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ABSTRACT
4 survey of the literature reveals large deficiencies in the

knowledge of nucleate boiling in forced convection. A new boiling theory

applicable to flowing liguids is formulsted from a critical assessment of
this literature and verified using published water data. From this theory
a mechanigm for the onset of film boiling is developed which is shown from
water data to be applicable to low quality and subcooled boiling conditions
and to be characterised by the value of the loczl heat flux at the 'burnout!
point. The wider application of this approach is demonstrated by 'burnout’
dats obtained for {{2-trichlorotrifluoroethane in an electrically heated
vertical copper tube, of 13 millimetres internal diameter and 1,830 milli-
metres long. The 'burnout! data demonstrates the effects of variations of
upstream heat flux levels at o system pressure of 2,0 bars and with a
subcooled inlet temperature of 50 °C, Data is presented in the range of
total flowrates of 0,037 - 0.112 Kg/s and of inlet qualities to the burnout
section of (% - 506, Existing correlations developed for water are shown
not to represent these results but, using entrainment and pressure measure-
ments made in the boiler tube, the new 'burnout' mechanism is shown to be
applicable to the mojority of the data. The tube well temperatures at the
'burnout' point are successfully predicted by this model., A new factor, the
heat flux gradicnt at the burnout point, is observed to influence the
critical heat flux for both the test liquid and water under conditions of
non-uniform hent flux distribution in the range of burnout gqualities from
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NOMENCT.ATURE

SI units are used throughout unless otherwise stated in the text.

Symbol Units
A bubble growth rate parameter or area n/ s%
Sy heat transfer area m2
AX‘I‘ cross sechtional area _ m2
o function defined by equation (2.21) .

CP specific heat at constant pressure J/Kgoc

CB congtant relating to buoyancy force -

CS congtant relating to surface tension force -

CF constant relating to friction force -
drag coefficient -

D dismeter m

E, ratio defined by equation (6,3) -

F function defined by Tong equation (2.20) -

FB buoyancy force N

FD drag force N

Fs surface tension force N

FIE horizontal inertia force N

FIV vertical inertia force N

FI inertial force N

FM momentum force N

G moss velocity mzs

g grovitational acceleration o/ &2



u*

Units
force convertion factor v Kg F
Heat transfer coefficient Wn®
thermal conductivity W/moC
proportionality constent, subscripted and super—
scripted as defined in the text vorious
longth
distance from onsct of boiling to burnout point m
exponentt -
exponent -
pressure ¥/m
heat flux W/n®
polar co-~ordinatoc m
radius m
universal gas constant J/Xg mole’E
critical radius of nucleation site for onsct of
boiling n
liquid phase hold-up B
gos phase hold-up . - =
rotio of entrained drom velocity to vapour velocity -
time 8
tamperature | %
velocity /s

Von Knrmon friction velocity n/s



Symbel Units

v velocity m/ s
W mass flowrate Kg/ 8
X quality -
Xy group defined by equation (T1,6) -
(x,¥,2) cartesian co-ordinate n
¥s liquid film thickness m
¥y distance from heating surface to bubble apex il
Greek Symbols

(4 congtant associated with s and defined by equation

(T1.6) -

contact angle - degrees
micro-layer thickness m
thermal boundary layer thickness m
difference operator -
empirical constant in equation (3.18) &/m
angle co-ordinate degrees

latent heat of evaporation J/ Ke

kinematic viscosity m2/ s
density K/
surface tension ¥m
shear stress N/m
velocity potential s~

¢
S
S
A
€
e
A
viscosity Kg/ s
A
€
o
¢
g
Y

angle co~ordinate degrees
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Dimensionlesg Groups

Re

Pr

We

W

inertia
viscous

Reynolds Mumber; ratio force

C
Prandtl Mumber, /’-L—B

. ] i
Weber Number ratio ——ifertia force

surface tension

critical Weber number for liguid entraimment used in equation (6.1)
Weber number governing bubble shape defined by equation (4.48)
Weber number for bubble departure; equals 5

Von Karman velocitys U/ u*

Von Karman length; (ayu*y/\

#
Reynolds number based on friction velocity; eLu %//AL

liquid flow paremeter; Wy /(2 Mz, /ML)

Superscriptg

Subsecripts

GT

mean value

acceleration

bubble

burnout

critical or contact

departure

departure from nucleate boiling
entrainment

frictional

Guerrieri-Talty

hydrodynamic mean



Subsciipts

h hemispherical

HT heat transfer

i initiation of nmucleation or inlet
I impact

L liquid

lam laminar boundary layer
N normal

o] inlet

5 saturation

s spherical

sub subcooled

T total

TP two~phase

v vapour

W wall

Glossary

'eritical point' represent the location of the onset of burnout.
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CHAPTER _ONE

IWTRODUCTION

1.1 The Project

This thesis is concerned with nucleate boiling in a liquid flowing
through a vertical tube, a phenomenon which has wide industrial application
to a great variety of liquid systems, Straight tube reboilers are used in
the distillation of petroleum products and a nuclear reactor, with vertical
boiler tubes, which uses an organic liquid as the primary coolant has been
developed in Canada. Boiling heat transfer alsc occurs in refrigeration
systems using, for example, ammonia of Freon—12.

Despite these many applications, the major part of the very large
research effort centered on the various aspects of boiling heat transfer has
concentrated on the study of steam/ water gystems. Although it has produced
many useful correlations for this particular system, these are not gemerally
applicable to other liquid systems and there still exists a lack of under—
standing of the fundamental mechanisms underlying many of the phenomena.
Before universally applicable theories can be formulated, more work must be
conducted on systems other than water so that a more thorough investigation
of these basic mechanisms can be made.

This thesis presents data for an organic liquid, {{2-trichloro-
trifluoroethane, and uses these, together with published water data, to
investigate nucleate boiling,and 'burnout! in a foreced flow system,
Mechanisms for these two phenomenn are presented and their inter—relationship
discussed with reference to both uniform and non-uniform heat flux distri~

butions.



1.2 Tlow Regimes In Vertical Upward Two-Phase Flow

A number of different flow regimes have been observed and several
of these may be present in a boiler tube at any one time. Detailed descrip-
tions have been presented by many workers and good examples with diagrams
are given by CRIFFITH (38). Nucleate boiling has been observed in all the
regimes where the heating surface is covered by liquid.

1.3 The Scope Of This Thesis

The objectives of this thesis are concerned with a thorough
investigation of the mechanisms underlying nucleate boiling in forced flow
systems and the importance of boiling in the precipitation of burnout under
these conditions.

To achieve this, a critical assessment of the literature is made to
ascertain the lmown facts and trends and also to investigate the occurrence
of burnout associated with nucleate boiling. With this background, a new
boiling mechanism is developed which is tested against published data andg
extendad to describe the precipitation of burnout. 4 series of experiments
were performed to confirm this new theory and to clarify some of the points
srising from the theory's development and the literature discussion.
Entrainment measurements were made to determine the burnout mechanism for
the experimental data. A careful analysis of this data is made to confirm
cerlier trends and to recognise new ones.

1.4 Choice Of Liquid

The choice of ligquid on which to conduct these investigations was

governed by the desire to obtain burnout data for a large rangc of mucleation

rates and also that the ligquid should be stable at the high temperatures



generated at the 'burnout’ point.
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These conditions were satisfied by using 112-trichlorotrifiuoro-

ethane as the test liquid., The liquid's low latent heat and boiling point

allowed the required experimental data to be readily observed and its

inertness reduced laboratory hazards in its use.

The 1iquid wos supplied by Impcrial Smelting Co. Ltd., by whom it

ig termed ISCEON 113. It is manufactured to the following purity specifi-

cation:

Magimm Water Content (p.pems by wt.)

Hoximum Boiling Range (deg.C, 5% - 85%)

Moximm High Boiling Residue (Vol % )

Chlorides

Appearance

Not Detectable

Clear and Water White

There existe a considerable differsnce between many of the valucs

of the physical properties of Isceon and water as shown in Table 1.1.

IABLE 1.1

Physical Properties at 1 Atmosphere

Boiling point

Density of liquid at sat.
Density of vapour at sat.
Surface tension at 20°¢
Viscosity of liquid at sat.
Latent heat of vaperisation

Thermal conductivity of liquid, 30°¢C

Isceon 113
49.8

1504.

(i

0.023

0.49 x 10~

1.46 x 10°

. 066
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The experimental dato presented in this thesis therefore provides
valuable evidence, when used in conjuncticn with the mony available water
data, for assessing the validity of mechenisms in the formulation of

universal theories.
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CHAPTER THO

CRIPICAL HEAT _FLUX - LITERATURE SURVEY

2.1 Introduction.

Typical of test results in the vicinity of burnout is the curve
shown in Fig. 2.1 where four regions of heat transfer are identified. Point
D represents the heat flux which is associated with a sharp reduction in the
ability to transfer heat from the surface. The value of the heat flux at D
has been variously termed the point of departure from nucleate boiling (DNB),
the critical heat flux, the critical condition and the burnout point or
burnout heat flux.

The expression DNB particularly refers to pool boiling and sub-
cooled forced convection boiling but as will be shown later, cannot
accurately be applied to saturated forced convection boiling although some
authors have done s0.

The burnout heat flux is literally the heat flux at which a self
heated element - an electrically heated one for instance, or a fuel element
in a nuclear reactor ~ will burn out because of the heat flux. It may fail
because it melts or in the case of an internally pressurised element
because of rupture aided by a rise in temperature. The burnout heat flux
cannot therefore, be related uniquely to any particular point in the boiling
curve and may occur anywhere on the curve depending upon the metal and the~
conditions of the experiment.

Of the terms used the critical heat flux and critical condition
are the best since they imply neither a mechanism for the change in heat

transfer rate nor the necessity for tube failure. These expressions are
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FIG 21 A Typical Temperature History During
Burnout (3)
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used as far as possible for the point D in the following chapters but the
term 'burnout' is also used on occasions and may be regarded as synonymous
with critical heat flux,

In annular flow nucleate boiling may not occur if the film is very
thin and point D may be reached without Region iI of Fig. 2.1 ever being
obtained. Point E is called both the point of minimum heat flux and the
Liedenfrost point and both these terms are used in the following discussion.

2.2 Effect Of External Parameters On The Critical Hest Flux.

The results of BELL (4) for the upwerd flow of water in a
rectangular channel at 2000 p.s.i.a, show that at a fixed quality the
critical heat flux decreases with increasing mess velocity at qualities
greater than saturation and increases with increasing mass velocity under
subcooled burnout conditions; this suggests a change of burnout mechanism
at zero quality., Whereas for subcooled boiling BERGLES (5) shows no I/D
effect for L/D greater than 40, LOWDERMILK et al (6) and TIPPETTS (7) show
the existence of a very strong L/D effect at high qualities again indicating
a change in mechanism from the subcooled condition.

The importance of the inlet conditions has been disclosed by
MACBETH (10) who demonstrated that data obtained from experiments having
inlet quolities greater than zero showed a congiderakle scatter. Rosults
obtained under subcooled inlet conditions werec more consistent and amenable
to correlation.

2.3 Correlations Of Criticel Hect Flux

Mony correlations for forced convection critical heat fluxes are

presented in the literature and they fall broadly into three categories;
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a) correlations developed for one set of dato only,

b) corrclations which are dorived by a statisticel analysis of 2 large
number of dats,

c) semi-empirical correlstions based on an attempt to define a criterion

for the onget of the critical condition.

Cotegory { a}.

The ezrly work of GUNIHER (11) affords o good excmple of a
correlation in this category. He produced critieal heat flux data for sub-
cooled water flowing in a chonnel of rectanguler cross section 3/ 16"x1/2"zgn ,
with an electricclly heated metal strip " wide suspended lengthwise to
divide the chonnel into two flow passages. He correlated his own water data
by the expression

Upgmogs = 0-01BVCAT L L. ()

Category (b)

This type may be represchted by the correlations of HACEETH (10),
LOWDERITIK et ol (5) ond VO§ GI&H4 (12), Macbeth formuloted an expression
which correlated a large number of the published woter data upto 1964. He
recognised a low and a high flow regime for burnout and produced a correlation
for each as follows:

Iow velocity regime: Pressure range 560 - 2000 p.s.i.z.

o (ex10®)(A+an,)
q‘bOX1 0 = . L L] L] * (20 2)

High velocity regime:

-6 _ a'~4D(ax1 c"‘s)xc A

qyX10 = T €Y
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whexe )
Al ==YODY1(Gx10-6)I2(1+'13D+¥4(Gx10.6)+Y5D(Gx1 N . (208)
and
o =Y6DY7(GX10-5)Y8(1+19D Y1O(Gx10‘6)+ynp(cx1o’5)) . (2.5)
The twelve constants of ¥ are tabulated for different pressures in
reference (10).
Lowdermilk et al (6) produced a correlation for water data. Two
regions of burnout were observed, a low velocity, high exit quality region

for which the critical heat flux was correlated by the expression

qboDO' 2(1/]))0.85 = 270 X GO.85 . . . . . (2' 6)
for
&/(1/0)2 less than 150

and a high velocity low exit quality region where

4, 0% X(1/0) %1% = 1400 6% e e e e e (2

for
G/(L/D)2 greater than 150.

These workers noted that at the limiting value of G/(L/D)?

of 150 the exit quality varied from 40 to 600
Von Glahn (32) used the water data of Lowdermilk, and further data

for hydrogen and nitrogen to produce a more general correlation,

L 04 1.7 4y 1
s . o 2 My (ely  (EMSER)
Rsiic,Ar,) (/o)-3 /Y Cv Qv o115

(2.8)
The application of this correlation to the benzene data of

Backhurst (2) is shown in Fig.2.2. Clearly the benzene data is not so well

correlated as other data and this fajilure to represent data for systems
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other then those considered in its originnl preparation is typical of many
such correlations.
Cate c

This third cotegory may be represented by the correlations of
GAMBILL (13) and SONNEMANN (14).

Gambill produced o correlation to predict the forced convection
subcooled burnout heat flux for a variety of liquids based on the premise that
boiling and convective heat flux terms can be independently formulated and
added to yield the total heal flux at the criticnl condition.

The pool boiling contribution under saturated conditions was

colculated from the expression

K')‘Qv(ﬂf_é_?,)—} A (2.9)

(qbo)pool,sat = (C z)
v

Heat fluxes for subcooled conditions were derived from the
saturated value by multiplying by Fsub’ a function of the fluid physical
properties and subcooled temperature difference,

The forced convection contribution wag obtained from

(qbo)nb = hnb(TW—TL)bO . . . . . (2010)
where (f(.‘w-JI'L)bo was caleulated from the Bernath correlation (32) and the heat

tronsfor coefficient, hnb’ was presented in the general form

m. n
hnb = K" (kI./D) Re Pr . . . . . (2011)
Sumnation of eguation (2,9) - (2.10) enabled the forced convection critical
heat flux to be obtained. He emphasised thot this method is not applieanble

ta forced convection bulk boiling burnout but he successfully correlated four



points occuring under these conditions using the Guerrieri-Talty multiplying
factor (15).

Gambill obtains his correlation by choosing suitable valueg for X'
(in the range 0,12 to 0.29) and K" (in the range 0.018 to 0.027) but does
not indicate how values for K' and K" can be chosen for his approach to be
used as a prediction method in the absence of experimental data., A random
choice for K' and K" is used for the data of Table 2.1 where the benzene
data of BACKHURST (2) is compared with predicted critical heat fluxes using
Gambill's technique, with the values for K' and K" chosen as the approximate
mid-values in their respective ranges. Under these conditions the exper—
imental values are shown to be consgiderably overpredicted.

TABLE 2,1

Analysis Of Benzene Data (2) By Gambill Summation Method

k' = 0.18 (Rohsenow (16))

K" = 0,023 (Dittus-Boetter (15))

Predicted heat Experimental X’bo
Flux /n? heat flux if/n°

0.81 x 10° 0.26 x 10° 0.45
0,91 x 10° 0.26 x 10° 0.43
0.90 x 10° 0.317 x 10° 0.37

SONNEMANY (14) earlier presented a correlation for water at 2000
pes.i.a. based on the premisc that the burnmout heat flux is equal to the sum
of the flux required to initiate nucleate boiling (qnu) plus an ineremental

flux required to bring about what he called incipient film boiling (q*),



This leads to the equation

qbo = qnu + q* .. . . . . . . (2012)

where 9, ¥as given by JENS and LOTTES (_2_6_) equation
60(a,, /10°)0.25 : (2' )
TW - TS = _—';579—0—6— [ [ . . . . £

q* was derived from Sonnemann's own data for water, His approach
showed quite good agreement with the “ew subcooled boiling data he tested but
there was a considerable spread at qualities above saturation,

Despite all the research effort on the critical condition aspect
of heat transfer there still exists a considerable lack of pniversality in
the application of the correlations which have been derived. This has
resulted since 1961 in an increased effort to investigate the mechanism of
the onset of the critical condition and the majority of the more recent works

have been concerned with this.

2,4 Observations of Critical Heat Flux Mechanisms

2.41 Subcooled Boiling

Several attempts have been made to observe and photograph the
phenomenon of burnout under subcooled conditions but no consistent mechanism
has been revealed. CUNTHER ( _1_1_) observed clumping of bubbles into local
vapour films at conditions near the burmout limit and thus associated bubble
coalescence with instability and incipient burnout. KIRBY et al ({7) noted
that the heater was covered alternately by a thin water £ilm under large
bubbles and a thick water layer between bubbles, but were unable to distingw
uish under which the burnout was initiated, FIORI and BERGIES (9) found a

similar difficulty in describing the mechanism from photographs but supported
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the viev of KIRBY et al,

However, although no clear mechanism has been revealed by these
obgervations it appears that subcooled burnout is related to bubble behaviour
in the viecinity of the heating surface,

2.42 Saturated Boiling

Film flowrate measurements using water made by HEWITT et al (_8_)

- and later by BEWNETT et al (18) show that burnout in anmular flow cen occur
at the point where, as a result of evaporation and entrainment the film flow
rate falls to zero., Mucleation was occasionally observed in the film but there
was no evidence to suggest that this initiated the critieal condition.
Backhurst's entrainment data (_2_) for benzene and benzene/toluene mixtures
lend support to this film dry-out mechanism for the majority of his critical
heat flux measurements, but he presents three values, one for benzene at

4Gh quality, and two for benzene/toluene mixtures at 42% and 50 quality,
which indicate that a substantial liquid film flowrate remained at the
burnout point. UNo attempt was made by Backhurst to present a mechanistic
account of this phenomenon though he did describe these burnouts as 'film
boiling' indicating the posibility of a nucleation mechanism.

2,5 General Conclusions From Correlations And Observations

Yor uniform heat flux distributions, a dependency on the overall

conditions would give at constant inlet subcooling and burnout gquality

quLD (> & WT

or q,boLD ol G-TD2

ang q‘bO OKG‘T(D/L) . . . . . . . . (2014)
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This may be closely compared with the correlation of Lowdermilk et

al for the low velocity, high exit quality region where

Qo & 608 008 L ()

The application of this correlation to only high exit quality conditions
corresponds precisely with the conditions of the observation of the 'film

dry-out' mechanism of HEWITT (8) so that data obtained for uniform and non-
uniform heat flux distribufions which are correlated by a total heat input
or mean heat flux approach can be expected to have resulted from this
mechanisn,

GUWTHER (11) however showed that for subcooled burnout

precipitated by nucleation

—1 ’
Yo 2 Tp* N - X 1))
. '1'-' -
or since JL"GT/Q},
- ..~ qbo °< GTZ L [ ] . L] . [} [} (2. 17)

This compares with the Lowdermilk correlation for high velocity,

low exit quality region where

o X GO0 /5% By L (218)
This suggests that burnouts in low quality regions as well as subcooled
regions may be precipitated by nucleation and the small dependency of g on
L and D in equation (2.18) indicates that the local heat flux rather than
the overall heat input is the criterion for burnout. This nucleation
mechanism for burnout in saturated boiling has not been directly observed
but the measurements by BACKEURST (2) described in Section 2.4 afford

indirect confirmation,
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2.6  Models Presented To Describe The Mechanism For The Onset Of The Critical

Londition
Several attempts have been made to.produce a correlation to
describe the critical heat flux data, derived from a mechanistic approach.
These may broadly be divided into the two categories described in Section
2.4 of liguid def‘icient or film dry-out mechanisms and nucleate boiling

mechanisms,.

2,61 _Film Dry-Out Models

With high steam qualities fog flow occurs in the chanmnel. The
bulk of the fluid then consists of saturated vapour with a dispersion of
gmall liquid droplets and the wall is covered by a thin film of liquid. It
is for this region that dry-cut mechanisms have been proposed.

2.61,1 Droplet Diffusion Models

The model of ISBIE et al (19) assumed that liquid is lost from
the film by vaporisation and by entrainment of liquid droplets into the
vapour core; liquid is also returned to the film by a droplet diffusion
from the vapour core. Burnout occurs when the quantity of liquid removed
from the heating surface exceeds the liquid deposition éufficiently to
reduce the liguid film flow rate to zero.

4 complex analysis of this model is presented in ( _1_‘2_) resulting
in & correlation involving six empirical constants, three of which take
different values for every set of data correlated making use of their model
for prediction difficult.

The model of GOLDMANN et al (20) assumed the same mechaniem for

heat transfer as described by Isbin. A flow of vapour normal to the



heating surface is postulated opposing droplet diffusion and also causing
some droplets to evaporate before reaching the heating surface. EKnowledge
of the physical factors in the model, the eddy diffusion of droplets for
example, are limited and attempts to fit this model to experimental data
have not been successful. TOPPER (21) presented a model described by STEIN
(22) which is identical to that of Goldmann et al, but their derived
correlation systcmatically overpredicts by more than 3(%. Work being
conducted at Harwell by COUSINS and HEWITT ( _2}) concorning droplet deposition
may help in the further investigation of the validity of these diffusion

models.

2.61.2 Film Instability Models

BECKER (24) and TIPPETS (25)have both presented models which suggest that
breakdown of the liquid film is caused by the amplitude of waves on the film
surface exceeding the liquid film thickness causing formation of a stable
dry spot which precipitates the burnout condition. Observations of HEWIIT
and LACEY (gz), however show that spontaneous breakdown of the {film does not
occur until the liquid film flowrate is very close to zero so that it is
difficult to distinguish between a disruption of the film by wave action and
straight forward evaporation.

2.62 Nucleate Boiling Hodels

The earliest presented nucleation model was the Sequential Rate
Process of BANKDFF (28) based on the work of GUNTHER (11). His model is
shown in Fig.2.3% and he described the heat transfer process in 3 phases:
1) Heat transfer to two phase layer.

2) Heat transfer through two phase layer,



30

( /A)(?) Flow _ Single-Phase Core
g

—-—-——--——-—--—.—-.—.—,—-—--———_”.—-—-‘————_—_———

A h Two-Phase
N\ L SN N eyer

(q/Agn] (/) @hO | |(am),

(o/1) (2) the convective heat flux from the outer portion of the two
‘phase wall layer to the turbulent core. A

(q/h)b(1) = the heat flux due to vaporisation of liquid at the inner portion
of the wall layer and condensation at the outer portion. .

(q/A)c(1) = the convective heat transport through the liquid between the
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3) Heat transfer away from two phase layer.
His work was basically concerned with predicting the rate of heat transfer
in subcooled nucleate boiling but he did suvggest that the critical heat flux
would be reached when heat was transferred through the two phase layer

faster than it could be removed by the single phase layer. No attempt was

made to use this as a prediction method.

More recently RCHSENOW and TODREAS (29) attempted to explain
upstream burnout data obtained for non-uniform heat flux distributions and
some uniform heat flux distributions (30) by disruption of the liguid film
by bubbles causing the formation of a2 stable dry-spot. They assumed that
the greater the liquid film flow rate the greater would the nucleation rate
need to be to disrupt the film and they anticipated a burnout curve of the
‘form shown in Fig.2.4. They made no attempt to measure the film flowrate
at the critical point so the only support they have for their mechanism is
that their results follow similar trends to those of Fig.2.4. Howsever, the
results of. HE‘WITT.(.B_) also show the same trend and these were shown to be
caused by total evaporation of the liquid film,

If film dry-out does account for the results of Rohsenow and
Todreas then they should be correlated by a total heat input approach., Fig.
2.5 demonstrates that the mwajority of their results for the flowrate
0.5 x 10° lb/ftzhr are in fact correlated to + 1(% by this approach.
However several points at qualities less than 50% (Fig.2.6) clearly could
not be explained on this basis and it may be that the model of Todreas and
Rohsenow is applicable to this lower quality regime,

TONG (33) attempted to derive a multiplying factor to predict the
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local non-uniform burnout heat flux from knowledge of the wniform value so
that

(qbo)non-uniform =Fx (qbo) uniform . . . (2.19)
His model is shown in Fig.2.3 and he proposes that burnout occurs when the
enthalpy of the superheated layer reaches some constant but undefined value,

From this he developced the following expression for F ¢

c JJDNB q(z)e'c'(LDNB"Z) az

F = o . . (2.20)

(1-¢~C' Los)

qmea\n loc

where . .
b e e e (2.21)

Ri"th:%

and IDNB= distance from onset of nucleation to burnout point,

C! =

Tong suggested that for water data

L+ 749 -
0.44(1-%, ) in~? e e . (2.22)
(o 169172

C =
This approach proves quite successful with the results he presents but this
may be deceptive support for his model since equation (2,22) is derived
empirically.

Very recently FIORI and BERGLES (9) have presented a mucleation
theory for burnout in subcooled systems. Their model is shown in Fig.2.7
and assumes that the vapour volume at the critical point is sufficiently
large for slug flow to occur; an assumption which is supported by their own
photographic evidemce, Bubbles growing in the thin layer of liquid between
a vapour slug and the tube wall cause this liquid film to breakdown in a

similar manner to that suggested by Rohsenow - Todreas. The wall temp-
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erature under the dry spot thus formed commences to rise but is quenched
again by a liquid slug once the vapour slug has passed.

Burnout is said to occur when l&Trise with dry spot exceeds ZXTQuench

This temperature oscillation is shown to occur by their own measurements and
is also supported by the data qf Fig.2.1. Attempts to observe the breakdown
of the liquid film in this manner were unsuccessful so that it is not lmown
whether the liquid film flowrate would be sufficiently small to support a
dry spot in the manner which they desire,

2,7 Conclusions

At least two mechanisms describe burnout in forced convection
boiling, a nucleation initiated mechanism in subcooled boiling and low
quality saturated boiling, and a film dry-out mechanism in high quality
saturated boiling.

