiant energy
transmitted between Surfaces 1 and 2. -

-

A.2. Energy Balances

The energy reaching Surface 2 comes from Surface 1

and other areas of ‘Surface 2. This can be written as follows:

' BT 29%2 FAF0RT00 T AT 12k Ty
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-

Part of the energy incident upon Surface 2 is reflected:

.

REFLECTED ENERGY = (1 - ¢

2 F

1A F 1. (e + R,,) + A

229722 (€y 1F19R01T15)

This reflectéd‘energy is equal to A2R22, by the definition of “R".

Rearranging the equation yields the following result:

i

AF12R21T1p * A9F5T5oRy, ~ AyRyy/0, = AF20Tar8y
21T 1 10) * Ry (AyFopTop = 8y/0y) = HAofanTn® (A2

where (1 ~ €,) = p,
In a similar fashion, an equatfon can be developed for Surface 1.

REFLECTED ENERGY FROM SURFACE 1

= (L =€ XAF, €5Ty) ¥ AgFyRypTy) + AF Ry T = AR

Ro1CA F 1Ty ~ A/P)) + Ry, (A, 1,)) = A Fr15T0) (4.3)

The values of R22 and R21 can be found using Cramer's Rule, to’

solve the two equatibns (A.2) and (A.3). The determ;nant of the

following matrix must be evaluated:
S

o
o
2

<
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""*fokL;

T lAl e T
AR ST Afay g
l .
(A.4)

_ _ A,
- | A FRTy v BaFapTay - 0,

f .
In order to simplify the algebra, all of the vapour

transmissivities are assuméd equal. Although this assumption is
not entirely true, the retention of different transmissivities is '

not warranted since there .is no reliable way of evaloating these
values individually. An average, approximate value is used
instead (1). \

]

Therefore the determinant becomes:

2

: A A,
DET = [Al F T - "T?'[AZFZZT = 5o T AF AR T
4 2

. Consideration of the geometry (Fig. A.0) allows the evaluation of

the view factors as follows:

Fll = 0 (since Surfgce 1 cannot "see™ itgelf)
Fip: =1 (since all radiation from Surface 1 must reach
- ‘ Surfaqe 2, in the absence of an absorbing medium .

between the two surfaces)
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However A1F12 = A2F21

‘\_44'.'

AL | A
therefore F21 o 1'-‘12 =~ _ < (A5)
2 2 :
b
Also: Fpp + Fop = 1 .
. Al
therefore F22 =] - F21" 1 - K;

From the above relations the determinant is simplified:-

AAT A AA
DET = - =2 (] -1 12 -Ai"{z (A.6)
Py Ay PPy :

RlZ can be found from the determinant formed by ‘replacing the
. first column of the matrix with the right hand side of equations

-A2F21T82 A2F21T

. A2
TAFpTEY  ANF,,T - 0,

. . A2
DET = -AF,.TE AZFZZT - —"p
‘ 2

| 2. -
2F217%2 AR 3AF T Eg



"
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Substituting in the view factor values:

. Al
2 2
DET -—Al'rez (A2 - Al)'r - sz + Al(_Az - Al)'r €,
} AlAzTez
Py

AjATE, /P,

Therefore: R21 =
- ALA,.T A AA

- —— AT -~
Py “Ay PPy 1
_ AlAZTEZ
"A,Tp AA
S 2 xa - A)) +——12-A2sz
pps T2 71 Py 1 "2

Referring. to equatio:}} (A.1), A2F21 can Be evaluated:

&1

AF —_
(1-81)

2 21 = Rty

AE €T :
= ' €A.7)
A p2

Ay

1- pzt.+ T (1- pl'c)



In order to evaluate A2F22, R22 must be found. The second colfimn

of determinant (A.4) 1s replaced by the right side ‘of equations

(A.2) and (A.3), and the determinant so formed becomes:

A

1 2.2
= + ASFE,T
DET = A,F,,€,T oy 1F1282

2

A | . : .
1 2 2 ‘ : .
= _ — 4+ ATE.T T

(A, —4;) €,T p, ~ 172 S

: A

. M2
(A2 -Al)ez“r oy + Altz'r

| Py Ay PPy 2

2

22

22

2 2
g1, —Al) +.A,T pl]

A

1 )
l—pTng?.(l-plT) o

2

The above discussion indicates that out of the

original emission from Surface 2, an amount (A2F22) is absorbed by -

Surface 2, and an amount (AZFZI) is absorbed by Surface 1. There-

fore the difference between these two amounts and the original

emlission must hé\;e been absorbed by the vapour layer:

£



Lees A2F2v Az (€3 = Fap = Fy))
. ' 1 -
i S ]
With this result, the net radfant heat flux away
%

from Surface 2 can be evaluated, since it is the sum of the heat

.‘I -,

fluxes to the vapour and to the 1iquid core.

4 4 S
i .
91 =4, 210(T ;) - (A

where O = Stefan-Boltzman constant i

= 5.669 x 10711 yy-p=20x~4 ¢
¢

A.3. Simplified Equations

Equations (A.7) and (A.8) are simplified when the
emissivity of the liquid is unity (which is a reasonable approx-
imation in this case). _The void fraction can be used to relate

the areas of Surfaces 1 and 2:

Al = Az(l - 0&)*

A
1
K;n (1 q—-a)i'



Therefore, equation (A.8) becomes:

2 -
€T (A, ~4))

A5 = -

!

l—pz'c +T1— p2
2
2 1-@-a)%
€5TA, (1-a-F l
1+p,1 (@ —cx);i—l}
(A1)
and equation (A.7) becomes:

4,0 ~0)%, g,1

"1+p21 [(1»0;)!E - 1)

The net radiant; heat flux from Surface 2 is then,wﬁ

calculated from equations (A.9) and (A{10)

I Y-8 Iz- = sz U(Tz

4 4

. _
"Tv) + F21 of('.r2 -Tl) (A.13)

-y
[

Fig. . A.]l is.a plot of this relation against quality
at several wall temperatures. The gas temperature was arbitrarily
set to the-avefage value of the wall and saturation temperatures.

The emissivity of the Inconel and the transmissivity of the water

vapouyg, (evaluated from the emissivity of the water vapour) were



-
m

calculated from empdrical fits to existing data, as outlined in

Sections A.4 and A.5. The void fraction was calculated as

described under Section A.7. ‘ )

A.4. Emissivity of Inconel
S

Al":‘
¢

3

-
“'\.

e The emissivity of Inconel 600 (Surface 2) was

obtained from general information published by the manufacturer.

-

A line wasﬂfitted to the data as follows:

Pk € = 0.6275 + 0.0GOTTBAT

wherea » T is °C : :

D

A.5. Emissivity of Water Vapour

The emissivity of the liquid core is close to unity
and was assumed as s&ch_thrbughout the calculations. The emis—
sivity of the vapour layer is a complex function of pressure,
temperature and—vapou;-volume~size and shape. Since, the vapour
iayer cannot be considered optically thin in this experiment thé
vapour emissivity cannot be related simply té the Planck mean

absorption coefficilent, as other experimenters have done.
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a»

JInstead, the gas emissivity must be obtajped by interpolation from

charts (Fig. A.2) which show the emissivity as a function of
temperature, pressure.and mean beam length.
. <5

The mean beam length 1s related to the thickness of
the vapour layer but includes, to some extenf, the fact that all
of the radiation does not traverse exactly the saﬁe'diqqance. A

value recommended by Holman [19] is

+~ ¥
L = 3-6_
A
ﬁhere L =mean beam length '

V= Jolume of the gas

A = total surface area

This equation can be expressed in terms of vapour

film thickness (3) or void fraction (@)

L=1.8%

= 1.8 (1 =(1 - o))

tube radius . ///f“\\‘

-
[

where R

R
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Given the void fraction (hence the mean beam
length), pressure and gas temﬁerature, the gas emissivity can be

evaluated graphically from Fig. A.2.