Burnout induced by nucleation depends on the local conditions at
the critical point but film dry-out, since it involves total evaporation of
the liquid film, is characterised by its dependency on the total heat input
to the test section.

The film dry-out mechanism is well described although the physical
model is not easily analysed because of the problems involved in the
prediction of the proportion of the liquid flow entrained in the vapour
stream, Meny differing models have been presented in an effort to predict
nucleate boiling burnout with litile success and it is this aspect of forced
convection heat transfer whichh this thesis discusses in the following

chapters,
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FIG 2.5  Total Heat Input As Correlating Factor
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FIG 2.6 Local Burnout Heat Flux As Correlating Factor
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FIG 2.7 Burnout Model 0Of FIORI And BERGLES
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CHAPTER TERER
NUCLEATION IN FORCED FLOW SYSTEMS

3.4 Introduction

A clear gquantitative picture of nucleation with forced flow is not
available in the literature. This chapter therefore attempts to combine
the results of pool boiling with the few qualitative descriptions of forced
convection boiling to develop a suitable model for analysis.

3.2 Heat Transfer To Bubbles In Peol Boiling

It has been shown by STRENGE et al (34) and others that the growth
of a bubble from the time it can be observed to the time of its departure
from the heating surface may be expressed in a general form by the equation
Rb = constant x t . . . . . . . (3.1)

The foundation of many of the theoretical attempts to derive this
relationship was laid by PLESSET and ZWICK (35) and FORSTER and ZUBER (36)
on the growth of spherical bubbles in an infinite, initially superheated
liquid. They treated the problem @s one of transient heat conduction from

the liquid to the bubble and derived a valus of + for the exponent n.

The observations of JAKOB and FRITZ (37) of a superheated liquid
layer close to the surface of a hot plate in boiling water led to an
extension of the transient heat conduction theory to bubbles growing on a
heating surface. The general model developed from this analogy is presented
in Fige3.1A. The model assumes that the bubble grows from heat lost by
conduction from the superheated boundary layer, © , which is then pushed
away from the heating surface as the bubble expands.

Meny workers, (39, 40, 41, 5_2_) for example, have used this
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approach with some success to derive expressions for bubble growth and their
gsolutions may be generalised into the form of equation (3.1) as
Ry, = f(physical properties,OHT) x 3 . . (3.2)

The form of the function f depends on the particular boundary conditions
employed to obtain the solution.

4 second model, shown in Fig.%.18, has been presented by LLOYD (41)
suggesting that, at high bubble growth rates, heat trensfer does not occur in
the manner just described but by the evaporation of a thin film, or micro-

layer of liquid existing at the bubble base,

It is related in (gg) that the suggestion for such a mechanism was
first made by SNYDER (44) and EDWAKDS (45) who noted that this mode of heat
transfer would probably be accompanied by a very rapid drop in wall temp-
erature. Later measurements by MOORE and MESLER (43) of heater surface
temperatures during pool boiling demonstrated that large drops in temperature
did occur during nucleation but, unfortunately, the experimental design did
not enable the temperature fluctuations to be related to the growth of

individual bubbles. HENDRICKS and SHARP (46) and LLOYD (47) succeeded in

matching surface temperature measurements with photographic evidence and

noted that a rapid drop in temperature occurred when the perimeter of the
bubble base passed over the point of temperature mcasurement thus providing

strong evidence in support of the microlayer theory.
This approach does not lend itself readily to the analysis of

bubble growth, but an attempt by LLOYD (47) using a numerical technique
proedicted a value of & for the exponent in cquation (3.1).

The majority of the attempts to dcrive a theorctical expression
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for bubblg grpwth have ass1_1med that the total expansion of the bubble is
c;quz;l to"the t&tal .evaporation at the bubble interface. BANKOFF and MASON
(48)measured heat transfer coefficients from a steam .bubble to subcooled
water in forced convection and the results suggested to BANKOFF (59_) that
latent heat may be trangferred through a bubble by evaporation at the base
and condensation at the pole so that the bubble growth would be slower than
predicted from theory. This can be shown by applying Lloyd's conclusion,
R, &X t%, to the data of GUNTHER (11) for growth of hemispherical bubbles in
forced convection subcooled boiling., As shown in Fig.3.2, agreement between
theory and experiment is obtained upto a bubble radius of ,023in., but then a
sharp drop in growth rate occurs as the condensation rate becomes significant
and the bubble starts to collapse. However the close agreement obtained in
the early stages of the bubble growth does suggest that under saturated
conditions, when condensation can be expected to be less important, the
growth of hemispherical bubbles can be closely approximated by Lloyd's
expression

R, X e )

3,3 The Incipience Of Nucleation In Forced Convection

To establish the range of validity of a theory for nmucleation in
forced convection it is important to be able to estimate the conditions for
the incipience or suppression of the boiling. It is now widely accepted
that nucleation occurs from pits or scratches in the heating surface where
vapour becomes trapped and forms the nucleus from which a bubble grows.
This argument was first presented by SANKOFF ( 65) and has subsequently

received considerable support from the photographic studies of CLARK,
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FIG 3.2 Growihh Of A Hemispherical Bubble
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STRENGE and WESTWATER (66) and others.,

On this basis BERGLES and ROHSENOW (50)adapted the approach of
HBAN and GRIFFITH (5_1_) to develop a criterion for the onset of nucleate
boiling for a system with a wide range of nucleation sites. They postulated
that a hemispherical nucleus will grow if the liquid temperature at a
distance y = R, from the wall is greater than the equilibrium vapour
temperature.

For laminar flow at the heating surface the temperature distri-
bution in the liquid close to the wall was approximated by

Ty, =T, - ar/kp B 'y

The bubble temperature was derived from the Clausius-Clapeyron equation

&y _ AP e e e e e e (35)

by application of a force balance at the bubble interface of

26" (
—_— . » . . L] e L4 306)
By

Combination of (3.6) with the integration of (3.5) gave the bubble

Pb--P8

temperature in the form
T T R
T =T = b s 1n(1+.?...I) . . . (307)
b s A R kf
s
Fige3.3A shows that the cavity size which is activated is given by the
value for Rc at which equation (3.4) becomes a tangent to equation (%.7)

Using this last criterion Bergles and Rohsenow developed a design

equation for the heat flux required to initiate nmucleate boiling in water @

0. 0234
9 = 15.6 7 1198z, — p )(230/E7) . . (38

i =
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In theory, a nucleation site will be activated if the rate of
evapofation into the vapour nuCleﬁs exceeds the rate of condensation. The
asgumption of Bergles and Rohsenow thus represents an upper limit for the
criterion.

I KEDWING and COOPER (52) suggested that the correct criterion for
the onset of boiling was a function of the height of the bubble and the
liquid flow past the bubble. They developed an empirical correlation using
this criterion and the assumptions of the Bergles and Rohsenow theory, but
their analyesis predicts wall superheats that are considerably lower than
those predicted by the former analysis,

SATO and MATSUIMURA (53) also used a derivation simila® to Bergles
and Rohsenow but assumed a spherical bubble with the critical stream temp-
erature occurring at a distance from the wall equal to the bubble radius.
They obtained the following expression for the heat flux required to

initiate boiling

R

B 2 B  X).
CEER (T - 1)

A1l these derivations assume that a wide range of cavity sizes exist on the
heating surface, an assuaption which is unlikely to be true for polished
surfaccs. DAVIS and ANDERSON (54) extended the work of Bergles and
Rohsenow to deal with surfaces having only a limited cavity size. They
assumed the bubble to be a truncated sphere having a contact angle(3 with

the surface.

Thus

Vp = R (14 cosf3) P € B ()



46

and equation (3.7) becomes

t -7 - R'T, T 1n(1+g(3__-g_go_s_‘3__10‘) R . (3.11)
b 8 y'b Ps

Using the tangent criterion of Fig.3,2, the following expression was

derived for the wall superheat at the onset of boiling

1 2 .
s m(1+ 3" , uy .. (3.12)

1'B'XTﬂ(1+"§') =

3 = 'g*':pi%‘-‘q%@'l .. (3a3)
2 T %
- - .(J_t_g‘_;‘:-.{i.lg‘. . é(((1_~r»__cé>_zp_)g%_ 4 21 cos )T s;

qw.i)‘ ?v
. o £3.14)
when equation (3,12) is applied to data of MANTZOURANIS (1) for water boiling

at 20 1b/ inZabs. , Fig3.,3, the value for qyy 18 considerably overpredicted
for any given value for DT,
An electron micrograph of the surface of the heating tube used by

Mantzouranis revealed a maximum cavity size of only 2 x 10—6M. This means

that a higher superheat.vould be needed to initiate boiling than suggested
by (3.12) which is derived for a wider distribution of sites. Fig 3.3B
shows that if the constraint of a maximum cavity radius of one micron is
applied to equation (3.12) an excellent agreement with experiment is
obtained.

3,4 Dynamics Of Vapour Bubbles In Forced Convection

Studies of the dynamics of vapour bubbles in forced convection
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boiling are very few and are mostly of a qualitative nature. Photographic

studies of subcooled boiling by GUNTHER (11) in horizontal flow and by
TIPPETS (7) and KIRBY, STANTIFORTH and KIMWIER (17)in vertical upward flow
showed that after initiation, hemispherical bubbles formed which tended to
slide along the heating surface in the divection of the liquid flow before
either departing into the liquid stream or collapsing on the wall., KIRBY

et al noted, though, that if the applied heat flux was reduced to less than
1/10 of the critical value for burnout, the bubbles did not slide but
doparted into the bulk liquid from their point of initiation. No attempt
has been made to measure the velocity of the sliding bubbles but Gunther
estimated it to be of the order of 8/10 of the mean stream velocity
increasing slightly with bubble size. SULLIVAW, HARDY and HOLIAND (59)
studied the formation of air bubbles at orifices submerged beneath a variety
of liquids with a range of flowrates between 0.%4 and 2.5 cm./s. The bubbles
formed under these conditions were always spherical and showed ho tendency
to slide.

Kirby, Staniforth and Kinneir gualitatively discussed the forces
acting on a spherical bubble growing in vertical forced convective flow, see
Fig 3.4A. They developed an expression for bubble inertia forces assuming
that the virtual mass of a stationary spherical bubble growing in a ligquid
of uniform velocity is equal to ¥ x the mass of the displaced liquid. This
is the same as the value given for spheres ﬁloving with a constant acceleration
through a stationary liquid (60). Assuming the bubble to be spherical and
using an expression for the inertia force as equal to a/at (virtual mass x

velocity), they derived the force in the direction parallel to the heater
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surface as
3
a 2 Uy o 2
S (3% L") = amry o2 % .. (3.15)

and in the direction normal to the heating surface as

L S S S N

dt 3 dt 3 dt dt
Bquation (3.16) describes a force tending to flatten the bubble against the
heating surface and Kirby et al conclude that the bubble will be hemispher—
ical provided this inertia force is greater than the surface tension force,
2 rerc', teading to make the bubble spherical. On this basis they
suggested a physical model for the growth of a large bubble and this is
reproduced in Fig. 3.48.

The importance of the inertial force in governing the shape of a
growing bubble is also shown by the work of JOHNSON, JAVIER de la PENA, and
MESLER (61) in pool boiling. They recognised three bubble shapes ~ spherical
oblate and hemispherical - and produced graphs comparing the inertial and
surface tension forces for each of the bubble types. Fig.3.5 shows, from
their data, how the ratio of inertial to surface tension force varies
throughout the bubble growth time indicating that

1) for a spherical bubble; surface tension force is greater than
inertial force,

2) for an oblate bubble; surface tension force is approximately equal
to inertial force, and

3) for a hemispherical bubble; surface tension force is less than

inertial force.
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Z.41 Bubble Departure

The only aspect of bubble dynamics in forced flow systems which
has received any quantitative theoretical treatment is that of bubble
departure. Two attempts have been made and these ere presented in detail.

3¢41.1 Theory Of KOUMCUTSOS, MOISSIS and SPYRIDONOS (62)

These workers photographed the growth and departure of bubbles’
from a horizontal heating surface in saturated water at flowrates from 3.63
t0 35.8 cm/s. Their observations showed the bubbles to be ellipsoidal in
shape and to slide along the heater surface before departing if the flow
velocity was increased beyond 15 cn/s.

From their photographs they devdloped a model for the bubble
shape at departure and by consideration of the forces acting on this bubble,
attempted a theoretical prediction of the bubble departure radius. Their
model and the equations describing the forces are presented in Fig.3.6.

In the derivation inertial forces are neglected and it is |
proposed that the bubble will depart when the resultant of the drag force
Fp, surface tension force, Py, and buoyancy force ¥y, equals zero. That is

Fsz = FB2+ FD2 » . Py . . . L (3017)

Expressions for the three forces are then derived (soe Pig, 3.6) and

substituted into cquation (3.16) to give an expression for the departurc

radius
2y g+mf4\p>>a 2e(gy (e
vhere
2g O~
B =
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FLG 36 A Model For Bubble Departure By
KOUMQOUTSOS, MOISSIS And SPYRIDONOS

TTTTT77 7777777

The forces acting on the bupble are given ast

. 2
Fg'= Cg 27TR sin®p
AL
Fy = 0398 QLZL R(U i ) “(n~B+sinp cosp)
Fg = CB ._..:.; (1+coslB) (2—cos}3)QLglgo

9 ©

€, n, Cq Cy are constants

where
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gB UL L
() - ATopsiz )

(1 + cos(l)z (2~ cos )
Subsequent analysis showed that the effect of N on the departure radius was

negligibly small and equation (3.18) was simplified to

___R_:@._ - (1 - eFV ULDL)H/Z . . (3019)
R(UL=O) g o

which correlated the results to + 25% and -~ 1% with-e—é(-)!-—l-'- = 0,015 s/cm
o
aIld n= 4.

Examination of equetion (3.19) shows that as the stream velocity
increases, the predicted bubble departure radius decreases and finally
becomes negative. The authors suggested that there must be an upper limit
of velocity for the validity of (3.19) occurring at the change from the
regime of single bubble growth to that of continuous vapour columns, a
regime not covered by the proposed model., This conclusion, however, can only
be applied if it assumed that increasing the flow velocity also increases the
nucleation rate. This is entirely opposed to previous observations which
indicate that an incresse in velocity in faect inhibits nucleation (_1_).
KOUMOUTSOS et al collected their data at a constant heater temperature of
115°C s0 that another explanation may be that the stream velocity at Ry = 0
is tfie velocity at which nucleation is suppressed at this particular wall

superheat.
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In their experiments the bubbles were observed to be ellipsoidal
indicating that the inertial forces were likely to be significant and should
not have been excluded from the derivation. The success of the correlation
in spite of this omission probably arises from the maintenance of a constant
heater temperature which would keep the inertia forces approximately constant,

Equation (3.19) derives directly from the equation

FB = FS . . . . . . . (3020)

by substitution of the appropriate expressions for FB and Fssuggesting this

to be the force relationship describing bubble departure rather than the
equation (3.17) suggested by KOUHOUISCS et al. This indicates either that

the drag force acting on the bubble at its time of depatrture is zero, a
condition not discussed by KOUMOUTSOS, or that their model does not accurately

represent the physical nature of bubble departure.

3.41.2 Theory Of LEVY (63)

LEVY presented a model to predict the bubble departure radius in
vertical forced convection subcooled boiling. This model is reproduced in
Fig.3.7 with the expressions for the forces acting on the bubble.

Inertial forces were neglected in the derivation but the effect of
flow velocity was included by defining a friction force acting on the bubble
which is related to the wall shear stress, YW' The departure criterion is
defined by the force balance 3

By = Fy + By e e e e e e e (m21)
and from this, the following expression for the bubble departure radius is

derived :
g CS f - *
R ( (o] Y )2. .

%3(QL"?Q'CF%“§;

(3.22)
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The Levy model is developed for non-sliding and therefore spherical
bubbles. Section 3.41 describes how spherical bubbles are formed when the
inertial forces are small compared with the surface tension forces suggesting
that Levy's decision to neglect inertia in his derivation is probably
Justified. This does, however, limit the application of the solution since
KIRBY et al (17) could only form spherical bubbles at heat fluxes less than
1/10 of thé critical value.

No data has been produced to test the theory buf it seems likely
thét it would only be valid for conditions close to the onset of nucleation.

3,5 The Relationship Between bubble Growth And Bubble Shape

Both the heat transfer mechanisms presented in Section 3.2 suggest
that bubble growth rate will increase with an increase in the heater
temperature, Tw, so that bubbles may be expscted to be spherical at wall
temperatures close to the onsct of nucleation but to become hemispherical
as burnout conditions are approached.

This tcndency is supported by the 'contact angle! measurements of
CORTY and FQUST (gg) for pool boiling Freon 113 on a nickel surface. They
found that at a tomperature difference, Tw - Tgy of 55°F, the 'contact angle!
was 45° but that an increase in AT to 65°F increased the 'contact angle'
to 60°,

STRENGE, ORELL and WESTWATER (34) obtained values of the constant
and exponent of equation (3.1) for pool boiling at several wall superheats.
A plot of their results for the exponent as a function of temperature
difference with the standard deviation from the mean indicated, is presented

in Fig.3.8. This reveals a significant change in the value of n from about +
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at T = 10 deg.F to spproximately + at AT = 35 deg.F, The value of the
constant, however, is nearly independent of AT,

It would be expected from the earlier argument that n = %,
occurring at the higher wall superheats, applies to the growth of hemispheri-
cal bubbles. However, Fig.3.9 shows how an overall tubble growth rate of
R t¥ may be obtained from two growth periods of ROL§£ if the constant of
proportionality of the first growth period is considerably larger than that
of the second period.

JOHNSON et al (61) have shown that the growth of a hemispherieal
bubble is very much faster than that of eithcer an oblate or a spherical
bubble, suggesting that a difference may exist between thc mechanisms of
heat transfer. The microlayer theory can only apply to hemisphorical growth
and this mechanism could account for the observed high growth rates, the
-superheated boundary laysr theory applying to the slower growth of oblate

and spherical shapes.
At high wall superheats the bubble grows fast enough to become

hemispherical soon after its initiation but as the bubble approaches
departure it will become oblate and finally spherical. VWhen the bubble
changes from a hemisphere to & sphere the heat transfer mechanism will
change from the evaporation of the microlayer to heat conduction from the
superheated liquid boundary layer and the bubble will grow more slowly. Thus
although the results of Strenge et al suggest that for hemispherical bubble
growth, Rbf‘ﬁi’ probably the true relationship for this bubble shape is

Ry = constant x fg

as originally described by Lloyd (see Section 3.2), the constant, however,
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being considerably greater than the constant for spherical growth at the same

superheat. (Fig.3.9).
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FIG 3.9 The Relationship Between Bubble Shupe |
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CHAPTER_FOUR

BUBBLE GROWTH IN FORCED CONVECI'ION BOILING - THEQRY

4.1 Introduction

Chapter three has presented the details of bubble growth as given
in the literature and from these has attempted to develop a model to describe
bubble growth in forced convection with high heat fluxes. This chapter
presents a new theory giving a quantitative description of bubble dynamics
and growth and develops an explanation for the precipitation of burnout in

forced convection.

402 Inertia Force Acting On Growing Bubble In Forced Convection

Section 3.4 describes how KIRBY et al ({7) developed an expression
for the inertia forces acting on a stationary spherical bubble growing in a
flowing liquid using the concept of'virtual mass'. This term originates
from the study of the non~uniform motion of bodies in fluids where it is
obgerved that the general effect of the liquid is to increase the mass of
the body by an amount proportional to the mass of the liquid displaced, the
increase in mass being termed the 'virtual mass'. For inviscid fluids, the
registance to the motion of the body caused by the 'virtual mass' may be
related directly to the pressure distribution about the body due to its
motion. The evaluation of this pressure distribution is used in the follow-
ing derivation in preference to the concept of virtual mass because it is

congidered to give a clearer physical picture of the origin of the inertia
forces.
In the analysis the flow is considered to be inviseid. This is

thought to be a reasonable approximation since, in the absence of surfactants
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the shear stress at the bubble interface will be close to zero. The bubble
is not assumed to be stationary relative to the heating surface but to have
a velocity Ub(t) in the direction of liguid flow to represent the sliding
effect already described in Chapter Three,

The bubble model to be analysed is shown in Fig.4.1. The expres-
sion for the pressure distribution about a hemispherical bubble growing on
a heating surface can be obtained by considering pressures on one side only
of the dividing streamline for flow about a spherical bubble as shown in
Fige4.2.

4.2} Pressure Distribution About Bubble

The following assumptions are made conceruning the bubble and fluid
motion in the analysis. Referring to Fig.4.2;
1) the bubble has radius R = R, (t),
2) the bubble has velocity U, = U,(t) in direction z,
3) the liquid has a uniform velocity U = UL{t) in direction z,
4) the bubble is assumed to be spherical and the resultant flow to have
axisymmetry about the plane yz,
5) the liguid boundary is at infinity,
6) the motion is irrotational.
The pressure at any point in the liquid relative to the pressure
&t infinity can be calculated for inviscid, irrotational motion from

bernoulli's equation (12)

L 238 - P e e e e e e (8e1)
€ ¥

where u and @ are related by the expression
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= -Vp N )
For irrotational motion, the vorticity is zere, thus
Vzu=0 . . . . . . . (4.3)
and by combination of (4.2) and (4.3)

v =0 R VY

The boundary conditions for this analysis are @

T = Rb’ all 9; -% = i{b + Ub cose . . . . (4-5)

r=00, all 6; -_Bﬁ = Uy cos @ . . . (4.6)
r

The solution of (4.4), (4.5) and (4.6) for # will enable the pressure
distribution about the bubble to be evaluated from (4.1) and (4.2) with
r= Rb.
The following solutions of equation (4.4) have been presented in the
literature :

a) Motion of a bubble in an infinite stationary liquid ( §_9)

3

/éb = Ub Etl cos © . . . . . . (4-7)
2r2
b) Hotion of an infinite liquid past a stationary bubble (ég)
R 3
b
¢L = -UL (r + _2—1‘_2. ) cOos 9 . - . . (4.8)

o) Expansion of a bubble in an infinite stationary ligquid (60)

RbZ;Lb

¢m=r e e e e e e e (aa9)

Since each of these represents a solution to (4.4) then the sum

must also represent a solution.
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Let

g=0 +0 +8 e e e e i (4410
then

_%'g )r___ﬁb = Ub cosG+I.i . . . . (4.11)
and

'%%)M = U, cos @ B W 3

Comparing eguations (4.11) and {4.12) with (4.5) and (4.6) shows that this
expression for § also satisfies the requireé boundary conditions and there-

fore represents the solution of equation (4.1) to give the desired pressure

distribution.
Thus
R > .
[ (Ub"UL) iz-cos 9+%:—-ULI' cos @ . . (4.13)
28y _ o8 dry , I8 Qe M 2837y , 24)2%
Bt)re r)3t+ ) )45(—{]—%) )+ B)T) 3%)317
. o (4.14)
3 .
R
%f _ '(Ub'UL) _;%_ cos O + R’::Rb - UL cos © . (4.15)
3
R
%—g = -(Ub-UL) —2—3-2— sin 9 + U sin © . . (4.16)
3
ngﬁ;U ¥ = 21:‘2 cos 6 . . (4.17)
%%L = - ; cos @ . . (4.18)
and

? R, R R R ;
-Eg = —-—+; ;“"‘Z‘(Ub- UL);E cogs © . . (4-19)



The origin is taken to be the centre of the bubble and is therefore in

motion so that,

)

a:) = - U cos @ . . . . . (4- 20)
and

do, U

at = _g‘ Sil'l G - - . - - (4. 21)

Substitution of equations (4.15) to (4.21) into (4.14) yields, after some

simplification

9 2 .
2 sin @ .. 2 )
‘3‘%2\:1%=U% (cos®e - =5 )+%UbULsmG+-§UbR cos @
...Ub.g.cosg.,.sz...Rii-%ULRcose-%ULRcosg . (4.22)
For axisl symmetry
2 2
= (_.)_Q) + _éﬁ . . . . . (4.23)
r be

here -%-é- is given by equation (4.15) and -%g-) by equation (4.16),

r e

+Thus, when r = Rb

2
U)I:Rb=l‘1§+U§(cosze+smg)+2U cosORb-t-‘Q-UfJ sin29

_5 2
4 U U gin"@ . . . . . (4024')

The pressure distribution at the bubble interface is obtained by the

substitution of (4.24) and (4.22) into equation (4.1) giving

P 2
) cosO Esme 322 o .
e U2( )+-2'UU sine + 2 Z R + Ry R +§UbRbcose
-2 0% sin%e + U _13_1200 6-217 3 UE
& Up L, 5= cos 5 UiRy, cos 0 - 2 U/ cos © . (4.25)
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4,2.2 Derivation Of Inertia Forces From Pressure Distribution

As stated in the previous section, the inertia forces acting in
the horizontal and vertical direction for a hemispherical bubble growing on
solid surface may be derived from eguation @.25) by assuming that the solid
surface acts along the dividing stream line of the flow.

The direction of the imertial forces and the co-ordinate system
used in their derivation are shown in Fig.4.3.

The normal force at the bubble interface is given by

dFy = - PdA
=~ PR 2 sin 6 a0 a¥ s e e e e (4.26)
Therefore,
FIV = -dFI\T cos © . . . » . (4.27)
and
Frg = || ~a¥, sin @ cos ¥ T € 2)
A
Substitution of (4.26) into (4.27) and (4.28) gives
= g =i
FIV = Rlz) PL sin @ cos € d@ d "r . . (4—029)
Y= J e=0
2
?'-.15" B=T1T
2 .2
Fy = R P, sin“e cos ¥ ae a¥ e . (4.30)
y=£ Je=0

Integration of equations §4.29) and (4.30) with respect to and 6 after
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substitution for PL from equation (4.25) gives the following values for the

inertia forces
R . .

Nl = 2 - -
Foo= MR €, (UR +Ub3 Uy Ry, - U R) o e (4.31)
and

Py =27Ry ?L(%%Ub UL'%%Ui"%Ui+2Rb+RbRb) (4.32)

4,3 Heat Transfer To Bubbles In Forced Convection Boiling

It is concluded in Section 3.6 that the growth of hemispherical
bubbles occurs by evaporation from a thin layer of liquid called a micro-
layer between the bubble and the heater surface. The model for pool boiling
suggested by LIOYD (47), presented in Fig.3,1A assumes that the liquid film
is not continuous but that a dry patch exists around the nucleation aite.