The absorptivity of the gas can be evaluated from

the emissivity using the following equation [19]:

' T t0-45 [ . T
Y(;TV,TSPL) = _T; g, TS,PL -'i': (A.14)

-

where ' T, is the surface temperatufe, and

Ty 1s the gas temperature

&
This equation states that if the absorptivity of the gas is to be
evaluated (and hence the transmissivity) from the emissiviQy data,
then Ehe partial presgure beam length product (PL) must be multi-~
plied by TS/'Ifv and. the resulting emissivity multiﬁlied by

0'45. The approximate reasoning behind this equation is

(T,/T)
that the gas emissivity depends upon the temperature of the gas,
since 1it ig;the gas that is émitting. However, the gas absorp-
tivity depends upon the radiation incident upen it and hence the

wall temperature. These two interrelations can be combined

{
théoretically to produce equation (A,fﬁj:

-

~



1} ~
One'further effect to be included in Ednﬁ (A:l&j
1s the pressure broadening of spectral lines which tends to

1] . -
increase the gas absorptivity as the pressure is increased. An

empirical correction factor C_ has been evaluated as a function
Y
u N g :

of pressure and the pressure-beam length product (PL), This value

was determined by extrapolating from.a graph in reference (19].

.

“The absorptivity of the water vapour can now be

N\
evaluated by determining the vapour emissivity (E‘) at T aﬁa
0. 45
PL(T /Tv) and then multiplying the result by (TV/T ) A

further-multiplication of this result by C, evaluated at PL

~ -
-

results in the gas absorptivity. The transmissiwity of“gg vapour

is simply: T = 1 =Y.

L Ne— ' v

A.6. Empirical Correlation of Emissivity

-2 -

To facilitate computer caiculations, the graphical
form of gas emissivity as a function of temperature and pressure—
beam length, was converted into an emﬁiripal correlation.

Hottel {20] outlines a meého& to obtain‘a "fit" to the emissivity
data. The general appfnéc@ of his &ethod was applied using a

“one~clear, two-gray gag model”..

«3'

&



s

I ™
. .

An equation of the following form was fitted to the

- —

-data: N
| -OPL . ~K;PL —K,PL
N = - . . _ Kok
\\\\\iI. Algl‘ e ) + Az(l e 1 )_+ AS(} e "2 )
, clear as gray gas - . gray gas
After considerable effort the following equation -
resulted: .- . : .
e, = 2.1039e” T 0. 3270 - 0.2749¢70-B494FL) T -
. - 0.052160-001831T 894971 sy
" where T is in °Rankine/1000 i

PL is pressure-beam length praduct in ATM-FT

Fig. A;é shows a compariscon between the empiricall

S .
correlation above and data interpolated from Fig. A.2.

The pressure broadening correction factor G, Was

alko fitted as a function of PL: .

Cy = 1.443 = 0.098C; = 0.0386C7

where Cy =.1.603PL - 2,01.

fa
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A.7. Void Fraction

The void fract;oh was calculated from the following:

> S R -
&= D S : (A.16)
[x +=& -—X)K] : |

Py

e o .
The slipﬁratio“(K)‘was determined by comparing the

-

prediction of the equation to that of Fung's equation [12], at
atmOSphefic pressure, which suggested that a value of 8.0 most

=,
closely matched his data. The slip ratio was then.allowed to vary

o

with pressure, as follows, which appfoximatel& accounts for the

b

. pressure dependence in -adiabatic flow [2 ]: . . o
0 0.2 : .
8.0 | & , 7 o
v - | :
~ ' All of the void fraction calculétions in this report
. used the saturation value .for pg. It could be arguedwthat the pg
_ ’ )
in the denominator of the void fraction equation should be evalu—
‘ated at the vapour film temperature.
P . -
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APPENDIX B

HEAT BALANCE AND ZERO POWER DATA
[ 4

B.l. Zero Power Runs

| The heat loss from the test section was evaluated

4
\ from the inlet and the outlet temperatures as follows:

"l.rIEAT L0SS = (h{TIN) — h(TOUT))*W

where h is the liquid enthalpy evaluated at the outlet pressure
and the inlet or outlet temperature.