This model may also apply to bubbles growing in forced flow systems
whilst they are stationary on the heating surface. However, once the
tubbles start to slide as described in Section 3.4, it is suggested that the
microlayer becomes continuous as shown in Fig.4.1 and it is this model of
the bubble sliding over a thin continuous liquid film which is used in the
following heat transfer analysis,

4,%,1 Evaporation Of The Microlayer

Consider a small element of the microlayer of area rdrdy
thickness S s as shown in Fig.4.4B. The rate of evaporation from this

element into the bubble must equal the rate of supply of heat to the liquid /

vapour interface through the liquid film.
The value of the Rayleigh number for the microlayer wes estimated

to be approximately 1. UNo convection is possible below a Rayleigh number
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of 1100, (22) g0 that heat transfer through the film will be by conduction
only. Therefore

Heat supply to vapour/liquid interface = k-é’-(’rw.rrb) rard¥  (4.33)
and

Heat loss by evaporation from an element of

i = - g‘-&.
microlayer ?L)‘ rdrdy TS . e (4.34)
Equating equations (4433) and (4.34) gives
kg s
.g' (TW - Tb) = "A ?L—Et- . . . . . (4‘035)
An expression for & (x, Y ,t) may be obtained by integration of equation
(4035) as -
2 (2 2y
S - So - __X (TW-Tb)dt . [ ] [ ] [ ] L] (4036)
fu
vhere
t, = contact time of point (r, ¥ ,t) with bubble
S , = initial thickness of microlayer at time, (t - tc)

and

t =time from initiation of the bubble.

The contact time, t,, of a point (r,Y ) may be derived from the integral

equation ) 1 o
2
Blot ) (1- -1;3'2—' sin”l )% - r cos ?’: U, b (4.37)
(t-t) et

c

The solution of this equation, howaver, presumes a knowledge of the radius
of the bubble at time (t -t ), R(y - 4 )» and also a knowledge of the
c

variation of the bubble velocity during time t c 38 a function of time,



Equations (4.33) and (4.34) may also be used to derive the following expres—
siong for the mean heat flux, a(t), through the bubble base at any time

during the bubble growth. From equation (4.33)

n er K
MR,
0JO
and from equation (4.34)
2 er
q(t) = -1 ALE arg . . (4.39
\TR% . L at ‘P )

Fguation (4.38) gives an expression for the mean heat flux through
the microlayer. A further expression may be derived from the growth of the
bubble if it is assumed that heat transfer to the bubble by conduction from
the superheated boundary layer and heat losses by condensation at the pole

of the bubble are either negligible or equal.

Thus
o(s) = 51} (&) S
=2QV>~§ N TS
Equating (4.41) and (4.38)
.k (=) " '
R =-;;—-—W—XR§ rdrd ¥ R CF3)
Cv/ o Jo
vhere it is assumed 'I'b 74 Tb(r,?))
But since
L
R = At? e e e . (3.3)



(&

then
. A2
R=%7 L3 . ‘e . . . . (4043)

2R
An expression for S (t) is presented in (4.36) but to facilitate the
solution of eguations (4.42) and (4.43) fo.r 4, some simplifications can be ‘
made in this expression. l

Assume ¢ gufficiently small that (T,~T,) remains constant.
Equation (4.44) may then be integrated to yield

82 Sg - % (T,7T,) t, S 7Y

An estimate for ‘I‘b may be derived using the Clausius-Clapeyron equation (3.5)

80 that

—_d 1 R Py '
Ty 213 (g +ek) T X l“(”pb) .o (4.45)

8
where

Py = 'z%f: (1 + Ve, e o (4.06)

and We, s defined by equation (4.48).
With t o assumed to be small, to a first approximation

Ryt

R =
b(t-tc)
and Ub = constant

Thus equation (4.37) becomes

2 . 2¢ 1
B (1 - -r——}‘;’—;—n—lj—)’z -roos ¥ = U % N )]
b

Equations (4.42), (4.43), (4.42) and (4.47) may be solved to obtain A
No published data are available which provide all the necessary
information to solve these equations but an approximate analysis can be made

using the water data of GUNTHER (11). The derivation of the growth rate

’ e L
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parameter, A, for comparison with these data depends on a knowledge of the
value of the microlayer thickness, So‘ The microlayer might be considered
as a region where viscous forces excecd inertisl forccs created by the
bubble and liquid motion and thus to be related to the thickness of the
laminar sub~laycr, ) 1am i the." region into which the bubble is sliding.
The value of Slam may thercfore provide an initial order of magnitude
estimate for So for the derivation of A.

An estimate for S of 0.8 x 10™n is obtained for Gunther's
data by assuming the laminar sub-layer thickness to be equivalent to y© =5
in the Von Karman velocity profile (Appendix T1) deriving the wall shear
stress for the solution of y+ from standard friction factor curves assuming
that the total flow through the test section consisted only of liquid phase.
The theoretical solution for 4 (see Appendix C2) are shown in Fig. 4.5, The
two solutions were obtained assuming that (TW_TS) equalled 20°C; Gunther
does not give this information.

PFig., 4.5 reveals that if So equals 0.2% x 10'5m close agreement
is obtained between theoretical and experimental growth rate. This value for

S o is smaller than the estimated value for $ but this might be expected

lam
since the moving bubble accelerates liquid close to the surface into the
region where § 1ap 2lready cxists.

The value for § estimated by LLOYD (47) for pool boiling water is
0.25 x 10" m which agrees very closely with the estimated value for Gunther's

data and provides good confirmatory evidence for the validity of this micro-

layer heat transfer mechanism for bubble growth in forced convective Tilow.



FIG 4.5 Comparison of Bubble Growth with Theor

g

~—

o
<3

X 103 m—_
©
[ ))

o
($)]

Bubble Height

o
w

02

01

I l I l I I

0 a Dataof GUNTHER(11)
liquid : water
liquid velocity: 3- m/s
pressure : 1.0 bar
he at flux : 2.75 Btu/in% s

8Ty :33-3°C

—— theoretical prediction

-~

- _
T | | | |

100 150. 20C- 250 300-

TIME (mill'secs)

76



7

4.4 Bubble Departurce

The importance of inertia forces in governing the shape of a
bubble has been emphasised in Section 3.4. For vertical motion, the inertia
force acting on a hemispherical bubble in the horizontal direction is
described by equation {4.%2) and provided this force is greater than the
surface tension force, tending to make this bubble spherical, the bubble
will remain attached to the heating surface since there exists no force to
remove it.

The ratio of this inertia force to the surface tension force may

be described as a bubble yeber number, ueb, in the form
2r1R

g v ~EL bRb)
Wey = b 01 \35 Uy L2 ﬂ6§ (4.48)

where the surface tension force is arbitrarily represented by ZTTRQV'
Appendix T2 describes how the sliding velocity of the bubble, Ub’ may be
expressed in terms of U and it has already been shown in Section 3.5 that
the growth of a hemispherical bubble can be expressed in the form

Ry = constant x & . . . . . . (3.3)
Use of these two eqguations enable Web to be evaluated for any value of t
during the bubble growth.

Inspection of equation (4.48) shows that We,, will be very large
immediately after bubble inception but will fall during the growth of the
bubble. The bubble shape will change immediately web drops below the
critical value, showun by Fig.3.5 to lie between 5 and 0 for pool boiling
data.

In the preceding analysis of the pressure distribution about a
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bubble presented in Section 4.22 it was assumed that the liquid velocity

was uniform. Although this assumption is approximately valid for a
hemispherical bubble growing on a heating surface, since the majority of its
curved surface lies in the turbulent liquid stream, it cannot be satisfac-~
torily applied to a spherical bubble in the vicinity of the wall since, in
thia‘ case, a large part of its curved surface lies in the region of low
liquid velocity adjacent to the heating surface.

If a velocity gradient exists across a spherical bubble the
inertial pressure variation developed tends to move the bubble towards the
region of higher flow velocity. This can be demonstrated by the simple
model shown in Fig.4.4A where the liguid velocity to the left of the

dividing streamline is uniform and equal to UL1’ and to the right is also

uniform but equal to ULZ' The forces on each side of AB are therefore

defined by equation (4.32). Referring to Fig.4.4A the bubble will move
towards the region of higher wvelocity if

FIH1 > sz [ ] * [ ] [ [ - L] (4049)
Substitution of equation (4.32) into (4.49) gives
2 2
2Ub UL1 - UL& > 2Ub UL2 - UL2 . . . . (4.50)
From the model
UL1<Ub<UL2 . . . . . . . (4.51)
Equation (4,50) simplifies to

which further reduces to

2Ub < UL1 + ULZ . . . . ® . . (4053)

e - . .
RARCTINL S S
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Using equation (4.51)

W, < U+ Uy e e e e e e {4.58)
or
U, < U, . . . . . . . (4.55)

Equation (4.55), derived from equation (4.49), demonstrates the truth of the
original premise.

A velocity gradient always exists in a liquid flowing over a rigid
boundary so that as, soon as a spherical bubble forms on the heating surface
it receives a force from the flowing liquid tending to move the bubble away
from the surface and into the main stream. Other forces may act in opposition
to this inertial force but it might be expected that these would be small
compared with the pressure force on a bubble immediately adjacent to a solid
surface where very steep velocity gradients exist. The theory also suggests

that a further quite large force, enhancing this inertial effect, can develop

from the abrupt drop in growth rate and radius which occurs when the bubble
shape changes (see Sections 3.5 and 4.22).

The change in bubble shape brought about when Wéb falls below its
eritical value can thus be rcgarded as a departure criterion for a bubble
growing in a flowing liquid. To predict bubble departure it is therefore
necessary to investigate the variation of Web during the bubble growth period.
Equation (4.48) for We, may be expressed generally as

W(. = R i']':"' ( U2 + A—Z"—) . » . (4.56)
b= Fp o U ULt e . e
where K% varies according to the ratio Ub/UL
If U, / U;, is less than 0,56, K5 is negative. The variation of We, during

the bubble growth time with Ub / Ui equal to 0,5 is shown in Fig.4.6 for
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several values of the fluid velocity., This shows that for a constant bubble
growth parameter, A, the bubble departurc time, that is, the time at which
Web equals Web crit, lesscns with increasing fluid velccity and is thus in
qualitative agreement with the results of KOUMOUISOS et al (62).

Cunther however, observed that U / Uy = 0.8 and a graph of Ve,
versus time for this ratio is given in Fig.4.7. It can be secen that a
minimum occurs in the curve so that above a velocity of about 2m/s, Woy,
never drops below its critical value suggesting that the bubble remains
hemispherical and attached to the surface until it grows to the same order
of size as its container. This phenomenon was not observed by Gunther even
at a velccity of 6 m/s. On the contrary he noted a decrease in the maximum
bubble radius with increased fluid velocity, in agreement with Koumoutsos et
al.

A probable explanation is that the curves depicted in Fig.4.7 are
based on the assumption of a constant growth parameter throughout the bubble
lifetime. This may be true whilst the.microlayer forms a continuous film
over the base of the bubble, but as the bubble grows, the contact time of
the microlayer with the heating surface also increases until partial dry-out
of the microlayer occurs. This forms a region of solid/vapour contact with
a consequent reduction in the efficiency of heat transfer causing the bubble
growth rate to drop. The effect of different bubble growth rates on Web /t
curves is shown in Fig.4.8 demonstrating how a drop in growth rate caused by

¢
the total evaporation of a section of the microlayer could precipitate bubble

departure. The sharp drop in vfeb ig caused by the sudden change in ﬁb at the

change in growth rate.



The value of the bubble radius at which a dry-patch is first
formed may be derived from equations (4.44) and (4.56). Microlayer contact
time is greatest at the point (Rb’ T ) so that this element will be the
first to evaporate. Thus from equation (4.47)

2Hy,
tc(n.b,rr)=-U—b N O )
Substituting this into (4.44) and putting S(Rb, T ) =0, the bubble radius
when a dry-patch just commences to form beneath the bubble is given by
RY = fg RL 20
iy, (2 = Tp)

The discussion of Section 4.3 showed that % 0 is related to the

e+ « e e o« o (4.58)

thickness of the laminar sub~layer in turbulent flow. At Re is greater than

5x 104 \CW is approximately proportional to U% and the Von Karman friction

velocity
u* QLUL . » ° . . . . (4—-59)
and so
o 1
1 g, N

Because of the reduced bubble growth rate after the formation of the dry-

patch, the bubble departure radius R 4 will approximate to R{) of equation

(4.58). Hence ]
= 1 w

. . . . . (4.61)
U;‘: 4k, DT

t
By © By

assuming U, o¢ U, then from equation (4.61)

1
Rd"‘UL c e e e e e e {4.62)

At Up =0, By =Ry
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and therefore from (4.60)

Ry

Fyeo

(Kb UL + 1) =1 . . . . . . . (4063)

or

By -1
KE:O = (Kb UL + 1) < . . . . . . (4.64)

R

1-KbUL+K2bU§ e+« o+ (4.65)

This expfession compares closely with that of Koumoutsos, equation (3.19)

which may be presented in an expanded form as

Ry

§U~=o=1~zr<KUL+K§Uf e e v e . (4.66)
where
K = 0.015 8 /cm

This close qomparison supports the premise that the evaporation of
an element of the microlayer is the prime factor leading to bubble departure
in systems for which Uy / U; exceeds 0.56. PFurther evidence of this
mechanism is given by the theoretical prediction of bubble growth presented
in Section 4.3, The estimated bubble departure radius for §, = 0,25 x 10™a
equals 0.625 x 10—3m which corresponds closely with the experimental radius
at which Gunther's bubble started to collapse.

The arguments presented above apply only to situations where the
liquid depth exceeds the departure radius of the bubble, Rd‘ It is possible
in emmular flow conditions, however, for the ligquid depth to be less than
the value for Rd predicted from equation (4.58). In this case, the bubble

may be expected to depart when it has grown to the size of the ligquid film.
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4,5 The Onget Of The Critical Condition
The mechanism proposed for bubble departure is that a section of

the microlayer beneath the bubble evaporates to dryness causing the growth
rate to drop and Web to fall below its critical value. The bubble changes
its shape at this point and departs under the hydrodynamic forces acting upon
it. It is this period between the time, tys when the first dry-patch appears
and the time of physical departure of the bubble which is of importance when
considering the advent of the critical condition since this period represents
the contact time of the dry=-patch with the heating surface.

An estimate of the time for the bubble to change its shape from

the hemispherical to the spherical can be made if it is assumed;

1) after ta, the bubble growth rate is zero so that no volume change
occurs, and
2) the velocity of the bubble interface, R,remains constant at the

value it attained at time, t_.

d
Then, if
Rh = redius of hemispherical bubble at tD and
R, = radius of equivalent sphere,
then

RS=-2-?37L-3- e e s e e e e (4.86)

Time for bubble to change shape

contact time of dry-spot
1

+ .« (4.67)
R

(2RS - P'h)
But

Rh=Atd'% R X))
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and therefore

R = J2_. "A"-“ . . . . . . . (4.68)
52

Thus, substituting equations (4.66) and (4,68) into (4.67) and simplifying
Contact time of dxy-spot = 142 %, « & o o o+ (4:69)

If during this contact time, the dry-spot continues to expand at the same

rate as at ty, from equation (4.58)

S5 O A Uy
2k,LAT

Length of dry-spot = 2Ry = length of microlayer

Length of microlayer = = congtant . (4.70)

therefore

Rate of increase of dry-spot = 2 R = —AI (4,71)
t 2
d

and

Final length of dry-spot = ‘Aﬂzj X contact time . . (4.72)
1
]

Substituting the contact time of the dry-patch (4.69) into equation (4.72)
and using equation (3.3) to simplify s

Final length of dry-spot = 1.2 Ry e o e+ {4.73)
The poor heat transfer rates which occur across dry-patches will therefore
be of large significance when considering nett heat transfer from the heating
surface to the bubble since equations (4.73) and (4.69) suggest that a dry-
spot may finally grow to approximately half the total contact area of the
hemispherical bubble and exist for a period greater than half the total

bubble contact time,

4.5.1 The Critical Condition ¥or Systems With Congtant Wall Temperatures

Examples of these systems are those using condensing steam as the



heating medium, a freguent application in evaporators. An increase of this
wall temperature has two opposing effects on the nett heat transfer to the
system and it is the relat?ve size of these effects which causes a maximum
or critical heat flux to be obtained,

1) & wall temperature increase may be expected to increase the number
of nucleation sites and also the growth rate of each bubble. Equation
(4.58) shows that the bubble radius at departure will be reduced so
that more bubbles can be expected to grow and depart in any given
time. These effects would tend to increase the heat flux.

2) The reduction in bubble size will reduce the size of the hydrodynamic
forces acting to remove the bubble from the heating surface. The
dry-patch beneath the bubble may therefore be expected to remain
relatively longer on the heating surface when compared with the total
bubble contact time. This would tend to decrease the heat flux.

Thus, for wall temperaturcs below the critical value it is suggested that

effect (1) exceeds effect (2) such that an increase in wall tcmperature

would result in an increasge in the heat flux and that the reverse effect
occurs for temperatures lying between the critical and the Liedenfrost
temperatures. Stable film boiling occurs for wall temperatures in excess of
the Liedenfrost point.

4.5.2 The Critical Condition For Systems wWith Constant Heat Fluxes

Exampies of these systems are those using radiant and nuclear
energy as the heating source, both techniques of which are widely used to

produce high pressure steam for the generation of electricity. The wall
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temperature varies to maintain the heat flux at a constant value so that
during the period of contaet of a dry-patch with the heating surface, the
wall temperature must rise. This temperature rise will be quenched by the
bulk liguid once the bubble has departed. However, if the rise in temperature
exceeds the quenching by the liquid, then the wall temperature will increase
in an oscillatory fashion similar to that presented in Fig, 2.1 until the
Liedenfrost point is exceedcd when stable film boiling occurs.

A series of bubbles passing over a point on the heater would
precipitate ‘burnout' in this mamer in agrcement with thc observations made
by KIRBY et al (17) who could discern no change in the bubble motion at the
critical point, bubbles still sliding past until the onset of film boiling.

This modecl suggosts that the rate of rise of tcmperature beneath a
dry-patch (and hence the critical heat flux) is rclated to the physical
properties and dimensions of the heating surfacc. This conclusion is
supported by the results of TIPPETTS (1), shown in Fig 4.9, which show how
a reduction of the thickness of the heating element from 0.01 in. to 0.006 in,
reduces the critical heat flux by approximately 20%., Similar effccts have
also been observed by HEWITT et al (8) and by FIORI and BERGLES (9). Despite
these observations in published works little effort has been made to include

this clearly important effect in the development of 'burnout' correlations.

4,6 Non-Uniform Heut Flux Distributions - The Eflect Of Slidine Bubbles

Todrezy’ duva for nov-uniforum heat Flux distritormious, FigeZe '@;
suggests that variation in the local critical heat flux is not random but is
related to the axial flux distribution. This variation might be accounted for

by the effect of variations in the tube wall thicknesses reported by TIPPETTS
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(discussed above) but details of this are not readily obtainable from the data
of Todreas. It might appear that the effect of bubbles sliding along the
heater surface and undergoing changes in growth rate due to changes in the
heater wall temperature could also account for this phenomenon. Fig.4.10

shows the effect of a change of growth rate parameter on the variation of

Web with time for Ub / UL = 0.5, Tig.4.11 showe the same changes for Ub /

UL = 0.8.
The bubble radius as a function of time during the first growth

period is given by

+
Rb = A1 t » . . . . . . (4074-)
and in the second growth period, starting at time tr’ by
1
- - ¥l
By =4, ( tp) . e e e e e e (4.75)
where
A2
tP = tI‘ (1 - (‘A"‘) ) [} . . . 3 ] . (4-76)
2

Both Figs 4.10 and 4.11 demonstrate how this change in growth from A1 to A2
causes the bubbles to stay longer on the heating surface than if the growth
rate is constant at AZ' Both figures show that bubbles with the lowest value
for A1 remain stably hemispherical for the longest periocd of time., As
discussed in Section 4.4 if U, / U; is greater than 0.56 bubbles depart
when partial dry-out ’of the microlayer occurs and the departure radius is
given approximately by

Sﬁ CLAT,

d = 4 & (Tw _ Tb) . . . D . [ (4058)

From (4.75) and (4.76) a further equation for R, may be obtained;
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A
_ _ (2h2nyE
Rd = A2 (td - tr (1 (Az) )) . ] . . (4.77)
which, on rearranging, gives
R? A
= L ~1\2
td - 2 + tr (1 - (Az) ) ) . . . (4.78)

42

Equation (4.78) shows that t3 increases as A, ic decreased if Ry is held

constant.

However, it is not whether the total contact time, with the

Leating surface, t,, is influenced which is of importance but whether the

contact time of the microlayer with the bubble, tc’ is altered by these

changes.
Bquation(4.47) shows that t, is a function of R, and U only, so
that for constant Rb, tc can only be affected by a change of US. Appendix

T2 evaluates an expression for UB as a function of time and shows that an
increage in td will slightly increase UB, cauging a reduction in tc.

Equation (4.58) shows that if U, increases then (Tw - Tb) must also increase
for constant R; suggesting that a decrease in A, will require a higher heat
flux to cause burnout. Because this change in growth rate does not predict
a reduction of the critical heat flux it follows that bubbles growm in the
region of constant growth rate A2 will reach the critical condition before
those sliding into this region and thus the actual value of the critical heat
flux will be unaffected by the sliding bubbles,

4,7 Conclusions

A new theory describing the motion and heat transfer to bubbles

growing on a heating surface in forced flow is presented.
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Analysis of the pressurce distribution over the surface of a
hemispherical bubble growing on a heating surface shows that the shape of

the bubble is governed by the value of a Weber number defined as ;

> Bb.‘)

2 1 2 3
o 2 MEEy Euoo-FE-Fd+2:2 28,
b= 20TRT”

(4.48)

The bubble remains hemispherical provided the value of Web is
greater than approximately 5 : For Web below this value, the bubble becomes
opherical.

Hemispherical bubble growth occurs by evaporation from a micro-
layer which forms at the bubble base, a model which is in quantitative
agreement with the results of Gunther and also compares favourably with the
work of Lloyd for pool boiling.

bhen partial dry-out of this microlayer occurs the consequent drop
in bubble growth rate causes We, to fall below its critical value and the
bubble shape to change fram hemispherical to spherical. Hydrodynamic forces,
which had previously held the hemispherical bubble to the heating surface,
cause this spherical bubble to depart, The departure radius of the equivalent

hemispherical bubble is given by

2 AU
d=54°1%&*mb « o o « e« o +  (4.8)

The microlayer thickness, SO’ is related to the laminar sub-layer thickness
and for Gunther's data is apparently of the order of 1/3 Slam'

Dry patches formed in the microlayer during bubble growth exist
for approximately half the total bubble contact time and play an important

role in the precipitation of the critiecl condition.
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A qualitative description of the advent of the critical condition
emphasises the importance of the physical properties and dimensions of the
heating element in governing the value of the critical heat flux, a conclu-
sion supported by some experimental evidence.

The critical heat flux data of Todreas for non-uniform heat flux
distributions demonstrates that some relationship exists between the value
of the critical heat flux and the upstream distribution of the heat flux,
but this camnot be accounted for by variationeg in the growth rate of bubbles

sliding into the critical region.
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CHAPTER FIVE

DESCRIPTION OF APPARATUS AND EXPERIMENTAL PROCEDURE

51  Introduction

The following series of experiments were designed to demonstrate
the existence of different burnout mechanisms and also to estimate the
effects of liquid flow rate, quality and upstream heat flux distribution on
the value of the critical heat flux.

The critical situation was generated under the following experi-
mental conditions. The secticon numbers refer to Fige5.1.

1) % Quality At Entrance To Section 10: 0, 10, 20, 30, 40.
2) Mass Flow Rate 0.037, 0.075, 0.112 Kg/s

3) Upstream Heat Flux Distribution: A 10% quality change was made

over section 9, secticns 8 and
9, or sections 7, 8 and 9,
The downstream recovery of the system from a burnout situation was also
measured by setting the heat input to section 10 close tc its eritical
value and then generating burncut conditions firstly at section 12 and then

at 13,
The runs were numbered to indicate the experimental conditions.
First Mumber, 1 - 5, to indicate 0 - 40 quality respectively.
Second Number, 1 - 3, to indicate 0.037 - 0.112 Kg/ s respectively.
Third Number, 1 =~ 3, to indicate if quality drop over 9-7, 8 and 9
respectively.
For example:

Run Number 521 indicates 4% quality at entrance to section 10 at a mass



flowrate of 0.075 Kg/s with a 104 quality drop across section 9.
The apparatus used for this series of experiments was basically
that designed by MANTZOURANIS (1). He originally built the rig to obtain

boiling data for water but it was later used by BACKHURST (2) in a redesigned

form for experiments with benzene and toluene.

Isceon 113 was chosen for the experiments. It is particularly
suitable for studying the critical condition because of its low latent heat
and boiling point, and its stability at high temperatures enables it to be
used in a recycle system,

The choice of Isceon as the test liquid necessitated several
changes to the apparatus. The system was completely sealed to reduce
evaporative losses and the heat exchangers werc all converted to water
cooled systems to enable the Isceon to be cooled to room temperature before
recycling. Remeovel of all pipe joints and valves not cssentinl to the
experiments also reduced liquid loss by leakage.

5.2 Description Of Apparatus

5.2¢1 The Flow Diagram

A flow diagrom of the apparatus is shown in Fig.5.1. The feed
tank was scaled ond hod two sight glasses in the top to enable the liquid
level to be checked. The Iscecon 113 was circulated by an Albany rotary gear
pump, rated at 100 g.p.h. ot 200 p,s,i, driven by & 2 h.pe, 3 - phase motor.
The pump delivered the liquid at opproximotely 10 bar and the pressure was
dropped to the operating pressurc of 2 bar across the contrel ncedle valvé,
V1. This lorge pressure drop prevented the flowrate from being noticenbly

affected by smzll pressure fluctuations in the test secticn. The desired
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KeX TO _ FIG. 5.1

SYIMBOIS -
Thermometer or themocoﬁple well,
Vapour trap: Spirax-~Sarco 5/4f' FT 64 SIR S
Thermistor well for temperature control. |
Sight box.
1/2" Kent total flowmeter.
Bourdon pressure gauge.
Drain point.
Sample point.
Concentric coils (see Mantzouranis (1)).
VALVES

1/2" needle valve, s/s, PTFE impregnated asbestos gland packing,
1" needle valve, s/s, PIFE impregnated asbestos gland packing.
1/4" plug cock, bronze, asbestos gland packing.

adjustable reducing valve set at 10 bar.

adjustable reducing valve set at 15 bar.

adjustable reducing valve (used fully open).