W is the mass ﬁidw rate in kg/s

Fig. B.l shows the results of two such zero power

runs plotted as heat loss versus temperature difference between

the 'test section and the surroundings. The data show a distinct

curvature, which is a résult of the rather rapld increase In the
test section témperature, without allowing sufficient time for the
heat loss paths to come to equilibrium.. At the h;gheét .
temperatures the data “furnaround" and the heat loss appear to

decrease. These data were taken when the test section temperature

-

%
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was decreasing, consequently they show less heat iﬁss‘becauée,
again; insufficient time was allowed for the heat loss paths to
equilibrate. It is therefore reason;b;e to draw a straight liﬁe
between these high and low heat losses to indicate the equilibrium -
heat 1oss; i.e.,‘the héag loss that would have been measured if
tﬁe test section temperatuéé had been increas?ﬁaiz}y élowly. The i
equation of this line gives the hsat loss as a function of the
temperature difference between tﬂé test section and the
surroundipgs:
HEAT 1088 = 4.66E—03*(TEST SECTION AVERAGE TEMPERATURE -
AMBIENT TEMPERATURE) (B.1)

& .
This heat loss can be attributed principally to

losses from the test section power cables. Since the loss will be

divided approximately equally between the two power cables, the

inlet quality (subcooling) can be corrected fpr Ehe loss at the
lower power clamp. This assumes that the heat loss fr;m the
remainder of the test section through the insulation is neglig-
ible. fhe acéual liquid enthalpy downstream of the lower power
clamp is less than that calculated from the inlet temperature and

heat addition from the test section power, by an amount equal to
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half of the loss calculated above. This can be effectively

. Included in the calculations by redefining the inlet enthalpy to

include this loss:
l.e., h(IN) = h(TIN) - (HEAT L0oss)/2 (B.2)

where HEAT LOSS is evaluated using the test section inlet

tgmperaﬁure in equation (B.1l).

B.2. Heat Balance Runs

Fig. B.2Z shows the heat loss plotted as a function
of test-section power. Fig. B.3 sﬁows the same data corrected- for
the heat losses .at the lower and upper power clamps.

Equation (B.2) was evaluated both at the inlet and the outlet
temperatures and the heét loss so evaluated was subtracted from
the electrical power. ' From Fig. B.3 it can be seen that this

correction'effectively accounts for the heat balance loss.
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APPENDIX C ?/’“I

EVALUATION OF THE INSIDE WALL TEMPERATURE

The inside wall temperature was evaluated from the
measured outside wall temperature by caiculating the temperature
drop across the.tube wall. The general equation for the inside
wall temperature,'assuming no heat:ioés outwards thrﬁugh the

insulation (perfect insulation), is given below [25]:

I
Q ro log ;I
T. =T - - 1/2
inside outside MLk 2 9
r - r
o i
where Q = total power generated (kW)

r, = outside radius of the tube (m)
= 5.5626 x 1073 |
ry = inside radius of the tube (m)
= 4.464 x 1073
k = thermal conductivity of the tube evaluated
at the wall temperature (kw.m—1.°C_1)

L = heated length = 1.97 m.
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The thermal conductivity of Inconel 600 as a function
of temperature was evaluated from the manufacturer's data. &

fit to this data is given below.

X = 2,614 x 1073 x T,y - 24183

K = 2.127 x 1072 + 3.524 x 1073X + 1.428 x 10~ %x?

k is in kW-m~lecc-l,

p
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APPENDIX D

DATA TABLES

D.l. Wall Temperature S 3

Téble D.1 contaf%s a complete list of all of the
data obtained in this study. Each line in the table represents
one computer scan of the instrument gignals. Associated with each
computer scan is a run number which specifies the nominal condif
tions of each run. The digits in the run number have the follow-
ing meanings:

Run number = IJKL

I Pressure J Flow Rate - K Inlet Subcooling
1 27 kg/h 1 50 kJ/kg
2 2 MPa - 2 48.5 2 100
3 3 ' 5 Bi.0 3 182 g
4 4 4 118.0 4 255
5 5 5 208.8
6 6 6 -_—
7 7 7 620.0
' 8 8

I
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L  Run Type

1 film boiling
7 zero power runs -

9 heat balance runs

The temﬁeratures (1 to 20) listed in the table are
the measured outside wall temperatures. The inside wall tempera-
tures can be calculated from the formula of Appéndix C. The
location of each thermocouple reading can be determined from "

Fige 3.2 where the thermocouple numbers listed up the centre of

the figure correspond to the columntﬁeadings of Table D.l.

It should be noted that the test sectlon power does
not include the hot patch power. Therefore the total enthalpy
rise of the fluid from the inlet to the outlet must be calculated

from the sum of these two powers.