1/2" 3—way plug cock, bronze, PTFE gland packing.

3/16" brass cock,

1/4" needle valve, s/s, PIFE gland packing,

1/2" plug cock, bronze, PTFE gland packing.

1/4" Klinger cock, brass, PIFE gland packing.

1/2" Klinger cock, brass, PTFE gland packing,

1/8" Klinger cock, brass, PIFE.:gland packing.

(1) A1l process lines copper.

. (2) Rotameter:— Guided float insensitive to small viscosity and density

changes; neoprene glard packing,

(3) Gear pump fitted with PIFE sintered bearings.

100
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liquid fleowrate wos cbtained by odjustment of velves V, and V12 and its

1
steadiness and approximote mognitude were indicated by a colibrated rctameter,

The desired inlet temperature to the test secticn was gained by
two-stoge electrical preheating. The 2,5 kW first stage, manually controlled
by & variac, heated the liquid to within 5 °C of the required inlet value.
The temperature was then precisely controlled to + 0.1°C by a 0.5 kW heater
connected across the output from an electronic proporticnal controller., A
thermistor placed at the exit to the preheating section acted as the temp-
erature sensor for the controller.

The liquid and vapour leaving the test section were separated in a
cyclone and returned to the feed tank by different routes, Valves V2 and V3
in the vapour return line were used to adjust and control the pressure in the
separator. The liquid and vapour streams were cooled to room temperature by
a series of water-cooled concentric-~tube heat exchangers ( j) before returning
to the feed tank for recycling. Positive displacement meters in both the
liquid and vapour return lines enabled the flow rates of the two streams to

be measured to + b down to the lowest tested flow rate of 12 cu’/s.

5.2,2 Test Section

5e2¢21 Test Column

The test column was a vertical copper tube of 37mm o.d. by 13mm i.d.
by 1830mm long and was divided into 13 equal sections of length 130mm by
grooves of depth 6mm cut in the tube surface perpendicular to its axis.

These grooves reduced the conductive heat transfer along the tube and allowed
the independent control of heat floy through each section into the test

liquide A slot 6mm deep by 3mm wide was cut along the length of each section
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to contain thermocouples for the measurement of tube wall temperatures. &
vertical cross-section through part of the tube is shown in Fig.5.2.

This tube had been in use for a number of years. The inner
surface was cleaned with 'Starit' and when examined appeared to be covered
with a smooth oxide film, DAVIS and ANDERSOY (54) examined a specimen of a
similar copper tube used in similar experiments under an electron microscape
and reported that the only pits and cavities which they were able to find

were of the order of ?/u\m in diameter,

De2,22 Control And Measurement Of Heat Invut

Two {1 kW heating elements 130mm long and degigned to provide an
axially uniform heat flux were clamped to the outside of each section.
Each heater was insulated with mica and enclosed in a copper sheath. Each
pair of heaters was fitted closely around the tube by two semi~circular
steel formers and held tightly in place by two 'Jubilee’ clips. A watt-
meter could be plugged into the circuit supplying each scetion (Fig.S.B)
and the power input set to the desired value by adjustment of a :rariac.
The wattmeter had three measuring ranges, 0 - 5009, O - {000W and O - 2000W
with a precision of 0,25% of full scalc deflection on cach scalc. Two
voltage regulctors maintained the mains supply at 240 + 0.6V so thot the
heat flux through any scetion remained within 0,5% of its sct value.

Heat losses to the atmospherce werc roduced by insulating each
section with & 62mm layer of 'Nicosil! leagging., The small remaining heat
losses were dotected by thermocouples placed in the lagging of sectioms 1,
9, 10 2nd 13 and comnected to 2 Pye Universal Potentiometer. The heat

loss calibroation is presented in Appendix E3. The arrongement of the
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heators, logging and heat-loss thermocouples is shown in Fig.5.2.

542423 Measurement Of Tube Wall Temperatures

26 copper/ constantan thermocouples, prepared by spot welding 32
gauge wire were used for measuring the tube wall temperatures, two being
inserted in the wall of each of the 13 sections of the test column, These
were laid along the bottom of the 6mm slot with the tip of one of the thermo-
couples 50mm from the top and the tip of the other 50mm from the bottom of
the section (Fig,5.,2) They were held firmly in place by a wad of asbestos
fibre impregnated with 'Araldite's Each of the thermocouples was carefully
chosen so that the deviation between thermocouple readings at any given
temperature never exceeded B/UV so that only one calibration curve was
necesgsary. The liquid temperature at the inlet to the test section was used
as the reference for the tpbe wall temperaturc mcasurcments and a calibration
for use with o variable reference junction was made, This is presented in
Appendix El., Only the lower thermocouple in each section was generally used
for temperature meosurement, the upper providing corroborating evidence when
necessary. The thermocouples were monitored on o 16-point Honeywell Elcct-
roniK 15 chart rccorder with interchangeable ranges of 0 - 1mV and O - 5mV,
and a full cycle time of 96 seconds. All the experimental readings were
taken on the 0 - 5mV range and were accurate to + 15 /u\V. The calibration of
the recorder was initially compered with that of a Pye Universal Potentiometer
and wag periodically checked throughout the experimental work., The air in
the recorder czbinet wos contimuously circulated by a fan to maintain the
thermocouple terminals at a uniform temperature.

For the measurement of fthe critical heat fluxes at sections 10, 12
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and 13, the upper thermocouple in each of these sections was in turn con-
nected to the ¢ - 10mV range of a Control Instruments Hi-Speed single channel

recorder against a reference junction at 0.0 OC.

5,23 HMeasurement Of Fluid Temperature In Test Section

The temperature of the fluid flowing in the tube was measured by
a thermocouple which could be moved vertically along the axis of the tube,
as shown in Fig.5.4. The thermocouple was of 40 gauge copper/ constantan
wire and was encased in a 0,80mm o0.d. x 2.13m long stainless steel tube,
The thermocouple tip was kept in the tube by means of & stainless steel
'spider' (see Fig.5.5). Measurements, accurate to + 1/20 %, were made
against a reference at 0.0 % on a Pye Universal Potentiometer. The thermo~
couple calibration is presented in Lppendix E2.

5.2.4 Measurement And Control Of System Pressure

BACKHURST (2), using this some test column, took measurements of
both the fluid temperature and pressure along the tube length. His results
showed that for measurements taken in the vapour phase the values of pressure
could be closely predicted from the respective temperatures assuming satur-
ated equilibrium conditions to exist in that section of the column. 4n
example of his results is shown in Fig,5,6. On the strength of this,
saturated equilibrium conditions were assumed to exist in the presence of
vapour during the present series of experiments and estimates of the system
pressure were derived from measurements of the vapour temperatures,

The test pressure was taken to be the pressure existing in the

cyclone separator. The vapour temperature in the separator was measured
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with a thermocouple against a reference junction at 0.0 °C and the pressure
was controlled by keeping this temperature at a fixed value; The thermocouple -
reading was registered on the Universal Potentiometer. The pressures at

points along the test column were similarly derived from the corresponding
fluid temperatures.

5.3 Experimental Procedure

The following meagurements were made during each run;

(a) the liquid temperature :at the inlet to the test section,

(b) the wall temperature of each of the sections of the test column,

(c) the fluid temperatures along the axis of the test colum and in the

separator,

(d) the heat losses through the lagging of the test section,

(e) critical heat input to sections 10, 12 and 13.
The runs were repeated to measure the entrained liquid flowrate at the
critical condition of section 10. This aspect of the experimental work is
dealt with in Chapter Six.

5.3.1 Setting The Experimental Conditions

At each gtart up air was removed from the test section by
maintaining the flow rate of Isceon at its maximum value for a short while
before setting the desired experimental conditions.

The values of the power inputs to sections 1 to 9 needed for the
required conditions of guality and heat flux distribution were obtained by
calculation., These evaluations took no account of possible heat losses so

that the actual experimental values differ slightly from the nominal
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conditions. Subcooled inlet conditions were used for all rns ensuring that
the flow regime existing at any point in the test column was a function only
of the upstrean heat flux distribution, This had great importance with
respect to measurements of entrainrent and is considered in greater detail
in Chapter Six. A4t the beginning of each day's experimental work, the
apparatus was left for two hours to reach equilibrium once the experimental
conditions had been set,

"It is possible that swall traces of dissolved gases remained in the
liguid during measurements. UNo attempt was made to remove this air so that
conditions obtained in industrial applications would be simulated as closely
as possible,

The required experimental conditions at the entrance to section 10
were obtained by suitable adjustment of heaters 1 to 9 and the system allowed
to reach steady state., Heaters 10, 11, 12 and 13 remained off during this
period. The heat input to section {0 was then increased by swall increments
of about 20W allowing steady conditions to be re-established after each
increase until a rapid rise in wall tvemperature was observed., At this point
the critical value was taken to be the mean of this value and the steady
reading immediately prior to it. Examples of the temperature variatign
indicated on the chart recorder during 'burnout' are shown in Fige. 5.7, 5.8,
and 5,9, This experimental technique introduccs a deviation of 10W in the
ecstimation of the eritical heat flux with an error in the estimste of this
deviation introduced by the measuring instruments of approximately 5V, giving

a total estimated experimental error of 4 15W.
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The heat input to 10 was now sct approximatcly 100W lower than its
critical value o avoid the precipitation of burmout conditions at this
section whilst the downstream critical measurements were being carried out.
The critical input to section 12 was now measured by a similar method. Once
the value for section 12 had been obtained the heat supply to this section
was switched off and the readings for section 13 taken.

During measurement of the critical value the pressure at the
entrance to the section under test was kept constant, necessitating adjust—
ment of the separator pressure to counteract the effect of changes in pressure
gradient in the tube., Tesis carried out on the tube showed that variation
of the local fluid pressure caused a corregponding variation in the local
wall temperature. Pressure control was therefore achieved by maintaining
the wall temperatures of sections upstream of the 'burnout' point at a
constant value by suitable adjustment of the separator pressure,

The long term reproducibility of the critical values was tested on
four separate occasions for section 10 under run conditions 521, These gave
a mean of 1050,5W with a standard deviation of 15.3W which may be favourably
compared with the error involved in the experimental technique of 15W. The
true critical value may thus be expected to lie within the 95% confidence
limit of 4 20W of the estimated value,

An attempt was made to estimate the effect of heat conduction
between sections on the critical value by raising the wall temperature of
gection 11 for run conditions 521. The results for section 10 gave a mean
value of 1041.5% (2 results) with a standard deviation of + 21 watts. The

difference between this mean and that previously obtained was found to be
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insignificant at the 5% level and the effects of heat conduction between
sections were concluded to be negligibly small,

In an effort to keep the thermal dissociation of the Isceon to a
amall value, the wall ‘temperaturcs were never allowed to cxceed 20000 during
these measurements. If burnout had not been observed by the time this
tamperature had been reached it was considered to be 'undetcctable'. A
similar designation was given to those points for which the critical value

was greater than the maximum possible applicd heat input per scction.
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CHAPTER SIX
THE ENTRAINED MASS FLOWRATE

6.1 Introduction

A description of the apparatus used to measure the entrained mass
flowrate and the derived experimental results are presented. The measure-
ments were made to indicate the nature of the onset of burnout; whether the
critical condition for the Isceon is brought about by the total entrainment
of the liquid phase or whether conditions exist for the application of the
burnout model presented in Chapter Four,

6.2 Literature Survey

Most published entrainment data are for air/ water systems and only
a few are presented for boiler tubes. Some data for boiling water have been
presented by HEWITT et al (8)and BENAETT et al (31) and also by ANDERSOW,
HASELDEN and MANTZOURANIS (76). Further data for boiling systems are
presented by BACKHURST (2) for benzene and benzenc/toluene mixtures.

Data for air-water are presented, by AIVES (26), WICKS and DUCKLER
(57), GIL et al (58,69), GILL and EEWIPT (68), and TRUONG QUONG MINHE and
HUYGHE (]_1_), among many others. One point has also been published for SAE-
10~0il/air by AIVES (56) and a few data for ethyl alcohol/air by TRUONG
QUONG MINHE and HUYGHE (71).

Attempts to correlate the data for isothermal systems have met with
only partial success. The earliest correlation is presented by WICKS and
DUCKLER (57) in the form

(), 7 (&) ) - (9 / &) Wik
(&2
dz’v

e« e e (641)
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BACKHURST (2) correlated his boiler tube data using the approach of
Wicks and Duckler to +50/% and ~25% but contributed this relative success
mainly to the fact that the variable with the largest range, (-%E)V’ appeared
on both sides of the equation suggesting that the correlation may not be as
good as at first it may appear. Dackhurst correlated his own data to +25%,
~30% by

_ 030 ,, 0.61
Gy = 2.05 G

G, (£.1b.hr units) . . (642)

A further correlation is presented by TRUONG QUONG MINHE and HUYGHE (71)
based on the assumption that the entrained liquid flow is proportional to the

mean kinetic energy of the gas stream

1 - EI‘ = f(-éUs) . . . . . . . (603)
where
B -t
r Wi,

=d W
o ., e
¢ = (’V(1 + E ﬁ;)

Application of this approach to air/ water and air/ ethyl alcohol
data (71) revealed a large physical property effect which requires further
investigation,

A similar approach attempting to account for this effect of the
physical properties is presented by PLLEEV and FILIPPOVICH (70). They

introduce the term ( }&z—é‘:’)z into equation (6.3) obtaining

L
1-Er=f(éns(£%%)2) e e« v« [6.4)
L
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which gave the following correlation for air/water data;

s U
1~ B, = 0,985 - 0,44 log(-o (/AI;,_ )2 & 10%) . . (65)

€L

COUSINS and HEWITT (23) using data obtained from various sources, revealed a
diameter effect not accounted for by equation (6.4). BSeveral suggestions
were made by Paleev and Filippovich to explain this effect but none of these
were successful in their application,

More recently LEVY (E) produced a correlation derived from Prandtl'é
mixing-length theory and empirical functions developed from the results ott
CISE, which allows the determination of the liquid film flowrate from know-
ledge of the pressure drop. His attempts to extend this approach to predict
results obtained at Harwell show considerable deviation from the experi-
mental results,

Very few attempts have been made to determine the mechanisms for
entrainment, Work presented by HALL-TAYLOR, HEWITT and IACEY (73) demonstrates
a link between large disturbance waves and entrainment in isothermal systems
HEWITT et al (8) have further shown that in boiling systems, entrainment
can occur from the bursting of bubbles through the surface of a liquid film,

The parametric investigation of GILL et al (58,69) for water
injection through a porous section of the tube wall reveals that the
entrained mass velocity is not constant across the tube but is a function of
the radius. At low liquid and gas veloecities, at sampling points close to
the water inlet, a minimum mass velocity at the tubec axis is observed, but
at high liquid and gas velocities and for sampling points further than 2m

from the inlet the mass velocity showed a peak at the tube axis which
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sharpeneé as the parameters were increased. This indicates the care which
must be taken when using entrainment data obtained from probe measurements
only at the axis of a tube.

6.3 The Technique Chosen For Entrainment lMeasurement

The observations made by Gill et al presented in the last section
suggest that g fixed-probe technique, taking measurements only at the axis
of the tube, would lead in certain insgtances, to an over-estimation of the
total entrained mass flowrate. However, since the present purpose of
obtaining entrainment data is t0 ascertain whether burnout occurs by a 'film
dry-out' mechanism, these errors were considered to be acceptable and a fixed
probe technique was used. This decision is supported by earlier work of
BACKHURST (2) who successfully differentiated between burnout mechanisms
oceurring in his boiler tube using entrainment data obtained by this technique.

The technique adopted was developed originally by MANTZOURANIS (1)
on the experimental rig used here. Using the fixed probe, he plotted the
impact pressure at the probe tip against the liquid sampling rate and obtain~
ed a8 curve of the form shown in Fig,6.,1. This curve may be divided into two
sections, depicted as AB and BC in the figure. In section AB the impact
pressure, P;, varies very little with an increase in sampling rate suggesting
that only liquid is being sampled. However, at point B, a very marked
decrease in P; occurs with only a small increase in sampling rate and it is
suggested that this occurs when both liquid and vapouf are being sampled. 4
small increase in the sampling rate would cause a large increase in vapour
velocity through the probe with a consequent increase of the shear stresses,

and this would result in a rapid drop in the measured impact pressure. The
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sampling rate at which the regions AB and BC intersect corresponds to the
entrained mass flowrate,

6.4 Description Of Apparatus

The apparatus used for measuring the entrained liquid flowrate and
impact pressuree is shown in Fig.6.2 and its position in the test section in
Fig.6.3. The entrainment probe was firmly held by a P.T.F.E. gland so that
the probe tip was positioned opposite the static pressure tapping at the
exit from the boiler tube. A brass spider attached immediately above the
probe tip served to keep the tip at an axially central position in the tube,

Liquid filled pressure lines led from the probe tappings to two
glass bulbs and from these nitrogen filled stainless steel capillary tubes
0.36mm i.d. by Os7imm ce.d. connected with the sloping mercury manometer,

The liquid levels in the two glass bulbs could be adjusted by applying
nitrogen pressure from a cylinder or by opening to thc atmosphere.

Liguid entering the probe was collected in a 50 ml burette and its
flowrate could be sensitively adjusted by two 3 mm ncedle valves mountcd in
series. Any vepour entcring the probe was condensed in the amall water
cooled condaenser attached tc the probe.

The probe was made from 2,5mm o.,d. by C.8mm i.d, copper capillary
tube and the probe tip from brass, drilled 0,8mmn i.de. and tapped 7B.A. This
tip screwed onto thc probe and hcld the centralising brass spider in pesition.

Since the probe positicn was fixed, the entrained flowrates for
diffcrcent secticns of the test colwm werc cbbtained by moving the tube

entrance conditions. Heaters at the bottom of the tube were switched off
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ond those remaining cn were adjusted t¢ the apprepriate valuwe, Subcooled
inlet temperatures were maintained for all runs so that these adjustments
tc the conditions would nct affect the relative entroimment distribution in
the tube.

6.5 Experimental Technique

6e5+.1 Measurement Of Impact Pressure

Impact pressure is the difference between the pressure at the
probe tip and the static pressure of the surrounding liquid at zero liquid
sampling rate through the probe.

This pressure difference was measured on a sloping mercury
manometer. The liquid levels in the glass bulbs were also noted so that the
impact pressure could be corrected for the difference between the liquid
heads in the pressure lines. The level in each arm of the manometer was
read to the nearest O.5mm. equivalent to 2 possible error of + C.18mm.Hg. in
the measured pressure 'difi‘erence. The liquid levels in the glass bulbs were
also measured to within 0,5mm increasing the possible error by + 0.05mm.Hge
giving a total estimated experimental error in the pressure differcnce
readings of + O, 23mm.Hg,

To obtain reproducible results for this pressure difference it
was essential to keep the probe full of liguid. Air was removed from the
pressure tappings by filling the glass bulbs with liquid and then discharging
them through the pressure lines. This procedure was repeated until the'
impact pressures were reproducible within the experimental error of + 0,23

e Heje
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6e5+2 Heasurement Of Entrainment

It is shown in Appendix E5 that the impact pressure variation with
increase in the sampling rate is satisfactorily correlated for all runs by
two straight lines of constant gradient. The curve may therefore be
completely defined by two data points so only the following measurements
were taken for each run condition :

(1) Impact pressure,

(2) Sampling rate through the probe at a pressure difference of between

+ and ¥ of the impact pressure,
(3) A repeat measurement of the impact pressure to check reproducibility
| To measure the sampling rate, the valve in the sampling line wes

slowly opencd until the pressure difference, as indicated by the sloping
mercury manometer, was between + and 2 of the impact pressure, The collect-
ion of a 10ml, sample in o 50ml., burctte was then carefully timecd with a
stop~clock, This timing was rcpeated once and the mean value taken for the
evaluation of the sampling rate. The temperature of thé sampled liquid wes
also noteds If the two sampled flowrates differed by more than + 0,5%, the
flov was considered to be unsteady and thc measurement repeated until a
steady rcading was obtaincd.
6.6 Rosults

The results obtained for the impact pressure and locz'xl“ liguid
mass velocity at the axis of the tube are presented in Table 6.1. The
value for the impact pressure is taken as the mean of the two recorded
values and the deviation in the impact pressure as the difference between

the mean value and the recorded values.
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6.6,1 Accuracy and Reproducibility

6:6.11 Sampling Rates

The {10ml, sample was measured to + 1/20ml. giving an error of
+ 0.5%. An accurate assessment of the accuracy of the stop-clock was not
made but it is known to be better than +.1%. A4 total experimental error of
+ 0,656 is thus expected in the sampling rates.

The sampling rate for each run was taken as the mean of two
readings. Analysis of the deviations from this mean gives a 9% confidence
linit of + 0.5% (11 values), The close agreement between this deviation and
the estimated experimental error suggests that steady sampling rates were
obtained throughout the time needed for taking the experimental measurcments.

6,060,112 Impact Pressures

As related in Section 6.5.1 the error introduced by the recorded
measurements is estimated at - 0. 23mnHg, Surface tension offects at the
probe tip may give a further crror of upto # 0.5mm.Hg, giving a total
estimated experimental error of + O, 73mn, Hg.

Analysis of the 'within-run' deviations of the impact pressure
(Table 6e1) gives a 99% confidence limit of + O.4mm, Hg, (103 valucs). A
comparison between this limit and the cstimated experimental error indicates
that satisfactory precautions were taken in the experimental procedure to
ensure that the probe was filled with liquid before the measurements were
taken,

The results for the 'between-run' reproducibility of the impact
pressures are shown in Table 6.2. The deviations give a 9% confidence

limit of + 1.6mu.Hge {9 values). This is considerably larger than might be
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expected from experimental error alone and it might be suggested that this
indicates that the impact pressure is sensitive to smal}. changes in the
setting of the run conditions. An 'F' test was carried out on the variances
of the 'between~run' and 'within-run' results to investigate this conclusion

further. No si@ificant difference was found between thesé variances at the

5% level suggesting that the 'between~run' deviations could in fact be
explained only by experimental error, the small sample size possibly
accounting for the deceptively large confidence limit,

"6ebe13 local Liquid Mass Veloeity

Only the 'between-run' reproducibility was measured and these
results are presented in Table 6.2. Analysis of the deviation gives a 95%
confidence limit of + 4 Kg/mzs or a percentagc error of between + %% and + 5b.
The estimated experimental errvor is + 25 from the evaluation of the !constant
gradicntst (Appendix E5) and + 0.6% from the sampling rates giving a total
of 4 2,66, This compares closely with the error of reproducibility suggesting
that no uwnaccounted factors influence the entraimment,

The entroinment probe wes used under non-isokinetic conditions so
the capture efficiency of the probe affects the accuracy of the cstimate
of the local liquid mass velocity. DUSSOURD and SHAPIRO (77) present en
approach to estimate this c¢fficiency. For drop sizes of SO/Am and 100 /Am,
under the worst sampling conditions at which measuremcnts werc taken (0.006
Kg/s), the capturc efficioncy for the probc, cstimsted using their technique
is 99% and 99.4% respectively. Hence, under the conditions usec_l for measuring

the entraimment, the capturc offiency should bc better than 9%, A further
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error of upto + 4% is introduced by the agsumption of 'constant gradient' in

the evaluétion so thst the true value for the local liquid mass velocity may
2

be expected to be within + 12 K&/m“s of the estimated value,

6,7 Discussion

Fige6.4 shows the variation of entrainment with quality for run 333,
A minimum occurs in the entrained mass velocity at 125 quality and the rapid
increage in entrainment at qualities below this value suggests that the slug/
annular transition occurs close to this minimum, A comparison with data for
a benzene/toluene mixture under similar conditions (Fig.6.4) shows that
entrainment for the two systems is of similar magnitude.

The Isceon entraimment data for qualities greater than 1% are

correlated to +25% and ~30% (Fig.6.5) by the relationship

Gy = 1.7 (6,)% (e )** (s.i. units) . . (66)

A comparison between this eguation and that derived by BACKHURST

(2) for benzene and benzene/toluene mixtures,

R (I e () P (%)
shows that despite the order of magnitude agreement between entrainment flow-
rates shown in Fig,6.4, there exists a considerable differonce in the influence
of GV ond, to a lesser extent, G; for the two liquid systems.