Thermocouples 3 and 14 were connected to test
section power trip instruments. As a result of this additional
loading, these temperature measurements may be somewhat In error.
Thermocouple number 5 falled before the experiment began, conse=

quently it does not appear in the table.

B e T Y
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" Since pairs'of thermocouples read éssentialiy the =
same tempefature, ﬁhe‘plots of Section 6 were generated frdm dhly
nine of the tﬁérmocouples (2, 4, 6, 8, 10, 11, 13, 16, 18). ‘:;n_
Neither thermbcouple 19 or 20 were inFludéd in the plots si&ce

these temperatures were strongly affected by axial conduction from

the hot patch.

D.2. Minimum Film Boiling Data

Table D.2 lists the minimum film boiling results.
Each line shows the last computer scan taken before the test
section quenched. The last four columns of the table indicate the
conditions at the point when the test section quenched, since a
computer scan was not in general taken immediately before the test

section quenched. These columns have the following meanings:

-

[T

MINF TEMP This is the temperature of the test ‘section at the
quench point, immediateiy_before it quenched. This
value was interpolated from the analogue

temperature~time charts.

-— bhe .



HINF POWER - | This value 1s the test section power when the
.unnch occurred. This value may differ from the
T/S power (Column 7) since in some cases the power
was reduced and the ﬁest:quenched before another

computer scan was taken.

o '

MINF QUAL This value is the local quality at the. quench
peint.
T/C # This value is the number of the thermocouple which °

-
Fl

quenched first. From this number the location of
the quench can be determined by referring to the

thermocouple numbers shown on Fig. 3.2.

’:
wil”
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Fung's equation:

1

o = 0.4871 +% (1-0.4871)tan ~ (96.776 (X-0.004899))

20



(a)

VOID FRACTION

1.0 |
.- ) T . 3 —
P= 8MPq
B,
 VAPOUR TEMPERATURE °C
a8l
292
il 92 ]
283
222
=] ]
S -
Al _
a3l .
2L ]
.1 —
0.0 l
0.00 .05 10 .15 .20
QUALITY

-128-

]

FIGURE 2.2.3¢ VOID FRACTION EQUATfON 2.4 EVALUATED AT
8 MPA AS A FUNCTION OF QUALITY FOR

IFFERENT VAPOUR TEMPERATURES.

N

.30

A



-129-

£ -
m L]
[43]
Lu ¥ A
=
v
o
I L.
}—- +*
@
w -
>-
<
=
o
-
e
\\
\ g
e
“~prYOUT*”

FIGURE 2.2.4:

SUBCOOLED REGION | POSITIVE QUALITY REGION
e m—— :
!

i‘QUAUTY

-

THE EXPECTED VARIATION IN THE VAPOUR LAYER
THICKNESS WITH QUALITY { AXTAL. POSITION) :
FOR DIFFERENT QUALITIES (SUBCOOLINGS) AT THE
DRYQOUT POINT.



Kg

- ~130-

3

-
A R -
& WP L
. T
.

. .4 g —
1.0 —_—
8l 1

- ™ -ﬂ . *
| | ] | I | |
:300. 0. 400 . 450 . 500. 550. ean. _ 650. 204.

CONDUCTION HEAT TRANSFER COEFFICIENT (

VAPOUR TEMPERATURE °C

£

L3

-

FIGURE 2.2.5: CONDUCTION HEAT TRANSFER COEFFICIENT (EQUATION

. 2.6) AS A FUNCTION OF VAPOUR TEMPERATURE AT
8 MPA.



SN Y - . . e e m e ) . U B e TV W

-131-

. o
= -
W . .
o _ o .
T . R
LL - -~
L oo . e
) .
(T ‘ .
(p] — i
=
I , T
E .
w .
_,0 |
QUALITY
- figure 2.26