The entrainment data for runs 331/9, 332/9 and 333/9 (Table 6.1)
indicate that the axial heat flux distribution has a2 considerable effect on
the magnitude of entrainment in thc quality rcgion below 105, suggesting its
importance in the slug flow regime. EHowcver, at higher qualitics, no definite

effect of heat flux distribution is obscrved despite the quite high nucleation
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rates which occur at some of the conditions analysed (Table A2) indicating
that boiling is not a significant factor influencing entrainment in the
anmular flow rcgime,

Fig.6.6 compares the total entraincd flowrate with the total liquid
flowrate measured at the critical point, Only a few of the data recorded are
shown to be satisfactorily explained by the 'film dry-out' mechanism for
burnout (data for which all the liquid flows as entrained drops). All these
tfilm dry-out' data occur at the lowest flow rate investigated (0.0375 Ke/s)
and then only at qualities greater than 30%. Some other mechanism for burnout

mst therefore be operating under the other conditions investigated,
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IABIE 6,1

ENTRAINMENT DATA

Run No/Sect PI dev, PI Ga Ve
wa Hg + m Hg Ke/n’s Kg/s
522/13 5Te4 - 0.4 129:6 0.019
222/1% 31,0 - 1.5 11645 0. 017;
422/13 50,8 - 1.1 127.7 0.019
323/13 41.3 1.8 130.2 0.019
323/13 4044 0.7 127.7 0.019
323/10 37.0 0.9 135.8 0. 020
323/9 20,7 0.7 12%.% 0.018
321/9 2104 1.4 156.4 0.023
%21/10 39,0 0.7 131.4 0.019
321/12 3840 0.0 122,7 0.018
321/13 39.9 0.4 124.0 0.018
322/13 3642 1.9 124.6 0.018
%22/13 40,9 1.2 119.6 0.018
322/12 43,0 1.0 104.7 0.016
322/10 40,1 0.9 120.2 0.018
322/9 20,4 0.4 129.6 0.019
522/8 37.2 0.8 115.2 0.017
522/9 41.5 i65 119.0 0.018
522/9 46,3 2.3 115.9 0,017
522/10 52,6 0.3 137.1 0. 020
522/12 49,7 0.1 135.8 0.020
522/13 52,8 0.8 133.9 0.020
523/13 5345 Ond 133.9 0.020
523/12 5.0 0.0 133.9 0.020
523/10 54¢2 0.2 145.2 0.020
52%/9 37.7 0.0 148,9 0.020
523/8 33,9 0.1 13145 0.019
221/9 12.3 Ou 1 271.6 0.040
222/9 12.4 1.3 140.8 0.024
223/9 171 1.1 67.3 0.010
223/10 27.9 1.4 188,2 0.028
222/10 27.8 1.2 201.9 0.030
221/10 28.5 2.1 196.% 0.029
421/9 3644 0.2 136.4 0,020
£22/9 344 1.1 129.0 0.019
423/9 %6.0 0.5 142.7 0.020
423/10 5441 0.5 148.9 0.022
422410 5140 0, 138.3 0,020
421/10 5245 0e3 124.6 0.018
521/9 50, 1 2.3 132, 1 0. 020
521/10 56,9 0s6 144,.5 0. 021
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231/9
233/9
232/9
232/13
233/10
231/10
232/10
433/10
333/10
333/6
3338
331/9
332/9
332/9
533/9
333/10
332/13
331/10
332/10
432/9
431/9
432/9
433/9
43313
432/13
432/10
433/10
211/10
211/13
213/13
313/13
311/13
311/10
411/10
411/13
511/13
512/13
511/10
511/9
512/9
412/9
411/9
311/9
312/9

P
mm Hy

27,2
17.9
19.8
46.8
447
47.0
50.0
89.7
6605
22:2
3301
4142
41.2
41.4
3844
62,9
59.7
6245
64.7
6367
63:7
63¢0
6402
86,6
792
8643
88.3
11.2
13.6
109
13.1
12,7
13.6
213
17.2
25.9
28.4
2648
1802
20.4
1841
133
12.2
217
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1713
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29447
24343
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2884
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162.6
179.4
162.0
202.5
167.6
147.7
16945
1477
163.2
222.4
1913
163.2
207.5
111.5
100.3
1034
109,0
107.8
89.7
103.4
110.9
95.9
95.9
109.6
94,7
87.2
81.6
88.5
8646
2.3

4]
e
Ke/s

0,068
0.025
0,048
0.021
0. 044
0,035
0.035
0,030
0,026
0,052
0. 024
0.04%
0,050
04031
0,024
0.026
0,024
0,030
0,025
0.022
0. 025
0,022
0,024
0,033
0,028
0 024
0. 031
0,017
0,016
0,015
0.016
0.016
0,013
0,015
00 01 6
0.014
0.014
0.016
0.014
0,013
0,012
0.013
04013
0.011
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TABIE 6,1 (cont,)

Run. No/Sect P. dev, P G, W
m Hg  +mmHg  Kefa’s Ke/s
212/10 11.9 101 1171 0.017
312/10 13.3 1.0 115,9 0.017
412/10 26.6 3a1 106.5 0,016
413/10 21.4 2,0 102:8 0.015
313/10 19.0 0e2 112, 1 0. 017
313/10 17,4 0. 1 105.9 0.016
213/10 11.6 0.4 125,2 0.019
213/9 10.5 2.2 106,5 0.016
31%/9 17.0 0.9 78,5 0,012
413/9 21,8 1.9 7.2 0.011
513/9 16,6 1.3 99.7 0.015
51%/10 271 1.0 1109 0.016
513/13 17.2 0.1 112:1 0.017
513/13 20.0 0.0 11721 0,017
413/13 13.6 0.3 121.5 0,018
512/13 20,7 1.5 112,8 0.017
522/13 59.9 Oe 142.0 0. 021
522/13 57.1 004 150.8 0.022



TABLE 6.2

REPRODUCIBILITY OF ENTRALINMENT DATA

Date

5.8.68
6.8.68
748,68
648468
5.8.68
2.8,68
24,7.68
2.8.68
1,8,68
25.7.68
2447468
9.8.68
12.8.68
9.8.68
12.8.68
9.8.68
12.8,68

Run No.

513/13
513/13
313/10
313/10
522/1%
522/1%
522/13
322/13
322/1%
5229

522/9

332/9

332/9

333/10
333/10
433/10
433710

Py

mm Hg

20.0
17.2
12.0
17.4
571
5744
55.5
41.5
40.4
4145
46¢3
414
4142
6249
G617
88.4
89.7

G
e

Kefu’s
117.1
12,1
11241
105.9
150,8
138,9
129,6
130.2
127.7
7.7
1159
20144
211.2
17643
1757
207.5
20%.1
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CHAPTER _SEVEN

THE CRITICAL FEAT FLUX

7«1 Introduction

In this chapter the critical heat flux data are presented and
discussed, correlations and physical models of 'burnout' presented earlier in
Chapter Two tested and an attempt made to predict the tube wall temperatures
at the critical condition from the nucleate boiling theory presented in
Chapter Four,

7.2 Results

The experimental critical heat flux data are presented in Table 7.1
and their trends are depicted graphically in Figs Te11 - Te13. The block
diagram for the computer programie used for these derivations is presented in
Appendix C1,.

7.3 Discussion Of Results

Te3.1 Total Entrainment Mechanism

Analysis of this 'film dry-out' mechanism is presented carlier in
Section 6,7 where this model is shown to provide an unsatisfactory explanation
for the majority of the burnout data, Those data for which 'burnout! is
considered to be a result of total entraimment are indicated in Table Te1.

Te3e2 Hucleate Boiling

To test the possible application of a nucleate boiling mechaniem to
the burnout data, calculations were made for each rum to investigate at which
sections in the test column nucleate boiling was occurring.

The approach presented by DAVIS and ANDERSON (54) was used to

calculate the necessary liquid superheat to initiate boiling (section 3.3).
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The actual superheat existing at each section was calculated from the
measured heat flux and wall temperature, and if this superheat exceeds the
superheat necessary to initiate nucleation, nucleate boiling is assumed to be
occurring. The results of this analysis are presented in Table A2 and show
that for all run conditions mucleate boiling was occurring at the critical
point during burnout suggesting that a nucleate boiling burnout mechanism
may be applicable to the data obbained,

Ted Barlier Correlations

The correlations of GAMBILL (13) and VON GLAHN (12) (Section 2.3)
are investigated using the Isceon data and the results are tabulated in
Table Af.

For Gambill’s correlation : k' = 0,18, k" = 0.023 and the forced
convection heat transfer coefficient, hGT’ is obtained using the approach of
Guerrieri~Talty as suggested by Gombill, Fig.7.!1 reveals that this correlation
provides a poor estimate of the ciitical hgat flux, all data being overpre-
dicted by 256 and the majority by over 505, It might be considered that this
overprediction results from an error in the prediction of the heat transfer
coefficient, Fig.T.2 compares hGT with the experimental heat transfer
cnefficient derived, for non~beiling conditions ('I'able AZ), from the relation—-
ship . - . . . . .

h‘]:P = W . . . . . . N -(7-1)
and shows that hTP ig consistently under-predicted by at least 50%. Use of
hop in place of h(thJ in Gembill's correlation would result in an even greater

over-estimation of the critical heat flux,
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Function 'f' . equation(2.8)
FIG 73 VON GLAHN Correlation
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These large discrepancics confirm Gambill's expressed sceptiscism
of the application of this model to saturated boiling conditions and suggest
that his earlier success may have been fortuitous.

The correlation of Von Glahn is presented in Fig.7.3. 4 poor
prediction of the experimental data is obtained and deviations from the
predicted values similar those of banzene (Fig.2.3) ave found, providing
confirmation of the general observation that correlations are not applicable
tq liquids other than those for which they are developed.

7.5 _Prediction Of Tube VWall Temperature it Burmout

Section 4452 describes huw the departure radius of the bubble may

be approximately represented by

R ss(z)QLAUb
47 4% AT

S 10
for Ub > 0,56 UL’ provided the bubble growth rate is not so small that Web
becomes less than Web orit withont requiring a change of growth rate for
departure,

This applies to bubbles growing in liquids whose depth is greater
than Rd' However, if the liguid depth is lescs than Rd the bubble will deparf.
when it grows to the size of the liguid film by bursting through the surface.
This latter situation may well exist in the annular flow conditions studied
here so that knowledge of the film thicknesses and liquid film velocities sre
necegsary for a complete investigation.

To aid this an attempt was made to predict the film flow properties

at the critical point from pressure gradient measurements using the approach

described by MANTZOURANIS (). His theory is presented in Appendix T,
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Not all runs could be analysed bgcause of inaccuracies in the
measured pressure gradients (see Section 5.,2,4) but the data obtained are
presented in Table 7.2. Using the data of run 522/9 the following procedure
was adopted to determine the mode of bubble departure for the systenm,

(i) Determine the growth rate parameter, 4, and then determine whether .
Web falls below wecrit before any dry-spots form in the micro-layer.

(ii)De‘l:emine the Wwbble radius at departure by dry-spot formatien
(equation 4,57)

(iii)Compare this bubble radius with the f£ilm thiclmess.

The determination of the growth rate parameter, A, for the Isceon
is identical to that used for water in Section 4.5.1. $ o is put equal to
'€;1£m§ corresponding to the approximate relationship found for water and the '
ratio Ub/UL equal to 0.8. Under these conditions, A is found o be 0.009m/ s%.

The variation of We, with time is shown in Fig.T7.4 and shows that
at no time during the constant growth rate phase docs Wbb drop bGIOW'Web orit®
The estimated bubble departure time by partinl microlayer dry-out is arroved
in the figure and corresponds to o bubble radius of 0,365 % 10 2m The film
thickness is estimated to be 0c315 x 10 °m, less thon the cstimated bubble
rodius, so that the film thicsness acts as the departure criterion,

I+ has becn proposed that burnout occurs when the temperature_rige
beneath a dry-gpot execceds the tomperature fall by quenching (Section 4.6).
With the bubble departurc controllcd by the film thickness, it is suggested
that the heat flux required to raise the wall tempcorature sufficiently for a

dry-patch to form before thc bubble departs will also be sufficient to
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FIG74 Growith Of Isceon Bubble
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precipitate burnout once the dry spot has been formed.
Putting R =y, in equation (4.57) and rearranging, the temperature

difference at burnout is given by

2 : |
ar = 20 %1 R
bo 4y kL

: 3 1 -~ s 3 =
Estimates for ATbo are obtained with SO = Jém and Ub O.SUL. Because

it is not known vhether conditions at the inlet or exit to section 10 govern
any given burnout, estimates for both conditions were obtained and the best
values are presented in Fig.7.5.

Allowing for the experimental error in the measured value of AT

of + 2°C, all but values 333/e and 252/e are predicted to + 306, For these
two runs the film thickness has values 0,29 x 10-'3 m and Q.30 x 10-3m respect-
ively, the thickest films measured. It is possible that in these two instances
the heat flux needed to ohtain the calculated temperature difference is too
small to cause burnout. The actual temperature difference would therefore be
higher than the valuc calculated from the assumgtion that the film thickness
is the ‘goveming departure criterion. A similar underestimate is obtained
when prediction of AT for the single benzene film boiling value presented by
BACKHURST (2) is attempted. Iu this instance the film thickness is even
greater, 0.37 x 10'3m.

7.6 A New Factor Affecting Critical Heat Fluxes With Non-Uniform

Distributions Of Heat Fluxes

Figs. 7.‘7, 7.6 and 7.8 show how the critical heat flux for the
Isceon data varies with the heat flux gradient, g%, a2t the burnout point and

demonstrate, for the majority of data analysed, that the critieal heat flux
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increases with gﬂ' at constant quality at all flowrates.

Thig effect has not previously been recorded but the data of
ROHSENOW and TODRE.S (29) provides evidence of a similar trend for water,
Fig. 2.7 presents their data not correlated by the total heat input approach
of Fig.2.6. Reference to Fig.2.7 shows that at a constant quality, the
critical heat flux for cosine distribution (-gg- negative) < that for lincar
increasing distribution (M = 227 ) < that for linear increasing distribution
(M = 5.75) < that for peok at outlet distribution (y = 5.75).

It is shown in Section 4.7 that thesec effects are not cxplained by
the growth ratc varintion of bubbles sliding into thc criticcl region.
However in the last section, the critieal wall tcmperatures for Isccon are
correlated from knowledge of the hydrodynamic properties of the liquid film
and it moy be the manmer in which %92. affects the liquid film dynamics which
influences the magnitude of the local eritical heat flux,

This effect can be investigated using the film thickness data
presented in Table 7.2 as follows @

From Figs.To6 — T.&
G N ()

4t a fixed quality, an increase in the applied heat flux increases
the wall temperature givilg, as an approximation from equation (7.3)

AT, o (89, R ()

From equation (7.2)

SZU )
AT, ot —%—1’- O (%),
i
where

S > 9. C e e @)
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Ub ol UL A4 L] L} . . * ‘ . (7-7)
and from Von Karman's velocity profile (ippendix T1)
2 1 |
slam'x \cw s L] L] . . * . (708>
Substitution of equations (7.6) = (7.8) into (7.5) yields
U

L
ol
Ao ¢y 73

or, from equation (7.4)

(%zg’)bo“"sz?i‘ S (&)
Figs. 7.9 and 7.10 show that this relationship holds for the Isceon
data. Thia confimms the conclusion that the dependence of gy  on (ED,, in
anmlar floy is related to variation of the liquid film dynamics and it is

suggested that this variation probably results from the influence of both q

and g‘J;- on the accelevation of vapoutr in the core of the tube.

Te7__Conclusions

a) The correlations of Von Glahn and Gambill are inadeguate to predict the
critical heat flux data obtained for Isceon {13.

b) 4 comparison between the estimated bubble departure diameter by partial
microlayer dry-out and the liquid film thiclmess derived from a
MANTZOURANIS analysis, indicates that in the majority of the cases
analysed, bubble departure is controlled by the dimensions of the liquid
film,

c) The burnout wall temperatures are predicted to + 2556 for the majority of
the data points using the film thickness as the departure criterion, Two
points for Isceon and one for benzene are not predicted but in these

~ T,
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instances the film thickness has ceased to be the departure criterion,

For non-uniform heat flux distributions the heat flux gradient, %J;-, at

the criticzl point is an important factor influencing the vilue of the

critical hest flux. The lovger 5% the higher is q,_ at o given quolity.

~

Careful annlysis of the data of Podrens has revenled z similar trend for
water. The effect of ggz- is related to its influence on the acceleration
of the vapour core in annular flow which results in a variation of the

dynamics oy the liguid £ilm.
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Run

Ho,

511
512
513
411
412
413
311
312
313
211
212
213
111
112
113

521
522
525
42
422
423
321
322
325
221
222
225
121
122
123

531
532
533
431
432
435
351
332
333
251
252
233
131
152
135

G

Kg/s

0. 037
000:1)8
0. 037
0-058
0.038
0.038
0.038
0.038
0.038
0.038
0- 039
0.039
0. 036
0. 037
0.036

0,076
0.074
0. 076
0. 077
0.076
0.076
C.078
0.078
0. 075
0.C76
0. 075
0. 076
0. 075
Q. 075
Ce 075

C.118
0. 118
0.118
0,120
Ce 230
0.118
Ce115
0.115
0. 120
C.112
0e112
0e112

EXPERTMENTAT, BURNOUT DATA

TARLE 7.1
INLEP

QUALITY Wa®

SEC. 10 10
042 0.269%
0.39  0.286%
0.41  0.200%
0.30  0.280%
0.30  0.320%
0.30  0.328%
0.20  0.274
0.20  0.324%
0,20  0.338%
0,10  0.296
0.10  0.316
0,02  0.358
0.01  0.340
0,02 0.3
0.40  0.190
0ui1  0u237
039  0.261
0,28 0,275
0.30 0300
0.30 0334
0.19  0.315
00 19 0'322
026 Cu358
0.09 0,360
011 €340
0.10  C.358
Oo 01 u.ndet
C.C1 undet
0.01  0.349

CRITICAL HEALT FLUX

x 1078
12

0. 109%
0, 130%
0. 134%
0. 164%
0.154%
0, 159%*
0. 200%
0.188%*
0.107#%
0. 274 %
0, 21 0%
0, 218%
0,508

0,322

0.327

0.1%38
0. 113
C. 107
0.204
0. 184
0.177
0.262
0. 263
Ue 255
0.360
Ge340
undet
undet
undet
undet

13

0. 1313
0.120%
0. 134%
0.179%
04 157%
0.161*
0.231%
0,221%
0. 207+

0.301% ,

Q. 279*
0s 255%
0.309
0.325
0.327

0.184
0.160
0143
0.259
0.218
0. 227
C.289
Ce284
0e 294
undet
undet
undet
undet
undet
undet

No results -~ conditions unstable
No results =~ conditions unstable
No results -~ conditions unstable

C.27
0.26
0. 26
0. 21
0.16
0.17
C. 09
0009
O‘ 04-
0. 0C
C. 0C
0.00

C. 186
Q¢ 245
0. 285
0.302
0a 331
04355
undet
undet
00 29()
undet
undet
undet

Ge 217
C.188
0,186
undet
undet
undet
Ce326
0,322
undet
undet
undet
undet

0287
0. 265
0,265
04363
0.327
Ce334
undet
undet
undet
undet
undet
undet

OUTLET QUALITY
AP CRITICAL SECTION
10 12
0.71 0.81
0.69 0.81
0.72 0.85
0.60 0.76
0.63 0.78
0.64 0.80
C.49 0.68
0.54 0.72
055  0.73
0.39 0465
0.41 0564
0.43 0.64
0.42 0.74
0,38 0.70
0.39 0.72
0.50 0.56
0.54 0.60
Ce53 C.58
043 0.52
Ce -‘:-6 0. 55
Qe &7 0s55
035 047
¢.35 Ce48
C.39 0.52
0e 29 QT
C. 27 C,44
C.29 Q.47
021 0.40
0421 0,40
0. 20 038
0.34 0,39
0e35 0s41
0,36 0,42
0e31 043
Ce 27 0.39
0. 29 0ad1
0.31 0.33
e 21 0.32
0.13 0,25
013 C. 26
Ce13 0.26
Oo 13 0. 26

undet = burnout undetected or outside range of applied heat flux.

*

= burnout by film dry~out.
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13

0.83
0.81
oLes
0.TL
0.78
0.80
0.72
0.75
0. 75
0.68
0.68
0.67
0.T74
0.70
0.72

0:59
0.62
0.66
0455
0.56
0.58
0.49
0. 49
0.54
0.47
0.45
Q4T
0,40
0,40
0.38

0,42
.43
Ca45
0.43
0,37
0.40
C.34
Ge34
0.25
0.26
0,26
0s 26



Run No

522 9
10
521 9
10
523 9
10
422 9
10

10
321 9
10
431 9
10
432 9
10

10
331 9
10
332 9
10
335 9
10
22 9
10
325 9
10

TABLE 7,2
DATA FROM MANTZOURANIS ANALYSIS
Lam.bs 1. Mean Film Critical Zw
Thickness Film Vel Thickness AT N/ n°
x 10°m n/s X 10°n °c
0.5186 3481 0.115 4341 106
0.458 3482 0.064 135
0.586 3438 0.135 41.9 82.3
0.553 3032 0.091 931
0.583 3035 0.127 44,8 83.1
0.467 3,80 0.067 131
0.672 3,08 0.194 40,6 6243
0.498 3.82 0.097 114.0
0.598 3440 0.168 55.8 76.6
0.451 4,10 0. 081 136
0. 641 332 0,212 68,8 -
0.540 3.80 0. 146 42,8 977
0.430 5e¢2 0. 202 3146 148.
0.433 4.95 0. 177 142,
0.489 4460 0.244 113
0.431 5.09 0. 181 379 147
0.466 4480 0. 227 . 124,
0.387 5454 0.142 54¢1 183
0.409 5437 0.172 164,
0,402 5.49 0.167 50,6 172,
0.478 4.76 0.241 121.
0.433 5623 0,204 42.4 150.
0.518 4442 0.290 101,
0.413 S5e37 0. 185 57.9 160.
0.632 3454 0.297 68,7
0.502 4443 0.220 64,0 110,
0. 745 2.87 Le 271 49,6
0.509 3493 0.129 53.0 107.

0.97
~e 67

0.8
1.47
16

1e17

1469

2.28

160

4440
32,5

3640
40.0
3645

3340

3445

53.0
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CHLPTER BIGHT
CONCLUSIONS
A new mode) describing thc growth and dynamics of bubbles on a
heating surface in forced flow systems is presented and is extended to

include the mechanism for the onset of burnout.
The shape of a bubble growing on a surface immersed in a flowing
liquid is govérned by the interaction of an inertial force,
Fr=awre g, (2L oy, -%}Uﬁ-%uﬁ+%h§+%§h (4.32)
tending to flatten the bubble against the surface, and a surface tension
force, for convenience given the value 2 R , tending to form the bubbk

into a sphere., The ratic of these two forces, Web, where

5e 2 . ; '
Web=—R%:-I{%UbUL-&Ub~%U§+%R§+%—E) (4.48)

can be used 4o determine whether the bubble &: spherical or hemispherical;
if Ve, exceeds 5 an. approximately hemispherical bubble is formed. The
inertial pressure force keeps hemispherical bubbles close to the surface,
but acts to cause spherical bubbles to depart. Earlier observations of
boiling show that hemispherical bubbles grow with applied heat fluxes greater
than 1/10 of the critical valve and that for bulk liquid velocities exceeding
15 /s, the bubbles slide along the heater surfaces at approximately 8/10
of the mean stream velocity.

Spherical bubbles grow by evaporation from the superheated boundary
layer which forms cloge to any heating eurface. Hemispherical bubbles
however, grow by evaporation from a thin layer of liguid or microlayer, which

1
forus at the bubble bage, For both bubble shapes R, e t° during the growth
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period, but the constant of proportionality is much greater for hemispherical
bubbles., {nalysis of GUNTHER*a data ( _U_) for hemispheriecal bubbles shows
that the microlayer thickness, is approximately a third of the laminar
boundary layer thickness.

Two basic mechanisms exist for the departure of bubbles from the

heating surface in boiler tubes @

1) In anmlar flow where thin liquid films exist, the bubbles depart when
they grow to the magnitude of the film,

2) In liquids of greater depth, departure occurs under the action of hydro~
dynamic forces when the bubbles become spherical.

Bubbles which are hemispherical soon after their initiation become spherical

later in their growth period by one of two mechanisms ¢ Bither

a) their growth rate is small so that Web falls below its critical value or
b) their growth rate is high initially but is suddenly reduced by partial
dry-out of the microleyer, again causing Heb to fall below its critical
value.
Bubble departure occurs by 1) and 2b) at heat fluxes close to the burnout
point,
This concept of partial micro-layer dry-out governing bubble
departure correctly predicts the variations of bubble departure radius with
flow velocity observed by GUNIHER (11) and KOUMOUTSOS et al (62) and results

in the prediction equation
2
1 AT,
4% (T, - 7.)

P 7))

The mechanism of the growth of hemispherical bubbles by microlayer
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evaporation is readily extended to describe the onset of the critical
condition in both constant heat flux and constant wall temperature systems,
For sysfems with constant applied heat fluxes, burnout occurs when temperature
increase beneath a dry spot under a bubble formed by partial dry-out of the
microlayer excecds the temperature drop by liquid quenching after bubble
departure. 4s consecutive bubbles pass, thdé wall temperature incrcases in an
oscillatory nanner by this mochanism, until the Liedenfrost tomperature is
exceeded, when gtable film boiling ocours.

Extensive experimental data for burnout and heat transfer to 112~
trichlorotrifluorcethane in a vertical boiler fube are presented to verify
further this muclcate boiling mechanisrs for the precipitation of the eritical
condition and a large number of entraimnment measurements confirm the presence
of a liguid film at the critical point of sufficient thickness to support
nucleation. The data zlso revecl an imporbant new factor g%, acting in the
range 0 - 5( quality, which influences burnout in systems with non-uniform
axizl heat flux distributions, such that at o given quality on increase in
%g' at the burnout location inecreazses the loeccl critical heat flux.

& study of the hydronamics of ligquid films in the boiler tube shows
that g'% influences the acceleration of vapour in the tube which in turn affects
the dimensions of the liquid film; consequent chonge in the bubble dynomics
is reflected in the change of the local eritieal heant flux.

This conclusion is confirmed by the successful prediction of wall

temperatures at the critienl point ochieved for conditions where the bubble

departure is controlled by the mcgnitude of the liquid film.
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The burnout deta presented was not predicted by earlier correlations
prescnted. by Von Glahn ond Gombill,

Buggestions for Further Work

More experimentcl dobo and observotions of forced convection boiling
for a varicty of liquid systams are required to confirm thc mechonisms of
bubble growth and dynnomics presented in this thesis., Investigation of the
influence of bubble and fluid velocities on the microleoyer thickness should
be nttempted, possibly by an adaptotion of the system presented by LLOYD (47)
for pool boiling,

Direct obgervations and further measurement of mucleate boiling
burnout in annular flow are reguired to verify the influence of the liquid
film thickness on the critical heat flux and wall temperature. 4 combination
of this information with an analysis of the relationship between applied heat
fluxes and heater wall temperatures in boiler tubes would enable the exten~
sion of the partially qualitative burnout model presented in this thesis to a
complete quantitative prediction of boiling burnout heat fluxes under all the

hydrodynamic conditions in which nuclestion might occur.

Two data points for stable film boiling in benzene/toluene mixtures
presented by BACKHURST (2) suggest that an .extensive study of binary systems
with their added variables arising from concentration changes, would yield

valuable confirmatory data for mucleate boiling and burnout models,
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APPENDIXES
Experimental

B.1 Calibration of Tube Wall Thermocouples

These thermocouples were calibrated for use with a variable

reference junction., Two vacuum flasks containing transformer oil were used

for the hot and cold junction. Bach oil bath was well stirred and heated

by a 0,5 kW immersion heater to maintain a temperature difference of about
20°C between the two junctions. A calibrated mercury thermometer indicated
the temperature of the bath to # 1/20°C and the output from each thermo-
couple was recorded by a Honeywell {6-point recorder (described in Section 52)
on the 0 — 1 mV range to an accuracy of + 3 /AV. The vacuum flasks reduced .
the cooling rate of each bath sufficiently not to necessitate the use of a
temperature controller for the calibration,

The calibration was repeated until it was reproducible., 21 values
were taken for the final calibration in the range of hot junction tempera=-
tures from 20% - 140°C, A linear best fit line through these values, based
on the suggested relationship of MANIZOURANIS (1) gave the following
calibration curve

.T__Ai__ = 0.03954 + 4,61 x 10-5 (TH+TC) - . (E1o1)
- T
C

H
hot junction temperature, °c.

where TH

and T cold junction temperature, °C.

C
DE

it

thermal EMF, mV
The wall temperature was corrected for the depth of the thermo-

couple tip below the tube surface (Fig. 5¢2) by the addition of a factor,
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calculated from the heat flux, 3.02 x 10 7q°C,

Ele1 Erroy_in Estimate of Wall Temperature

For TH

Error in estimate of Ty from calibration curve = % 0,5°C (99 corf.idence)

[
-TC~2OCz

and. error derived from temperature measurement at calibration = 0.100 and
therefore total error in temperature estimate = & 0.6°C.

A further error of + O. 2500 vas introduced in the measuring system for the
experimental wall temperatures by changing the range from O -« 1mV to 0 -~ SmV
on the multi-point recorder, Thus the cxperimental wall tempcratures were

accurate to + 0,85%,

BE.2 Calibration of Travelling Thermocouple

The calibration of the thermocouple was achieved using an ice-pot
(0.0°C) for the cold junction and heated transformer 0il in a vacuun flask as
the hot junction. The oil bath was well stirred and a 0.5 kW heater, comnected
across a controller using a thermister as a temperature gensor, maintained
the o0il bath temperature to within + 1/ 10°C of the set temperature. The
precise temperature of the hot junction was measured to + 1/ 20°c by a
previously calibrated thermocouple against a reference junction in an ice~pot
(0- 000). The voltage gonerated by the two‘ thermocouples were measured to
+ 1 /.V using a Pye Universal Potentiometer.

A linesr best fit line using these measured values gave the
following calibration curve.

AE = 0.1439 + 0.0339T + 0.0001T° _

The confidence limit for this equation at the 97.5% level is 4+ O. 030(1, which

with the error in the temperature measurement of # 1/ 20°C, gives the total
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errvor in the temperature estimation uging the calibkation as + O. 0s°c,
E,3 Heat Icsses

Two thermocouples were placed in the lagging of each of sections
1, 9, 10, and 13 of the test column as shown in Fig.5.2 and were connected so
that one of the thermocouples acted as the cold junction and the other as the
hot junction. The woltage generated by the pair of thermocouples was measured
by a Pye Universal Potentiometer. A calibration for each pair of thermocouples
was made by_recording their thermal ENF for a mumber of different measured
heat losses,

To derive the heat loss calibration, liquid Isceon was pumped
through the test column at a known flowrate. Once the system had reached
steady state, the liquid inlet and outlet temperatures were measured using
the travelling thermocouple ond the output from the four pairs of thermo-
couples recorded. From the liquid temperatures and flowrate, the total heat
loss was caloulated and, azssuming that this heat loss was evenly distributed(
along the length of the cojumm, the heat loss through one section, correspon=°
ding to the thermocouple measurements, was calculated as 1/ 13 of the total.

Heat losses were measured for several different liquid temperatures
and flowrates, and the following calibration accurate to ¥ 0.5 W was obtained

Tube Section 1

Heat loss (W) = 6e4 (AE) + 0.5

Tube Section 9
Heat loss (V)

i)

5.6 (AE) + 0.6

i

Tube Section 10

Heat loss (W) = 4.7 (AE) + 0.5
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Tube Section 13

Heat loss (W) = 6.1 (AE) + 0.5
where

AE = Thermal E.M.Fs nV,
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APPEIDIX E4 PHYSICAL PROPERTIES OF TISCEON 143

1. Liguid Properties
1e1 _Surface Tenaion G'L

[« pii— M102 -
L = 0:023 (<555=) /m

T = deg.C

a2 Dengity Q

e, x 107 Teap,
Kg/n’ °c
1.624 0.0
14554 30? 0
1,450 71.0
' 14359 93,0
1e3 Viscogitx—, /u L _
/Pi x 107 Temp,
Ns/ e TOQ
0? 497 48,2
C.442 6040
0,395 7141
0.356 82.. 2
0.322 93.3
0. 293 104.4
0.268 115.6

14 _Thermal Conduetivity K
kg, = 0,066 W/mC



1m

1.5 _Specific Beat OCpy

Cpy, = 98044 J/kg°C

o, Yapour Properties

2.1 Density ev

v Temp.
Kg/ m3 TOQ
7.709 49,0
10.743 60?0
] 14.642 71,0
2,2 Viecogity /A v
/AV x 103 Temp.
Ne/m® %
0,0101 15.6
0.0103 26,7
00106 57,8
0.01C8 49,0
0.0111 60,0
0.0113 71.0
0.0116 82?0
0.0118 93.0
0.0120 104,0
0.0123 116.0

23 _Thermal Conductivity kv

[T
— ' 2 0o
ky = 4186.8 /’ v s (M‘%) #/m"C
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2.4 _ Specific Heat At Constant Pressure CPV

Coy = TI.T  J/KgC
3.0 General Properties ‘
Criticsl temperature = 214:1 “C
Molecular weight, W = 187.52
3,1 _Latent Heat Of Evaporation

M = 2596 (70.67 = 0.15847)  3/Ke
T = OC

3.2 _Saturated Vapour Pregsure Ps

_2686,376 2
P = 133,32 exp (16,100398 - 5 236.219) §/m

i

T = pat, temperature, °c.

1 bar = 10°N/m®
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E.5 Analysis of Entrainment Flowrate

The entrainment mass flowrate is obtained from measurements of
sampling rate and impact pressure using a fixed probe technique. Examples
of the variation of the measzmed impact pressure with the sampling rate are
ghown in Fig,E5.1 and ES5.2 where the sampling rate at point B (Fig.B5.1)
represents the entrained mass flowrate. To reduce the amount of experi-
mental work necessary to obtain the point B, it is proposed to test the
assumption that the gradients of lines AB and BC (Fig.BE5.1) are constant for
all runs and to ascertain the possible error introduced by such an assumptions

Ev5e1 Test of Constant Gradient for Line AB

The main results from the statistical analysis conducted on the
five runs investigated are shown in Table E 5.1 and the distribution of the
gradients of the line AB about their mean is shown in graphical form in
Fige.B.543,

The 'F* test shows that the maximum estimated error variance is not
significantly greater than the population variance at the 5% level. This
strongly supports the hypothesis of constant gradient and it is concluded
that the distribution of the points about their mean value is due molely to
experimental error and that the hypothesis for constant gradient to the line
AB for five points investigated is proved within the limits imposed by
experimental error,

The range of impact pressures for which this result has been
obtained includes nearly all the values obtained for other run conditions
and it is judged that measurement of the impact pressure is sufficient to

define the line AB for all runs.
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FIG E5-2 ENTRAINMENT _MEASUREMENTS
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TABLE B 5.1

THR MAIN RESULPS FROM THE STATISTICAL ANALYSIS TO TEST THE CONSTANT GRADIENT

HYPOTHESTS
Test on Gradient AB Test on Gradient BC

Mean Value of Gradient

mm Hg.s./wml x5 66 4170
Varisnce (65) _ 255 (4) 56,39 = 10% (9)
Maximum Estimated Experimental _

BError Variance (O'g) 1240 (4) 1.63 x 104 (9)
o2 .

-6-_-;2— ‘P Test 4.86 4.3
Significance of 'F' Test 55 NS, 1% WS 5% 8, %8
Confidence Limit + 95% 17 460
Confidence Limit + 99% 30 700

Notes ¢ Varisnce; the number in brackets following the estimates of variance

indicates the number of degrees of freedom on which the
estimate is based
Significance; S = significant
WS = not significant
The preceding percentages indicate the level at which

the significance was tested.
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Fig.E 5.3 shows no obvious trend of the gradient with impact
pressure ro it is not considered necessary to take further readings in
amplification of the conclusion of the constant gradient analysis,

B.5.2 Test of Constant Gradient for Line BC

Ten values for the gradient of line BC were used to analyse the
hypothesis. The main results of the analysis are shown in Table E 5.1 and
the variation of these points with the corresponding estimated sampling rate,
Gé, at the intercept, B, is shown in Fig.E 5.4.

The *F' test shows that the population variance is significantly
greater than the estimated error varianve at the 1% level which suggests
the existence of a better correlation for.the pointsg than that proposed.

The distribution of the points in Fig,E 5.4 shows that a better correlation
may exist along the line B'C', shown dashed, and the maximum deviation '
between this correlation and that of the constant gradient hypothesis is ~4k,
Examination of the reproducibility of the results (Section 6.6) shows a
deviation of + 4% so that an improvement in the correlation to B'C' could
have shown an improvement in the overall estimate of Ge from i,&% to + 4.
However, these entrainment measurements are made so that an estimate of the
total entrainment can be obtained assuming a uniform mass velocity distri-
bution across the tube. This assumption introduces further errors (Section -
6¢3) and the assumption of constant gradient was therefore considered to be
justified despite the analysis indicating the poesibility of a better

correlation,

E 5,3 Conclusion of Analyses

The analyses of the previous two sections show that the variation
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of pressure drop with sampling rate may be represented by two straight lines
of constant gradient for all runs. Untrained flow rates could therefore be
evaluated from a knowledge of the impact pressure and the sampling rate at
a pressure difference of approximately one half of the impact pressure.

This conclusion is used for the development of the general experimental

procedure presented in Section 65,
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Theoretical

T 1__MANTZOURANIS' Film Thickness Analysis (1)

Mantzouranis developed the following analysis for deriving the film
thickness from a measurement of the total pressure gradient in a tube. His
model is shown in Fig.T 1.1.

4 force balance on the liquid yields

dB
T ap ar
e e——— hd al'
W rW’ dz RL+ dz Vv - R + g eL L » . (T 1-1)

and for the vapour core with entrained dronlets
ap ap dp, ap

ay e T L
Fral el e +g€.v. " . (T 1.2)

where ? y = hean density of the vapour core, but in the use of this analysis

QV was assumed equal to Q v The accelerational pressure gradient developed

in the liquid film is given by
2

ap G d in &
- “éL_ - L Do L - '1‘ E'R-L— . . (T 1.3)
dz "L B2 e dz R, dz
L \L
where mo= 1+ 3—:?-0 59 assuming the universal velocity profile of Von
( .

Karman to represent the conditions in the liquid film.
The accelerational pressure gradients in the vapour core are, for

the vapour stream
2

dp G d.RV

¥ G
="*"*“"‘(2‘-- In G --——-—-..u—v
d 52 v dz ;

z ev dz R, dz :_RV

and for the entrained ligquid

2 () (T 1.4)

SU_G . G U,
e*”"Eng(a%{JnGV) +d—‘;-(1nce) +%—;(m s) - %—V-Z:V gjl%;(]n Ge)

(T 1.5)
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S is related to the impact pressure of the entrained droplets by the

expression
Gv 1 l “
P = (-I’2+NS va) . . . . ™ (T 106)

Ty
where
S = drop velocity / local vapour velocity

ok = constant depending on the beuaviour of the drops in the vicinity of

the probe which can have values between ¥ and 2.
G

5 =g,
In this present analysis K was put equal to the value for turbulent flow of
1.14 and the value of S was derived from equation T 1.6 as follows
for s 21 8=1
for x5 < 1 S = ™S
Mantzouranis assumed that the Von Karman velocity profile represents the
condition in the liquid. Von Karman recognised three velocity regions @
Leminar sub-layer 0<y*< 5 ;U= y+ . . (T 1.7)
buffer layer 5< Y+< 303 ot = 5 In y+ - 3,05 . (T 1.8)

turbulent layer 30<y¥ <0;u" =25 my +55 . (T 1.9)

where

+ u* + I
¥ =-$-7;l; uo= iy and u¥ =

(1
If U is the velocity of a liquid passing through an element of area dA then

the mass flow

W= X TdA » » . . . . . (T '1-'10)
¥4
Converting equation(T1:10) to universal parameters and substituting ut = £(y")
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from equations (’I‘ 1.7), (T 1.,8) and (e 1.9), gives on éntegration :

laminar; 1€=~}(y;)2 e (7 )3 e o (T1a11)
2
OS(VZ) + 1
MS U "SYZ (my2-1 61)“' Re* (hy2-1011)"2§:*§
(T 1.12)
+ 1s 25( +)2 +
Turbulent; W = 2.553(1n y, + 1.2) =~ == () + 1.7) + 212 _ 55
(T 1.13)

Use of these equations in conjunction with the force balances,

enables an eatimate of the film thickness, ¥ to be obtained,
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T.2 Sliding Velocity of Bubble

Tile four forces acting in the system which will be congidered in
this analysis are shown in Fig.T 2,1,
Viscous Drag Force on Hemispherical Bubble 3

2 .
D 2 WRY
FD = 2 (UL - Ub) "‘é"‘"‘ . . . . . . (T 2-1)

where PEEBIES and GARBER (75) show thrat

v 2—2- L ] - L ] [ ] L ] L
% ¥ Re

for a bubble in uniform motion with

&y Ry -

Re = e e e e e (T2;3)

for a hemispherical bubble,

(T 2,2)

Therefore

1/3
1 x2 -
FD - a /"L (UL Ub) rer [} . » » (T 204)
Buoyancy force on'l}erngspherical bubble

"

_2ned (.- | | |
FB = 3 'THb ( eL ev) g . . . . (T 2c5)
Inertial force on hemispherical bubble : _
2 f‘}; o7 Tt
F, = MR ?L(UbR.D + U2 -~ UR - UR) e« (4.31)
vhere UL may be considered uniform for y+ 0.
Rate of Change of Momentum of Bubble _
=& 2 gl

Bubble Velocity

It is assumed that the velocity of the bubble changes so that the
four forces given by equations (T 2,4), (T 2.5), (4.31) ana (T 2.6) remain

in equilibrium, so that
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B+ Fp=Fp + By T  -% )]
Substituting the appropriate expressions for the forces into equation (T 2.7)

and rearrancing yields the following differential expression

au (Qy +P1) 44 4 o1/
"d%"LUb@‘{’j*(’L)t( - Ly e /‘::-'2‘-5=1-§—é—:—§px

1/3 :
(&* £ 5 (PL-%% e F’z’) e« (r28)
A
which integrates to give the following expression for sz
0L, 2 POy 11z 23m0, g
y, - Gy 2 (ST o s UE2L2D L
b ZEV -!- e 1 K+ 1 4A2 K ' tK

e o (7 29)

where C = constant of integration

K= 20, 70, e 'ev; VL)-v u x421/3/2—%) « o (7210
From data of Gunther at 10 f/ 8 for water
Ry, = 0.026 in
t =3x 104

i
A = 0.0346 n/s*
U =10 /s
U, =8 /s

and aspuming ?L > ?V K of eguation (T 2.10) can be reduced to

K = 2: (T 2.11)

and the expression for Ub becomes

C
Ub = UL + 't—37'2 * » ™ (T2012)
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For Gunther's data

C = -107
and U, =TU. - 197 (T 2‘ )
b— L t37§ L] ] o » L] - * B13

Equation (T 2.13) shows that a bubble will accelerate rapidly
during the early part of its growth but that its velocity will change only

slowly as the bubble approaches its departure size.
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Computational

Block diagrams describing the computer programmes used to analyse
the experimental data and theory are pregented., The derived point data along

the test column are presented in Table A2 and the predicted critical heat
fluxes from the Gambill and Von Glahn correlations are presented in Table Af.
The film thiclmess data (Table 7.2) was obltained using a technique similar
to that presented by BACKHURST (_2_).

C.1 _Analysis of Experimental Data

The programme calculates the appropriste values to test the Von
Glabn (C 4.3) and Gambill (C 1.1) correlations, the tube wall temperature,
stream temperature, stream pressure, quality, nucleation temperature, point
heat transfer coefficient (Equation 7.1) and the predicted heat transfer
co;afficient using the Dittus—-Boelter equation with the Guerrieri-Talty
correction factor. (Section 2.3)

The following egquations are referred to in the block diagram (C.1)

i=13

QTOT = Zq’i . . . . * e . (C 101)
i=y ;

HP = q'i/ AHT (] . . . ° . . (C 1.2)
T

X = E‘R+ QTM'M / (TECpGT) -1 e e e s (C1.3)
8 -5 ; ;

-m ax10,
e = Ty — e o e o (C1.4)

C.2 Analysis of Bubble Growth Rate

For solution of equation @

. (0 -1 ) 1w By, )
R = ﬁ""""["“"‘"b‘ ':E dr d ] » L ] L] (4‘42)

ZWQVXB% 0Jo ®
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defining
£ Rb rzs:i:u2 Jg r ‘12"
DF{H\T=(S(2)-%§(TW-%)}}‘;((1-"‘EJ) --I;bcos‘”)( ’
é . .. C 201

ag derived from equation (4436) on integration and substitution of eguation

(4.47)
Ca2s1 Subroutine DUBTHT

To integrate a function in the form

(x5, :
[ [ DFUN(X,Y) 4X aY . . . . . . (¢ 2,2)
LK

Arguments used are s
X1, X2, X, s, Y1, Y2, YiR, DFUN
where
¥R = mumber of intervals in range of X (even)
TR = number of intervals in range of ¥ (even)
SIMP = integration subroutine C 2,2.

Ce242 Subroutine SIMP

To integrate a function in the form

z, . .
J'DFUN(X,Y)dX © e e e e (¢ 2.3)

%

for a given value of Y.
Arguments used are ¢
X1, X2, MR, ¥, DFUH

IR = number of intervals in range of X (even)
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calculate
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1
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TB ecn 4,45
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C2 Analysis 0Of Buibla Growih

7 define¥q | gefine physical

set
TS, TV
T
sct

ULUL/UB, §,,

initi al estimatts
RB ,A
{
WRITE
HEADINGS
1] - {

I1=0

Y
i

caiculdie 2
t+( RB/A)
i
calcul ate
= A

|RB=-9‘9RB

calculate
Wz,

calculate. calevate
AB: (2RBRB]/2 AP e 448
T8 exn, 44

1« Ib call DUBINT

calculste
R3
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Subrouline

buBl

Y
HX={XI-X2} /NR

~

F:8

=+l

X = Xl» HX(L-1)
Jz I-24K
L=L~l
Q=Q+ SIMP{-3K3I12K-8)

Iin

DUBINT=QQ =

E

RETURN

~y



Subroutine

HX = [X2-X[I/NR
L=i

QQ=0
N=NR-{
I=!
C=0
K=l

Ly

.

=R

X=Xt +HX(L-1)
L =L+l
J=1-2+K

Q=Q + DFUNE3K2+[2K~8)

,h‘

CL=Lel
QQ=QQ+Q

— oaHiX
r sivp = GQHA

ETURN

¥

w



TABIE A1 DATA FROM BURNOUT _CORRELATIONS 196

Run Gambill Predigtion - Von Glahn Correlation
No, Heat Flux (W/m®) x 10 X function '£' x10°
10 12 5 10 12 13 16 12 13

511  0.442 0.441 0.441 0.27 0.82 0.83 0.57 0.45 0.40
512  0.447 0.446 0.446 0.71 0.82 0.82 0.59 0.47 0.42
513 0.442 0.442 0.441 0.74 0.85 0.85 0.57 0.45 0.41
411 0,450 0.449 0.448 0,63 0.77 0.78 0.59 0.46 0.42
412 0.448  0.447 0.447 0.66 0.78 0C.79 0.59 0.46 0.42
413  0.448 0.447 0.447 0.67 0.80 0.80 0,59 0.46 0.42
312  0.451 0.450 0.450 0.58 0,74 OC.77 0,59 Q.46 Q.42
313 0e451 0,450 0.449 0,59 0.75 0.76 0,59 0,47 0.42
211 0,447 04447 0,446 0edd  0.68 0.70 0.59 0.47 0,42
212 0,449  0.449 0.449  0.46  0.67 0.70 0.60 0,47 0.42
213 0,449 0.449 0.449 048 0466 0.70 0,60 0,47 0.42
1 1 1 Oo 4":‘3 O. 4’4‘5 0. ‘-1'45 Oo 47 0- 75 O- 75 0. 55 Oo 43 00 39
112 Cedds  0a445 0445 04 0.T1 0,72 057  0.45 0.44
113 0544 0.443  0.443 0.44 0,74 074 0,55 0,43 0.39

521 0.516 0514 0,513 0,55 0,60 0.62 1.18 0.93 0.84
522  0.512 0,510 0.510 0.58 0.63 0.65 1.14 0,90 0.81
523 0,516 0.514 0,513 0.57 0.62 Q.64 1.18 0.93 0.8%
422 0,516 0514 0.513 0.51 0.59 0,60 1.18 0.93 0.84
423  0.519 0.517 0.517 053 0.60 0.62 1.18 0.93 0.83
321 0,512 0.511 0.510 0.2 0,52 055 1.21 0.96 0.86
322 0.513 0,572 0,511 0.42 0.5% 0.54 1.21 0.96 0.86
323 0.516 0-514 00514 0-‘!1[4- 00 55 0058 1.19 O.% 0.85
221 0,506 0,505 0.505 0.36 0.50 0,50 1.21 0,96 0.86
222 O- ‘:‘97 Oo 497 Oo 497 Oo 35 0.4‘90 O- 51 1 . 16 OO 91 0' 82
223 0.504 0.503 0.503 0.37 0.52 0.52 1,17 0.93 0.83
121 0,487 0.489 0,489 0.29 0.46 0.46 115 0,91 Q.82
122  0.488 (489 0.489 0.29 0.45 0.45 1.15 091 0.82
123 0.483 0,485 0.484 0.28 0.44 0.44 1415 091 0.82

431  0.569 0.568 0,568 0.42 C.47T 0.49 1.833 1.4 1.30
432  0.574 0.573 0.572 0.44 0.49 0.51 1.83 1.44 1.30
331 0.570 0.568 0.567 0.40 0.50 0.50 1.85 1.46 1,32
332 0,562 0,561 C.560 0,36 0.44 0.44 1,85 1.46 .32
333 0,566 0.564 0.564 0.39 0.49 0.48 1.83 1.4 1.30

232 0,545 0,545 0.544 032 0442  0.43 1,78  1e41 1627
233 0,519 0,520 0,520 0.23 0.33 0.33 1.85 1.46 1.32
131 0,511 0,513 0,513 0.25 G35 035 1.74 137 1.23
132 0.511 0513 0,513 0.26 0.35 0,35 1.74 137 1.23
133 @512 0,513 0,513 0.25 0,35 0.35 1.74 1.37 1.23
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TABLE A2
Table A2 presents the following point data:-

(1:4:10-6 W/m : nett heat input to each section.

+3
()

¥ : corrected tube wall temperature,

3
[}
-

tube core temperature.

]

core pressure calculated from TL.

quality at exit to each mection,

™ <’d

L L]

superheat requived to initiate boiling,

3 +3
«Q
*”

ie ¢ s estimated superheat at each section obtained from the

relationship
QXY
T, =P - &
ie W kL

shere y_ = 1 /V‘m (see experimental section)
Nu ¢ used to indicate nueleation
It Ti e~ 'l‘i is pogitive then fu = +1 (nucleation),
if ?, - T, is negative then Ifu = =1 (no nucleation).

Guerrieri~Talty estimate of heat transfer coefficient.

-4 o
By 10 wn? °c

hexpx‘l o™ w/m® °c calculated heat transfer coefficient from point data

using the relationship

q

h ==

exp Ty T
N.B.

In some earlier runs TL (travelling thermocouple) was measured
using the variable reference junction of TW' These values can be different-
iated from thoge where a reference junction at 0.0 °C was used since they are
quoted to only one place of decimals and are accurate to + 0.6 °c. The values

obtained using 0.0 °C as a reference are quoted to two places.



TABLE A2 (cont.) 198

Run Wo, 511
Separator Pgessure 1.858 bars 5 Inlet Temp. 49,7 ! - -
Tbe qx106 T, 0 By uxo® X T T, Wahyzio™n_x10
section Wm® % °C bars  Ke/s °% % /m 2/0  wind/
1 0512  T4s5 52,2 1,930 3,65 =16 83,9 73.7 -1 -
2 .0512 T8.1 56.0 1.930 3,65 «,04 83,3 T7.3 =1 = .-
3 40512 79.6 64,0 1,930 3,52  .036 825 78.8 -1 .OT1 +329
4 L0512 81,5 67.6 1.930 3.32  ,001 82.2 80.7 —1 .101 367
5 40512 8143 6841 1.930 3012 147 8201 8065 -1 o119 o388
6 40512 81,3 68,3 1,930 291 ,202 82,1 80,5 -1 132 .392
T o0512  T941 68:2 1,928 2,71 258 82.1 78,3 -1 o141 472
8 J0512 8.1 68,2 1,924 2,51 .34 82,0 TT.3 ~1 148 514
9 0933 8544 6841 14918 2413 4446 8149 84,0 +1 .156 .539
10 42615 103,0 67.7 1897 1.09 .701 817 99.1 +1 .148 740
11 .0 T0e2 67e4 14879 1,09 .T02 81.5 70,2 =1 148 -
12 .0 67.6 67.3 1.876 1,09  .703 81.4 67,5 -1 .148 -
13 .0 67.3 6702 1.8T3  1.09 703 81s4 67.3 =1 .148 -
Run No._ 512
Separator Pressure 1.888 bars Inlet Temp., 49,7 °C
Tube gx10~° T, T, P, Wxo® X T, T, Wbyt nxio™
Section WnZ % °C ‘bare  Kg/s °% O w/ 2/ w/ /¢
1 20587 75,3 50.3 1,940 3,82 =.15 84.0 Tded ~1
2 L0587 TB.8 58,1 1.M0 3,82 =02 85,2 78,0 =1 -~ -
3 0587 80.2 65.3 14940 3,65 ,05082,5 79.3 -1 .084 302
4 L0587 82,4 68,0 1.940 3.40 111 82,3 815 -1 112 .408
5 40587 82,6 68.4 1,940 3,17  ,17282.2 81.7 -1 130  .413
6 L0587 83¢1 68,4 1,940 2,93 ,232 82,2 82,2 +1 .142 «400
T o587 79,9 68,4 1.940 2,70 .29% 82,2 T79.0 =1 152 511
8 J0464  T8.1 68,3 1.932 2,51 ,342 82,1 TTed =1 o157 o473
9 L0464 B1.5 68,3 1,931 233 .390 82,1 80,8 -1 .16 350
10 42768 103.6 68,0 1.914 1.25 678 81.9 99.4 +1 .156 777
i1 .0 707 6767 14896 1422 ,680 81,7 70,7 =1 4156 -
12,0 6709 67.6 1895 1,22  .680 81.7 67.9 -1 156 -
13 .0 67.8 67,5 1,889 1,22  .681 81.6 67.8 -1 .156 -




Separator Pressure 1.852 bars

Tube qx10‘6

Section W/m®
1 .0587
» 0687

O O ~] O U S W
-
~3

[T G S
Wi N = O
.
©

gw EL
¢ %

T4e1 504
8.8 60.2
79.5 66.8
81.9 68.0
82.0 68.3

13 68,5
T7.4 6845
6.3 6849
T7.2 68,6
103.9 67.5
69.7 67.3
67.5 67.3
67.2 67.2

199

Inlet Temp. 49.7 °C

Separator Pressure 1.870 bars

Tube qx10-6

Section w/mz

1 .0395
» 0395
« 0395
» 0395
. 0395
0395
<0395
« 0395
« 0935
« 2825
.0

.0

»0

W © ~3 oo v >~ W

T R U PN
W N - O

fw iv
c S

70.9 50.3
T4.9 53.5
771 60.5
79.2 65.7
80.1 67.4
79.8 67,9
78.3 68,0
77.8 68,1
86.4 68.1
1067 6749
70,5 67.6
67.6 67.5
67.3 67.4

T.