" FIGURE 2.2.6: THE EFFECT OF MASS FLUX ON THE HEAT TRANSFER
COEFFICIENT



. ”
~— < "HYYOVYIO MO7d 4007 IUVT4 L-¥W - L€ IUN9IA
d .
, E !
. A ZW4 .
IATVA FATYA . | :
JOHLNOD 10HLNOD ul HILVIHIYHG
moara . ERA 45qy ) . E
. \| _;.w... _ VA . _ d "
—
Iy : _ :
L F qF]
1 w — .. . ’ . .
o dWNd i . h
oy ) . .
e ol 2 -~
[ :
! X Z -
. . /L
\../.l . 4 I
. T .
- ‘ . HOLlVd LOH m m
I " .
. 7 * [ | \
: : : . Alddns
a ’ ) . H43Imod
| | | - h © NOILD3s 183l
‘ S N V474 :
. . o . .
HISNIANOD | CERIYeY: ‘ i
‘— e .



ar

-133-

——

29.2 —1—e

o -

0.0— e |

57-t—a9s o

20.5——3 <4

INCONEL 600 TUBING
1,D. = Q,B928 cm
0.D. = I.l14 cm _
FLOW AREA = 0.6260 cm 2 .
HEATED AREA = 552 .6 ¢m®
HEATEDLENGTH = 197.0 ¢m

.

352 — »
L QUTLET THERMOCOUPLES >2———e o Lo

508-295 69—
. 80.7—487  S¢— °
D.C.
L 3
POWER .
a—e el
SUPPLY 108 s | rop— )
FLOW
. 140,891/ 12—
150.8——4/3  jeep——
160.8—&5 j5—
I0.8—4 /7 19— cs
(R
1777415 20—t
180.5 -
't
HOT PATCH
1506 - 7 ) N
™ CARTRIDGE HEATERS
r.J
2074 ——-@
244.7=— — — — '}— PRESSURE TaP
o

2652 l! :
=

30.5

ALL DIMENSIONS IN cm
25.4
| —4 _ INLET THERMOCOUPLES

FIGURE 3.2: TEST SECTION INSTRUMENTATION,



FIGURE 3.3: HOT PATCH AND TEST SECTION SHOWING THE
DETAILS OF THE THERMOCOUPLE CONNECTIONS
TO THE TEST SECTION. '
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FIGURE 3.5: INSULATED TEST SECTION SHOWING THE
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FIGURE 3.7: TEST SECTION POWER SUPPLY CONNECTION. -
. THE TWO NICKEL PLATED COPPER PLATES CAN
BE SEEN SANDWICHED BETWEEN THE POWER
SUPPLY CABLE TERMINATION PLATES.
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~ MASS FLUX kg-m2.5-1

TABLE 8.1 - RUN MATRIX
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120 215 359. 524 |9 2750 .
\ 2,4 | 2,4 3,2, | 4,2 2 9
50 » ’ a
00 | 2.8 | 2,4, 18,6,4,] 8,6, |9,8,6
4 8 3,2 | 4.2 4,2 9
g 8,6,4 | 8,6,2| 8.6
\_7'
255 8,6 | 8,6,9] 9,8

INLET SUBCOOLING kJ-kg~!
o
[

The numbers in the chart boxes indicate the

nominal outlet pressure values where data
have been obtained.




RUN
TIME
DATE

P OUT

P DROP

BOTP POW -
T/S POW
FLOW

T IN

TC1 - TC20

T HOTP
MINF TEMP

MINEF POWER

MINF QUAL

r"\
\1/c

=171~

Explanation of Column Headings of Tables D.l and D.2 °

7

— run number as described in Appendix D.
- time of day when the run was taken - ) .

- day and month when the run was taken

- outlet préssure (kPa) B

= pressure drop beﬁ@gen the inlet and outlet
pressure taps (kPa). Fig. 3.2 ;hows the

locations of the pressure taps o -

- hot patgH'power_(kW)

— test section power (kW) n
—~ mass flow rate through the test section (ﬁg‘h-l)
— inlet temperature (°C) .

- test section outside wail t;mperatupe measure=
ment ('°'C').‘ The loca'tions of the thermocouplesr
ate shown in Fig. 3.2.

~ hot patch temperature (°C)

.~ minimum’ film boiling temperature (°cy_

-~ test section pdwer at the minimum filﬁ boiling
températﬁfe (kW)

- local thermodynamic equilibfium quality at the

'Qinimum'film bqiling-temgerature location

- thermocouple numbef at the minimum film«boiliﬁg‘

locations Fig. 3.2 shows the thermocouples and

. their locations along the test section.
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