Jle
c

T3l
T7+8
8.4
80.9
81.0
80,2
769
5.8
767
99.7
69.7
€7.5
67.2

T

Inlet Temp. 49.7

TABLE A 2{cont. )
Run No. 513
P, W.xl0° X T,
v I i
bars Kgfe °c
1.968 3,70 ~,13 84.4
1,968 3.66 .011 83.4
1.968 3.39 .085 82,7
1,968 3.12 ,158 82,6
1.968 2.85 .231 82.6
1,968 2,57 305 82.6
1.968 2,45 43%8 82,6
1.968 2.33 .371 82,5
10947  2.20 ,406 82,3
1.889 1,07 .710 81.6
1877  1.07 711 81.4
1.877  4.07 711 81.4
1.873  1.07 .712 81.4
Run No, 411
P, Wxi0® x T,
v L i
bars  Kgfs °c
1,920 3,79 =.18 83.7
1.920  3.79 =.10 83.4
1,920 3,79 -.01 82,7
1,920  3.65 ,035 82,2
1.920  3.50 ,O77 82,0
1.920  3.34 .118 82,0
1.920  3.19 .159 82.0
1,920 3,05 .200 82,0
1,920 2.66 .298 82.0
1,908 1,54 .59 82.0
1.894  1.53 .595 B1.6
1.89C 1,53 .595 81.6
1.883  1.53 .596 81.5

u

h TX10

-4

¢ 2,0
Wmn"/"C

«046
.099
«123
+139
. 149
» 153
. 155
« 157
«149
.149
+149
-149

°c

-4
hGTx;OO
W/m / c

.03
. 097
114
.126
135
151
. 161
-161
161
.161

hexp:no"4

W/m/°c
. 289
.369
542
493
502
535
«345
422
+356
770

-
-

h 1:10"'4

W m2/°C
o191
.184
«239
«293
»316
332
383
«406
+510
727



Tube qx10~

Section W/m?

1

W 0 9 o 1 & W

— wd e
W N = O

. 0452
.0452
. 0452
« 0452
+0452
0452
«0452
<0466
« 0466
«3095
«0

«0

.0

6

o o
70.4 50.1
T5¢1 55.7
T6a1 62,4
78,8 66.8
79.7 677
78.1 67.9
T3 68,0
T6e1 6749
T8e6 67,8
104.7T 6746
69,8 67.4
68,1 67.3
68,1 67.2

TABLE A2 (cont.)

Run No, 412

Separator Pressure {.853 bars

Inlet Temp. 49.5'

Separator Pressure 1,847 bars

Tube qx10-6

Section W/m

1

W 0 -2 oo I

[ (Y
W - O

2

«0529
0529
« 0529
+ 0529
« 0529
»0529
« 0307
« 0307
« 0307
«3181
o0

+0

0

zw gL
¢
7141 50.0
7642 5649
76.8 63,9
79.9 67,4
8048 67.9
78,9 67.1
75.8 6841
45 68,1
7646 68,0
109.5 67,7
T0e5 6745
67.5 67.4
6743 6704

P, Wxf0® X T
bars  Kg/s °
1913 3,79 =17 B3.7
1,913  3.79 =07 831
135 3,75 .012 82.4
1,913 3.57 .059 82.0
14913 339 .106 81,9
1913 3421 153 81.9
1913  3.05  .200 81.9
1,910 2,84 .249 81.8
1,906 2,66 ,298 81.8
1,890  1.43  .622 81,6
1879 1.43 ,623 81.5
1876  1.43 624 81,4
1,870  1.42  .624 81.4

Run No. 413
Inlet
P, Wxo® x T,
bars Kg/s %
1925 3279 =.16 83.8
1923 3.79 -.04 83.1
1,925 3,66 .03 82,4
1.925 3.45 ,089 82.1
1,923 3,24 .145 82.0
1.925 3.03 ,200 82,0
1,925 2,91 .232 82,0
1.920 2,79 264 82.6
1913 2.66 L,297 81.9
1.896 1.40 630 81.7
14887 1440 ,631 81,6
1.384 1.40 4631 815
14883 1440 L6311 8145

Eie
c
69.7
7445
5.4
T8.1
79.1
TTe4
Tbe6
T5e4
77.9
100,0
69.8
63,1
68,1

TPenp.
ie

703
1544
76,1
791
80.0
T8 1
53
T4e 1
T6.1
104.7
70,5
67.5
67.3

Ou

200

-4 -
M hox10™F %10

Wl Wt/

-] - -

- - -

-1 .047 329

-1 .088 376

-1 109 « 375

-1 W24 445

-1 W36 485

-1 44 46T

-1 51 .433

+1 .160 «833

-1 160 -

-1 4160 -

~1 160 -
49.5 °

Ma by x0T b x10™

-1

072
«103
122
135
«141
« 147
«151
«159
159
«159
«159

W% Wt/

«408
422
411
o411
«400
477
«357
759



Separator Pressure ﬁ.858 bars

Tube qx10~0

Section W/m2

1

W O -3 O W

- e b e
Vi o= O

« 0279
« 0279
» 0279
« 0279
«0279
+ 0279
« 0279
« 0279
« 0935
« 2610
0

0

.0

I, %

°% %

6842 50,2
T3¢1 5143
75¢2 58.0
TT+0 62,1
T8s1 6543
T8e3 6740
7.0 67.4
76,0 6745
85.8 67.5
105.8 67.5
708 6743
67.5 6742
67e3 6742

TABLE A2 (cont.)

Inlet Temp. 49.7 °C

Separator Pressure 1.857 bars

Tube qx10-6

Section W/m®

1

O 0O 3 v v B uon

bk b b
W N = 0O

0318
0318
«0318
+0318
0318
.0518
.0318
+ 0464
»0464
<3130
.0

.0

.0

oo
¢

69.4 50.3
1544 520
76.1 58.8
18e1 6564
7942 6647
T8.8 6749
7.2 6841
TTe3 6842
80.3 68,2
111.8 68.1
T71.0 68.0
67.5 67.8
67¢3 67.7

Run No, 311

P Wxi0° X T

v L i
bars Ke/s °e
1889 3,79 =20 83%.3
1.889 3.79 -.14 83,2
1,889 3.79 -.08 82,6
1.880 3,79 -,02 82,1
1.889 3,71 ,020 81.8
1889 3,60 ,049 81.5
1.889  3.49 047 81.6
1,883 3,38 .107 81.6
1.883 3,01 .204 81.6
1.888 1,98 ,476 81.6
1877 198 478 81.5
1.870  1.98 .478 81.4
1,870  1.98 ,478 81,4

Run No. 312

Iniet

PV W'Lx‘lo2 X Ti
bars Kg/s %
1.928  3.79 -.20 83.9
16929  3.79 -.13 83,7
1929 3,79 -,06 83,0
1,929  3.78 .003 82.6
1,929 3.65 ,036 82,2
1929  3.53 .069 82.1
1,929 3,40 ,102 82,1
1.929 3.22 .151 82.1
1.929 3.03 199 82.1
1.922 1.79 .526 82,0
12915 1,79 4527 81.9
1.906 1.79 .528 81.8
1.897 1.78 .529 81,7

o M Hoertd
¢ W/m“/7C
67.8 -1 =~
72,7 -1 -
T -1 =
76.6 -1 .~
T1.6 =1 .€58
T7.8 ~1 4082
76.6 -1 .098
75.6 =1 4110
84.4 +1 .136
101.8 +1 163
70,8 =1 163
67,5 =1 4163
67¢3 =1 163
Temp. 49.8 %
T Tah,xio?
Oie - GTg (o]
¢ W/m</°c
68,9 -1 -~
72,9 -1 -
7566 -1 .=
177 =1 .026
78.7 =1 073
18e3 =1 094
76.7 -1 .108
7646 -1 o124
795 =1 +135
1071 +1 .163
710 =1 4163
67.5 -1 .163
673 =1 4163

201

n_ x10%
W /OC

«219
»248
«290
327
«512
»652

352
«515
387
716



-5

Tube qx10
Section W/m2

1

WO 0 ~ O I P N

- b b b
W N - O

<0372
0372
0372
0372
. 0372
<0372
« 0307
« 0307
» 0307
» 35280
«0

N¢

0

T
T34 50,2
T4.T 54.1
8.3 60,2
T9.5 65,3
79.8 67.1
795 67.5
Tlel 676
T6e3 6746
793 67eT
112.0 67,6
10.5 67.4
67.2 673
668 67,2

TABLE A2 (cont.)

Run No, 313
Separator Pressure 1.841 bars

Inlet Temp. 49.6 °C

2

Separator Pressure 1.864 bars

Tube qx1 00
Section W/m

1

o 0O ~3 W bW

P B R S —
W N = O

2

0163
. 0163
. 0163
0163
«0163
¢0163
+0163
0163
0935
« 576
.0

.0

.0

T T

% o
6446 50,2
68,4 51,0
69.6 53.6
7145 5646
T2.8 59.C
T5.8 6144
T3e1 6346
7248 6542
83.1 66,4
102.6 6741
7006 6742
6704 67.1
67.3 67.0

PV WiX1O X Ti Tie
bars Ke/s °% %%
1,898  3.83 ~,19 83.4 7T2.9
1,898 13.83 ~,11 83,1 T4a1
1,898 3.83 =03 82,5 TT7.7
1.898 3.73 .026 81.9 79.0
1.898 3.58 L065 81.8 T9.2
188 3443 4103 81.7 T9.0
1898  3.31  .135 B1.7 7T76.6
14898  3.19 ,166 81.7 T5.9
1,898  3.07 4198 81.7 7849
1.892 1.77 .537 81.6 107.0
1879 1.TT 4538 81,5 T0.4
1.878 177 .538 81.5 67.2
16872 177 539 81.4 66,8

Run No, 211

Inlet Temp.

Py Wxo® X Ty Tie
bars Ke/s °% %
16869 3.83 =.23 83.1 64.4
1.869 3,83 ~,19 83,0 68.1
1869 3483 -,16 82,7 69.3
1,869  3.83 -,12 82.4 Ti.3
1869 3.8%3 ~,08 82,2 72,6
1869 3,83 -,05 81.9 73.5
1,869 3.83 =,01 81.7 729
1869 3,79 ,O011 81.6 72,6
1.869 3.42 .107 B1.4 81.6
16869 2,41 ,372 81,4 98.7
1869 2,41 372 8144 T0.6
1.868 2,40 ,372 81.3 67.4
1,861 2,40 .373 81.3 67.3

Mu b

e o4

202

h x10-4

W/n2/% Wt/ C

«045
111
+ 160
o160
«160
» 160

«261
«295
«310
324
#3553
« 263
.738

h x10‘4

W/m /o

212
+560
o725



TABLE 42 (cont.)

Run o, 212
Separator Pressure 1,869 bars Inlet
Tube qx10~° e Ty Py ux o x T,
section W/m® % °C ‘bvars  Ke/s °
1 .0185 6646 50,4 1.892 3,85 -,22 83,3
2 .0185  69.5 51,2 1,892 3,85 =18 83.3
3 .0185 71,9 54.5 1.892 3,85 -.14 82,9
4 L0185  T349 57¢6 14892 3,85 =.10 82,6
5 0185  T5.7 60.4 14892 3,85 <06 82.3
6 <0185 6.4 63.1 14892 3,85 -,02 82,1
7T .0185 75,8 65.1 1.892 3,82 ,008 81.9
8 L0464 77.2 66,5 14892 3,63 056 81,7
9 0464  T79.5 6744 14892  3.45 «103 81.7
10 42861 107.1 67.6 1.892 2,32  .397 81.6
11 .0 70.8 67.6 1.892 2,32  ,397 81.6
12 .0 6748 67.5 1.889 2,32  .397 81.6
13 .0 674 67.5 1,886 2,32 ,397 81.€
Bun No, 213
Separator Pressute {.869 bars Inlet
Tube qx16™C T, T, B uxto® x T
Section W/mn® %% % bars  Ke/s %%
1 0216  67.7 50s4 1.888 3,85 =-,22 83,3
2 .0216 70,6 51.2 1.888 3.85 =17 83,2
3 20216 73,6 55,7 1.888 3,85 ~,12 82,8
4 <0216 T5.8 59,3 1.888 3,85 -,08 82,4
5 40216  T7.9 62,4 1.883 3,85 =,03 82.1
6 .0216 TS.1 65.3 1.888 3.82 ,009 81.8
7 0309  TT.4 66,7 1.8388 3,69 ,040 81,7
8 0309 T6.0 67.3 1.888 3.57 L,O72 81.6
9 L0309 7649 67e4 1,888 3,45 104 81,6
10 ¢302%3 108.4 67,5 1.888 2,26 414 81.6
11 .0 703 6745 1.838 2,26 ,414 81.6
12 0 6Te7 6Tad 1884 2,26 ,414 81.5
13 .0 67e5 674 16879 2,25 o414 815

203

Temp. 49.8 °C
T, M hGTzzc1g"4 ha%w“‘
c W/n“/°c W/m/°c
66,3 -1 - -
69.3 -1 = -
M6 =1 = -
T3.6 -1 - -
Toed = = -
T6e2 =1 = -
T5e5 =1 041 172
764 -1 0BT o475
788 ~1 J110 383
1028 +1 162,723
708 =1 162 -
67.8 -1 .162 -
6704 =1 ,162 -
Temp. 49.8 °C
T, T hyx0 b ex:éw“”
°g wW/u2/%c Wat/%C
67,3 -1 - -
T0e3 = = -
753 =1 = -
T5e5 =1 = -
TT6 -1 = -
TTleT -1 042 »170
76,9 =1 4077 » 289
T5¢5 =1 096 4355
76.4 =1 110 327
103.8 41 .163 739
703 =1 163 -
67.7 -1 +163 -
67.5 -1 ,163 -




TABLE A2 (cont.) 204

Run NO. _1]_1_

Separator Pressure 1909 bars Inlet Temp, 50,1 %

~6 1 <102 4 =4
Tube qx1g o?w oTV PV Wix10 X OTi oTie Hu hGT§1g hex§1g
Section W/m c C bars Kg/s C. C H/m c W/m c

1 0044 60.8 50,9 1,920 3,55 ~,25 83,7 60.8 =1

2. ,0044 67.851.0 1.920 3,55 «,24 83,7 67,7 -1 - -
5 0044  T0sT 51s5 14920 3,55 =25 83,6 T0.6 =1 - -
4 L0044 72,6 51.9 1,920 3,55 =.22 83.6 7T2.5 -1 - -
5 <0044 Tle1 52.3 14920 3.55 =21 83.5 Ti1el =} - -
6 0044 69,0 52,5 1.920 3.55 =,20 83.5 68.9 ~1 - -
T 0044 67.853.0 1920 3,55 =,19 83.5 67.7 =1 - -
8 .0044 6748 53,9 1920 3,55 ~,18 83,4 67,7 -1 - -o=-
9 #0935 81.4 55.2 1,920 3,49 ,017 85,3 80.0 =1 053 «356
10 3418 118.2 67,2 1.920 2,14 .397 82,1 115.0 +1 .152 +670
11 .0 T1e3 68e1 14920 2414 .397 82,0 T1e3 ~1 152 -
12 .0 68,2 67.9 1.908 2.14 ,398 81.8 68,2 -1 ,152 -
13«0 67.9 67.8 1.905 2,14 ,399 81,8 67.9 -1 ,1{52 -

Run No. 112
Separator Pressure 1.904 bars Inlet Temp. 50.0 °c

-5 2 4 -4

Tube qx1g 3“" rﬁv Py ux10° X gi Eie Iu hGT?g hexgxlo

Section W/m ¢ “C bars Ke/s c C w/m=/°c w/m</°C
10052 6240 5007 1:910 3,69 =25 83,6 61¢9 ~1 = -

Sl

2 L0052 68,0 5049 1.910 3,60 =24 83,5 67,9 =1 - -
3  «0052 T0s1 5144 14910  3.69 =.23 83.5 70,0 -1 - -
4 ,0052 69,7 51,9 1910 3,69 .22 83,4 69,7 i - -
5 0052 6961 52.5 1910 3,69 ~,21 83,4 69,0 -1 - -
6 <0052 69.1 53.3 1.910 3.69 =,19 83,3 69,0 ~i - -
T 0052 68,8 54,0 1.910 3,65 =.18 83,2 68.7 -1 - -
8  «0464 T5.8 55.0 14910 3,69 =,08 83,1 T5.1 ~1 - -
9 #0465 T9e4 62,5 14910 3,65 .012 82.4 68,7 =1 <047 «275
10,3222 116.6 67,3 1,910 2,38  .357 81.9 111.9 +1 .154 «654
11 .0 el 679 1,910 2,38 ,357 8148 Tlel -1 o154 -
12 0 6840 6708 1,902 2,37 ,357 81.8 68,0 -1 «154 -
13 0 6746 6707 1,900 2,37 .358 81,7 67.6 -1 « 154 -




TABLE A2 (conts)
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Run fo, 113
Separator Pressure 1.914 bars Inlet Temp. 50.2 e
mbe qxt0° B T, B Uxt0® R By T M hyxt0™ nxto™
Section V/m® ° ° bars Ke/s %. ©c. w/n2/°c w/&r’;E ¢
1 40061 64,0508 1,913 3055 =a25 8346 6349 =1 = -
2 L0061 7048 502 1,913 3455 =23 83.6 T0s7 -1 -~ -
3 40061 738 5147 14913 3055 =022 83,5 T3.7 =1 = -
4 40061  T1.9 52.1 1.913 3055 =421 83,5 T1.8 =1 = -
5 #0061 70,5 529 1.913 3,55 =18 83,5 70,4 =1 = -
6  +0061 71,0 53.8 1.913 3055 =418 83,3 70,9 ~1 = -
T 0309  77.8 54.7 14913 3055 =10 8342 7743 =1 = -
8 .0309 T7.05%.6 1.913 3055 =403 82,7 76,6 =1 . =~ -
9 L0303 T7e3 6542 14913 3649 #4019 82¢3 7649 =1 054 295
10 3102 11443 6746 1,913 2,26 364 8149 109.6 +1 4150 664
11 .0 T1e1 68,0 14913 2,26 o364 8149 Tiel =1 4150 -
12 .0 6843 67,9 1.907 2,26 .364 8148 68.3 ~1 .150 -
13 .0 68,0 67.7 14901 2,26 .365 81,7 68.0 =1 .150 -
Run No. 521
Separator Pressure 4.864 bars Inlet Temp. 49.7 °C
Tube qx10~° T,oT, By Wxto? xor m m hgxo™ b o
Section Wu® % °C  vars Ke/s ° °c wm/%c Wfm/%
1 21035 81e1 5004 2,010 7459 =,18 8449 7946 =1 = -
2 L1035 84,3 56,3 2,010 7,55 -,07 84,3 82,7 ~1 . - -
3 o1035 8446 6448 2,010  Te42 .021 83.5 83.1 -1 .104 521
4 41035 87.2 68,9 2,010 7.0l .075 83,1 85.6 +1 .168 568
5 1055 87,3 69.7 2,010 6,60 .130 63.1 85,9 +1 .204 .589
6 +1035 8641 63eh 1,992 6,18  .186 82,8 84,5 41 230 619
T #1035 84,1 69.2 1.983 5,76 .241 82,7 82,5 -1 4249 695
8 1035 82,1 6849 1.968 5,33 ,297 82,5 80,5 =1 ,263 788
9 JI876 92,7 68.6 1.946 4,57 .397 82.3 89,8 +1 ,278 «T79
10,1800 110.9 6842 1929 3,85 4493 82.1 107.4 +1 .234 430
11 .0 701 6743 1.908 3,85 495 81,8 T0s1 =1 4284 -
12 .0 6749 67.6 1.6894 3,82 .496 81,7 67.9 -1 .284 -
13 40 6704 67¢3 14875 3,80 .498 81,4 67.4 =1 ,285 -
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Run _No, 522 T,
Separator Pressure 1.845 bars Inlet Temp. 49,8 "6
Tube qx10~0 T, T, By Uxt0® 7, T, Iu hx10™ b__x10™
Section U/n® % °% tbars /s . % %  ww¥% WZ?/%
1 1181 79.8 50.3 1,997 Te35 =415 84,6 78,0 =1 = -
2 L1181 83,9 57.4 1,997 Te35 =02 84,0 82,2 -1 . = -
3 1181 84,2 65.9 1.997 6.97 4052 83,2 82,4 -1 ,143 »643
4 L1181 87,1 68,9 1.997 6.50 4116 82,9 85.3 +1 .192 «648
5  .1181 891 69.4 1.997 6.05 .180 B2.9 87.3 +1 .222 601
6 1181 88,8 69.4 1.996 5056 +244 82,9 87.0-+1 .243 610
7 1181 86,0 69.1 1.978 5.08 2309 82,7 8442 +1 4259 702
8 .0935 83.1 68,9 1.968 4470 2361 82,5 81,7 ~1 267 658
9 L0935 86.4 68.6 1.950 4031 «413 82:3 85.0 +1 273 0526
10 .2247 111.4 68,2 1.929 3041 4536 82,1 108,0 +1 277 521
11 .0 70:2 67.6 1,305 3.39 4539 81.8 T0,2 =1 277 -
12 .0 67.5 67.9 1.892 3,38 540 8146 67.5 =1 o277 -
13 .0 67,2 67.4 1.882 3,37 o541 81,5 67.2 =1 .277 -
" Run_No. 52
Separator Pressure 1,829 bars Inlet Temp. 49.6 °C
Tube qx10~° T, T, By wxt0® X o7, T, M hyx1o™t n_xi0™
Section W/m? % ©° bars K/s . % ©¢ w/w2/% w%a/"c
1 37T 8141 50,3 2,002 Te62 =14 8448 T8.9 -1 - -
2 37T 85,0 59.2 2,002 7.60 4003 84,0 82,9 =1 045 533
3 JABTT 8446 67¢6 2,002 T.05 4074 83,1 82,5 -1 .168 812
4 JI3TT  87.9 69.5 2,002 6.50 146 83,0 85,9 +1 .213 o747
5 1377 91.6 69.5 2,002 596 218 82,9 89,5 +1 +242 624
6 1377 895 69.3 1,987 5,40 +291 82,8 87,4 +1 .262 681
7 L0621 _8949 69.0 1,972 5¢14 435 82,6 80,0 =1 4269 523
8 40621 7T9.9 68,8 1,960 4488 ,359 8244 8.9 ~1 275 558
9 L0621 82.5 68.5 1.9%45 4,63 .393 82,3 81.5 1 279 446
10 .2552 112.8 68.0 1.916 3459 4528 8149 103,0 +1 285 569
11 .0 7004 67,6 1.893 3.58 o531 81s4 704 =1 .285 -
12 .0 672 6743 1.8T7 3456 ,532 81,5 67.2 =1 ,285 -
13 .0 6548 6Te1  1.866 3.55 4533 8143 66,8 =1 285 -
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Run_No. 421
Separator Pressure 1.946 bars Inlet Temp. 50.1 °C
Tbe qx10™° . T By Wxio® ¥ m, T uhgedo™ n_x1o™
Section W/m?  °¢ % bars  Ke/s °% % W/m2/°C w7£2 °¢
1 .0788 81,9 =~ 2,058 T7.69 =21 = 79.6 +1 - -
2 0788 86,1 ~ 2,058 T.69 =13 = B84.9 +1 - -
5 .0788 86,5 - 2.058 7.69 -.04 =~ 85.3 +1 = -
4 .0788 86.2 = 2.058 T.55 019 - 85,0 # 105 -
5 L0783 89.5 = 2.058 T.27 .059 - 88.3 +1 165 -
6 0788 8.3 T0.50 2.058 6,92 100 76,2 8741 +1 .188  .443
7 .0788 84.9 70,35 2,049 6,60 .142 T6.1 85,7 +1 .213  .540
8 L0788 83.4 T0.25 2,042 6,28 184 76,0 82.2 +1 .232  .596
9 .1878 93,9 70.10 2.034  5.53 281 75.9 91.1 +1 .262  .787
10 .2574 115.2 68,55 2.003  4.48 .481 75.4 111.3 +1 .233  .564
11 .0 70.5 68.20 1,981  4.46 ,420 75.1 70,5 =1 .283 -
12 .0 67.4 68,00 1.970  4.45 .421 74.9 67.4 -1 ,283 -
13 .0 67.7 67.80 1.958  4.44 .422 T4.8 67,7 -1 285 -
Run_Ho. 422
Separator Pressure 1. 3! bars Inlet Temp, 50.2 °C
mbe 10 @ 1 B uxo® x T, T, Nahyxio™t hexpmo"4
Section W/m? °% % vbars Kg/s ° % Wu2/%c w/m%/%
1 .0910 79.9 50.6 1.996 7.59 =.18 84.7 78.6 -1 = 310
2 0910 83.4 55,3 1,996 T.59 =00 84,3 82.1 -1 =  .323
5 .0910  83.9 63.3 1,996 7.55 .005 83.5 825 -1 ,057 442
4 L0210 86,0 68,0 1.996 7.19 .052 83.0 84.6 + 447 507
5 .0910 86.1 68.3 1.996 6,83 .100 82.9 84.7 +1 .186  .541
6 0910 84.9 69.4 1.996 6.47 147 82.9 83%.5 +1 .214  .587
T 40910  83.0 69.2 1,984 6,10 197 82,7 81.6 -1 .234 659
8 .0935 81.6 59.0 1.972 5.71 .247 82,6 80,2 ~1 .251 740
9 .0935 85.1 68.8 1.959 5.33 297 82.4 83.7 +1 .265  .572
10 .2890 119.1 68,5 1.942  4.17 .450 82.2 114.7 +1 .282 571
11 .0 70.8 68,0 1.914  4.15 453 81.9 70,8 -1 ,283 -
12 .0 67.8 67.7 i.901  4.14 .454 81,7 67.8 =1 .283 -
13 .0 67.3 67,5 1,886 4.13 o456 81.6 67.3 ~1 283 -
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Run No. 42%
Separator Pressure 1.952 bars Inlet Temp. 50.5 °
mve qx10 ®, T, By Wxlo? X Ty Ty, M hyxi0™t b x10
Section Wm?  °¢ °c bars  Kg/s ° ¢ W% W m2/°C
1 .1057 83.0 =~ 2071 7.5 =17 - 8.4 -1 - -
2 1057 87.4 = 2071 T7.59 -.06 =~ 85.8 -1 - -
3 1057 85.9 -~ 2.071 T.42 .023 - 86,1 -1 .115 -
4 1057 87.7 =~ 2.0t 6.99 078 - 86,1 -1 ,181 -
5 1057 89,9 = 2,071 6.57 134 ~ 88,3 -1 ,220 -
6 1057 88.4 T0.70 2,071 6.15 ,189 83,7 86.8 +1 .,231  ,597
7 .0623 82,8 70,50 2,058 5,89 .223 83.6 81.8 -1 243  .507
8 .0625 80.2 70.30 2,047 5.64 ,257 83.7 79.3 -1 .253  ,628
9 .0623 84.4 70.15 2.037 5.38 ,291 83.4 83.4 +1 .261  .438
10 .3184 125.5 G9.70 2.013 4.10 .460 83.1 120.7 +1 .285  .5T71
11 .0 71.1 69.20 1.981  4.07 .463 82,7 Ti.1 =1 .283 -
12 .0 67.7 68.90 1.967 4,06 .465 82.5 67.7 -1 .283 -
13 .0 67.3 68.80 1,960 4.06 .466 82,4 67.3 -1 ,28% -
Run No. 321
Separator Pressure 1.853 bars Inlet Temp. 49.5 e
mbe gx10° m, m By Wxo? X m, T W pgxto™ bt
Section W/m® % ©°C bars  Ka/s °% ©¢ Wfme/%¢
1 .0559 73.1 50,0 1.946 7.81 -,22 84.1 72,2 -1 = 243
2 .0559 8.9 51.6 1.946 T7.81 -,16 83.9 78.0 -1 = .205
3 J0559 T75.6 55.7 1.946 7.81 —=.10 83.5 74.8 =i - . 281
4 0559 82.2 61.5 1.946 7.81 -,04 83,0 81.3 -1 - 2T
5 .0559 83.165.5 1.946 7,76 .007 82,6 82.3 =1 069  .317
6 0553 83.067.8 1.946 T.54 ,036 82,3 82.2 -1 .130 .368
7 0559 80.4 68.4 1.946 T7.31 ,064 82.3 79,5 =1 .162  .468
8 L0559 80.4 68.5 1.946 T7.09 .092 82.3 79.5 -1 .186  .473
9 .1876 87.8 68.5 1.944 6.35 ,188 82,2 84.9 +1 .237 974
10,2968 110.9 68.2 1.927 5.16 ,340 82,0 106,5 +1 .278 .69
11 .0 70.7 67.8 1,905 5.13 ,342 81.8 70.7 -1 ,278 -
12 .0 67.7 67.5 1.890 5.13 ,344 81.6 67.7 =1 .29 -
13 .0 67.2 67e4 1.882 5,12 ,345 81.5 67,2 -1 .219 -




Section 1/m

1

W @O 2 o0 W BowN

- oah md e
AC I VI

2

« 0641
. 0641
0641
« 0641
« 0641
0641
. 0641
- 0937
. 0937
3066
.0

0

«0

W L

% 9%

T4e3 5043
79.9 52.1
81.7 58.1
83.0 63.5
83.6 67.3
8%.8 68,8
81.1 69.0
82.3 68.9
82.6 68.9

112.6 68.6

70.8 68.2
67.9 67.9
67.5 67.7
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Run No. %22
Separator Pressure 1.863 bars

Tube qx10 0 T T

Separator Pressure 1.936 bars
Tube gx10

Section W/m

1

W 0 N v\ P~ W

- b wh e
W N = O

2

0737
0737
0737

<0737

0737
0737
»0621
. 0621
« 0621
«3418
«0
«0
.0

-5

N SL

¢ ¢
8led -
85.3 -
9.3 -
86.5 -
88.6 -

37.4 70.20

83.3 70.20

82.1 70.10

85.8 69.90

122,77 69.60

70.8 69,00
67. 3 68‘ 75
66.9 68.55

Inlet
P, wxlo® x T, T,
bars Kg/s % %
1.972 7.81 -.21 84.4 T3.3
1,972 7.81 =-.14 84.2 78.9
1.972  7.81 -.08 83.7 80.7
1,972 7.81 =01 83,1 82.0
1,972 T7.60 ,027 82.6 82,6
1,972  T.35 .059 82.6 82.8
1.972  7.10 .092 82.6 80.1
1.969  6.72 .140 82.5 80.9
1.964 6.35 .i88 82,5 81.2
1.946  5.12 ,345 82,3 107.9
1.924  5.10 .%48 82,0 70.8
1.910  5.08 .349 81.8 67.9
1.897  5.07 .351 81.7 67.5
Bun No. 323
Inlet Temp.
P, Waxlo® x T, T,
bars  Kg/s % %
2,041 7.70 =21 =~ 80,3
2041 7.7 =43 - 84,1
2.041  T7.70 -,06 - 85.2
2,041 7.63 .009 =~ 85.4
2.041  T.34 .047 - 8.5
2,041 T.04 .085 83.4 86,2
2,040 6,79 .118 83.4 82.3
2,034  6.54 ,150 83,3 81,2
2,025 6,29 ,184 83.2 84.9
2,008 4,92 ,362 83.0 117.5
1.973  4.89 .365 82.6 70,9
1,958  4.88 ,367 82.4 67.3
1,945  4.86 .368 82,3 66.9

Temp- 4908 OC

209

Tu hGTmO"4 he J?:‘IO"4
W/m>/°¢ W)/?l)lz/ °c

-1 - . 267

-1 - . 231

-1 - .272

- - 329

1 W16 .393

+1 5T 427

-1 .85  .532

-1 .215 702

-1 .237 .682

+1 .28 .696

-1 279 -

-1 279 -

-1 .280 -
50,0 °¢

I By@10™ n__x107

w/m2/°c §7i2 %

..1 - -

=1 - -

-1 - -

-1 079 -

-1 .151 -
T8 430

-1 .200 474

-1 W27 W517

+H 232,390

+ 277 «645

-1 .28 -

-1 .278 -

«278
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Run No, 221
Separator Pressure 1,93%6 bars Inlet Temp. 50,0 °C
Tube gx1070 o, T, B Wxo® X 1, T, Fahyxon x107%
Section W/u® °% % vars Kg/s ° % W/n2/%C §7£2/°c
1 20327 T3.6 = 12989 7Tu59 =24 = T34 -1 = -
2 ,0527 T7.6 = 12989 759 =21 = TTu4 =1 = -
3 .0327 T7.9 = 1989 7.59 =17 - T4 -1 - -
4 0321 940 = 12989 7459 =14 ~ TBS5 -1 - -
5 40327 798 = 1,989 7.5 =10 = 79.5 =1 = -
6 J0327 79,6 = 1,989 T.59 =07 - 79,4 -1 - -
7 0327 791 = 1.989 7.59 =05 - T8.6 -1 = -
8 40327 T7.9 - 1,989 7.59 ,000 =- 77.4 =1 .021 =
9 L1878 95.2 69.00 1.980 6.84 ,098 82.8 92.4 +1 .186  .TI6
10 3527 126,0 69,30 1.989 5.44 .283 82,8 120,6 +1 .260  .622
11 .0 71.3 68.85 1,963 5.42 .286 82,5 T3 -1 o260 =
12 .0 68,0 68.7C 1.955 5.41 .287 82.4 68,0 =1 .261 =
13 40 67.9 68.55 1.947 5.41 .287 82.3 67.9 -1 .261 =
Run lio. 222
Separator Pressure 1.647 bars Inlet Temp, 49.6 °C
Tube qx10° T, P, Wxto® X T, T Mah,x0t h_ xio™
L i ie GTx
Section W/m® % °c bars  Ke/s ° S wnZ/% W/n/oC
1 40372 72.3 5001 1,915 7.46 ~.25 83,7 T1.8 -1 = 167
2 L0372 T6.5 51,0 1.915 7.46 =.19 85.6 76,0 -1 - .145
3 0372 T8.9 52,7 1.915 7.46 —u15 85.4 T8.4 -1 - 142
4 L0372 79,9 55.0 1,915  Tu46 =ud1 8302 79,3 -1 = .150
5 .0372 81.6 59,0 1.915 7.46 =,06 82.8 81.0 -1 - .165
6 L0372 81.3 62.4 1,915 7.46 ~,02 82.5 80.8 -1 = .196
7 0372 9.2 65.4 1.915 T.40 ,009 82.2 7T8.7 =1 072 270
8 0935 80.4 67.3 1.915 T.05 .058 82,0 79.0 ~1 .15 .15
9 <0935 85.3 68.0 1.915 6.66 108 B1.9 B83.9 +1 o189 541
10 .2906 109.1 68.0 1.914 5,51 .262 81,9 104.7 +1 252 707
11 .0 69.8 67,7 1.899  5.50 .263 81.7 69.8 =1 .252 -
12 00 67.5 6705 1,888 5,49 .265 81.6 67.5 -1 o253 -
13 .0 67.1 67,7 1.89T 5.49 .264 81.7 67.1 -1 .252 -




TABLE cont. 211

Run Ne. 223
Separator Pressure 1.936 bars Inlet Temp. 50.0°C
Tube  qz1070 e, T, Py Wxto® X T, T, M B0 hexpx10_4
section Wm®  ° ©°¢ bars  Xe/s % W/n?/% /n>/°C
1 0440 76,3 - 14996 TBT =23 = 75,6 =1 - -
2 0440 82.3 = 1,996 7.57 =19 - B1.7 ~1 - -
3,040 84,0 = 1,996 757 =4 - 834 -1 - -
4 .0840 90.1 — 1,996 T.57 =09 - 895 -1 = -
5 J0440 87e4 = 1.996 T.57 =04 = 86,7 =1 = -
6 JOM0 817 - 1.996 7.56 ,001 -~ 84,0 -1 ,031 -
T 40623 82,3 69.15 1.996 7.32 034 82,9 81.4 -1 4125  AT4
B J0625 80,2 69.45 1,996 7.07 066 82,9 79.2 -1 .160 579
9 0623 84.1 69.40 1.994 6.82 ,099 82.8 83%.2 +1 .85 423
10 .3382 125.6 69,30 1.989 5.47 .277 82.8 120.5 +1 .258  .601
11 .0 70,7 68,90 1.965 5.45 ,280 82,5 70.7 =1 259 -
12 40 67.268.75 1.956 5,45 ,281 82,4 67.2 =1 259 -
13 40 66,9 68.55 1.946 5.44 .282 82,3 66,9 -1  .259 -
Run No. 121
Separator Pressure 1.930 bars Inlet Temp. 51.0 °C
Tbe qx10° T, T B Wxio° X T, T, Wbyt b, X o
Section W/m® % % vars Kg/s % w/n?/%c w/n/%
1 .0854 63.0 = 1.957 T7u45 =25 = 62,9 ~1 = -
2 0854 68.1 = 1957 T.45 =24 - 68.0 -1 - -
3 ,0854 69.3 = 1,957 7.45 =23 = 69,2 -1 - -
4 0854 T0.5 - 1.957 7.45 =22 = 70,3 -1 = -
5 40854 T1e6 = 1957 745 =u21 = Ti.4 =1 = -
6 0BS54 T2.8 = 1.957 745 =20 - T2,6 ~1 - -
7 0854 T34 = 1.957 7445 =19 = 72,9 -1 = -
8 o0854 3.7 = 1957 Ted5 =18 = 73,6 =1 = -
9 1878 92.4 57.25 1.957 T7.37 .01 83.5 89.5 +1 .080  .535
10 43600 129,2 6780 1.957 5.94 .202 82,5 123.8 +1 .234  .586
11 40 7144 68.75 1,957 5,94 .202 82,4 Tled =1 233 -
12 40 67.8 68,55 1.946 5.9 ,204 82,4 67.8 -1 2% -
13 .0 67.5 68440 14938 5,93 .204 82,3 67.5 =1 .,2% -
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Run No, 122 -
Separator Pressure 1,927 bars Inlet Temp. 50,9 %

Tube qx10~0 T, T, By Hx 0® x T, T, M byt o4 b 21 o
Section W/m> °¢ ° bars Ke/s . % % W/n2/°¢ w/n2/°C
1 0098 64:9 = 1.948  T.d5 =25 - 64,8 -1 = -

2 ,0098 70.8 =~ 1.948 745 =24 =  T0,T -] - —

3 0098 72,1 ~ 1,948 Ted5 =23 = T2.0 -1 = -

4 L0098 73.8 = 1.948  T45 =22 — 73,7 -1 - -

5 40098 74,7 ~ 1498  Tud5 =020 = 46 =1 = -

6 40098 5.4 = 1.98  Tud5 =19 = 5.2 -~ = -

T «0098 T5e4 = 16948  Tod5 w18 = 5.2 =1 = -

8 0937 824 = 1948  Td5 =08 - 81,0 -1 - -

9 .0937 Bb6.5 63.90 1,948 737 011 82,8 85,1 +1 .080 415
10 3600 130.6 68.20 1.948 5,94 ,205 82.4 125.2 +1 .254 577
11 .0 T1.5 68460 1,948 5,94 ,203 82,3 T{.5 ~1 4233 -
12 .0 674 68,50 1,942 5,94 205 82.2 6Te4 -1 .254 -
13 .0 6701 68,35 1,933 5,93 .204 82,1 6Ta1 =1 o234 -

Run No, 123 :

Separator Pressure 1,930 bars Inlet Temp. 50,0 °C

Tube qxi 2'6 T, T B wxo® X o T, M hx1Gt he%w""f
Section W/m ° %% vbars Kg/s . % “c Wn2/%c w/me/oc

1 0116 6647 — 12935  Ted5 =426 = 6645 =1 - -

2 JOM6  T3.0 = 14935  Ted5 =424 = 2,8 =] - -

3 40116 T4ed = 12935  TudS =425 =  The2 -1 = -

4 0116 T3.9 = 14955  Ted5 =22 =  T3.7 ~1 = -

5 0116 Thd = 1935  Ted5 =20 =  Tha2 -1 = -

6 0116  T6,0 = 12935  Ted5 =019 =~  TB.8 -1 = -

T 20623 8304 = 19855  Tu45 =12 - 82,4 - = ~

8 40625 814 = 14955  Ted5 =05 -~ 804 -1 - -

9 0623 83,2 64.90 1,935 Tet0 o007 82,5 82,2 -1 .066 o341
10 43293 123.7 67485 1,935 6,10 182 82,2 118.7 +1 +226 4590
11 .0 T0.8 68,20 1.935 6.10 .182 82,2 70.8 -1 .22 -

12 .0 67e5 6835 1.935  6.10 .182 82,1 67.5 =1 .226 -

[y
W

.O 6704 68. 30 1.932 6009 0182 82. 1 67' "’:~ "'1 0226 Lad




TABIE 42 (cont.)

Separator Pressure 14943 bars

Tube qx10-6

Section W/m2

W 0 39 o 9 H W N -

- ek b b
W N - O

« 1457
« 1457
« 1457
o0
« 1457
«1457
« 1457
« 1457
2726
« 1420
o0
.0
«0

213

Separator Pressure 1,961 bars

Tube qx10-6

Section W/m2

1

> W

O 0O 39 o W

11
12
13

« 1700
«1700
«1700
o0
«17C0
« 1700
«1700
« 1407
» 1407
« 2303
+0
«0
+0

Run No. 431 . )
Inlet Temp. 4647 °c

R L S i o x A

C  bers Kg/s . ¢ %
89¢4 = 2,090 11,80 =24 = 87.2 =i
91s7 = 2,090 11,80 =15 - 895 1
90,2 = 2,090 11,80 =05 = 88,0 =1
T5.8 = 2,090 11.80 =05 - 75.8 i
92,0 = 2,090 11.52 ,024 - 89.7 -1
92,8 T1e05 2,090 10,94 .O073 84,0 90,6 +1
90,8 T1.05 2,090 10,36 4122 84,0 88,6 +1
8848 70,60 2,065 9,74 o174 83,7 86,6  +1
112,0 70.20 2.039 8,62 .268 83.4 107.8 +
101.0 69.50 1,999 8,01 o321 82,9 98,9 +1
694 6942 14981  7.99 4323 82,7 69,4 ~1
6745 68,90 1.967 7,97 ,325 82,5 67.5 =1
6649 68.7 14953 Ta95 326 82.4 66,9 =1

Run No, 432

Inlet Temp, 45,8
T, I, P,  Wxi0® X T, T, Wn

C Ybars Kg/s Cc ¢
9Med = 2,149 11,80 =25 =~ 88,8 =1
9909 = 2149 11,80 =14 = 973 =i
91.5 = 2,149 11.80 =03 =~ Tag -1
7648 = 24149  11.80 =03 -~ 88,9 =1
%ed = 2149 11.29 J04L ~ 91,8 =i
9440 T2.05 2,149  10.61 101 84T 91ed +1
9300 T1e65 26127  9.90 o161 84,4 90,4 +1
90,3 71010 2,093  9.29 ,213 84,0 88,2 +1
%1 T0.T5 1072 8,71 .262 83.8 95,0 +1
11841 70420 2,040 7,75 4343 8344 11446 +1
7041 69,70 2,013 TeTl1 4346 83,1 701 -1
6747 69435 14991 Te69 4349 82,8 67,7 -1

6745 63410 1,976

Te67

. 350 82. 6 67. 5 ""1

10‘4 h x1o"4
TL/ 2/% v/ /°

«670

0236
285 LT37
o321 801
*365 «653
$3B1 450
381 -
382 -
382 -
%
hy 107 b x1o‘4

Wa2/°c Wns/%

. - -

« 206 . -
265 o T4
o312 « 798
341 o732
#3562 +5'78
« 386 +481
«387 -
387 -
«388 -



TABLE A2 (cont.)

Run No, 433
Separator Pressure 14953 bars

Inlet Temp. 45.C °C

214

mbe qr10° 1. m, B wxo® x T, T, Wb x107 h_x1o™
Section.W/m® % © vers  Ke/s % % Wn2/°c w/m?/%
1 42042 93,1 = 2,157 11.80 =25 - 90,0 —-f = -
2 2042 95,0 = 2.157 11,80 ~.10 - %1.9 -1 .~ -
5 .2042 92,8 = 2,457 11,57 .020 = 89,7 =1 o151 -
4 .0 TT0 = 2457 1157 .020 —  T7.0 —1 o151 -
5 2042 9644 = 2,157 10,75 .089 = 933 =1 270 -
6 2042 96,0 72,15 2,157 9,95 .158 84.8 92,9 +1 .309  ,856
T J0937 86,7 T1.65 2,127  9.52 193 8444 85,5 +1 351 622
8 L0937 85,5 71.20 2,101 9.11 .228 84,1 84.0 =1 ,348 +659
9 .0957 89.5 70,85 2.078 8,71 .262 85.8 88,1 +1 362 501
10 2696 12445 70620 2,039  7.59 357 85,4 12062 +1 .38 o498
11 .0 7004 69460 2,006  Tu55 360 85,0 70ud ~1 o390 -
{2 .0 67,7 69,30 1,987 TeB3 o362 82,8 6647 ~1 390 -
15 .0 6703 68490 1,966  7T.50 .365 82,5 67.2 =1 o391 -
Run No. 3%1 .
Separator Pressure 1.912 bars Inlet Temp. 46,0
Tube qx1070 Tt By wxo® xom m Manyx10™n_xio™
Section W/m® % % bare  Ke/s % % Wa/%c W/
1 41072 817 = 2,051 11,95 =27 - 80,4 -1 - -
2 1072 895 - 2,051 11,95 -.20 - 87.8 -1 - -
3 4072 8942 = 2,051 11495 =413 - 87e6 ~1 - -
4 072 T27T = 2,051 1195 =06 = Tiel -1 .- -
5 {072 92,4 =~ 2,051 11,88 .006 - 90,8 -1 092 -
6 1072 91e0 " i’ 22051 11446 o041 = 8943 wl 2035 . -
7 1072 87.5 70410 2,051 11,05 LOT7 85,6 85.9 +1 245  .616
8 1072 8442 70040 2051 10,60 113 8345 82.6 =1 o279  TT3
9 2812 104.7 70,15 2,038  9.47 ,208 83.4 1004 +1 342  .815
10,2859 “120,2 69455 2,004 8429 4306 85,0 M58 +1 o381 565
11 4O T70s1 68,95 1,968 Be24 4310 B2:6 Thh!1 ~1 4382 -
12 .0 6744 68,50 1,943 8,21 313 82,2 67ed —1 o383 -
13 .0 66,8 68,30 14931  B.19 .314 82,1 66,8 -1 .384 -




TABLE 42 (cont,) 215

Run_No. 332
Separator Pressure 1,844 bars Inlet Temp. 49.9 °c
-5 2 P -4
Tube qx‘lg 54 (T)'L Pv WLX1O X gi zie b} hGTIZAS he%x;l, 0
Section. W/m c “C  bars Ke/s c c W/m/o¢ W /¢

1 00957 78.8 5003 20025 11095 —.22 85-1 77-3 ""1 n
00957 8308 5109 2-025 11095 "'116 85.0 8233 "'1 - -

2

3 40957 83,0 56,2 2,025 11,95 =00 84,6 81.6 -1 = -

4 05T 8645 6201 2.025 11,95 —,03 84,0 84.8 +1 = -

5 20957 8748 6609 2,025 1174 4017 83,5 8643 +1 o137  .459

6 «0957 8743 6944 2,025 11436 .049 85,3 85,9 +1 .205 o534

T 40957 8404 6949 2,025 10,98 .081 8342 83,0 ~1 o248 o662

8 «1402 8445 62.8 2,018 10,41 4128 83,1 82,5 ~1 o293 .946

9 01402 88,7 6944 14996 9483 4178 82,9 8646 +1 4326 ,T726

10 42764 111.3 68,9 1.963 869 273 B2,5 1071 +1 o370  .652

11 .0 T0:9 6842 14926  Bo64 4277 82,0 T0.8 -1 372 -

12 .0 68,0 68,0 1.918  B.63 ,278 81.9 68,0 -1 372 -
15«0 6764 6707 14898 8460 .280 81,7 67e4 =1 o375 =~

Run No, 333 .
Separator Pressure 1.953 bars Inlet Temp. 46,0 °C
Tube qx10~° T, T, Py Wx10® X T, T, Wahyto™thx10™
Section.U/m? % % tars Ke/s - ° °c W/mz/ °c ‘W/Eg /°c

1 21495 8944 = 2,116 1180 =26 - 8702 =1 - -

2 o195 91.9 = 2116 11,80 ~o16 ~ 89,7 =1 = -

3 o1495 904 ~ 2116 11480 =406 - 8841 =1 = -

4 .0 T5e8 = 2,116 11,80 =06 =  T5.3 =i .= -

5 1495 92,4 69.65 2,116 11,55 .021 84,5 90,1 +1 146  .658

6 1495 93,0 T1.50 2,116 10,95 .072 84,3 90.7 +1 234  .696

T «0937 8649 71,50 2,116 10,58 103 84.3 85,5 +1 .268  L608

8 09357 8449 T1420 2,098 10018 o137 8441 83.5 =1 +296 683

9 .0937 89.9 70.85 2,079 9,78 <171 83,9 82,5 +1 .319 491
10 3328 12842 T0.35 2049  8.42 o286 83,5 123.2 +1 o370 o575

11 0 T0s9 69465 2,008 8437 4291 830 709 ~1 o372 -
12 .0 677 69020 14984  B434 ,293 82,7 67.7 -1 4375 -
13 .0 6Tu4 68490 12965 8431 .296 82,5 6Ted -1 374 -




Tube qx10-6

Section W/m2

1

O @ ~N 0PN

P S
M N - O

.0661
. 0664
« 0661
»0
» 0661
0661
L0661
« 0661
2817
+3600
«0
«0
«0

o o
81.9 -
83,7 -
90.0 -
72,0 =
90,2 =
Q1s2 -
86,8 =
Bl,6 =
108,2 69,10
132,5 69.70
Ti.4 68.95
67,9 68,60
6744 68435

TABLE A2 {cont.)

Run No, 231
Separator Pressure 1,925 bars

Inlet Temp. 46,0 °C

Separator Pressure 1.940 bars

Tube qxi0°

Section W/m?

1

W © 3 o0 UVt d W NP

e N
W N = O

0772
«0772
0772
0
0772
C772
0772
+1409
« 1409
«3600
.0
.0
«0

T T

% %
8%9 -~
90.4 -
91,2 -
T
91.5 =
70.8 =~
87.2 -
88.6 6890
95.6 70,00
133.8 69.85
7140 69415
67.6 68,85
67.0 68.60

216

P, WxO® X T, T, i b0 hexgxw“‘
bars Ke/'s % C%. w/n?/% W/mt/°c
2,010 11,50 -.29 - 810-1 - -
2,010 11,50 =25 = 877 -1 - -
2,016 11,50 =20 - 89,0 -1 = -
2,010 11,50 =20 = 72,0 =1 = -
2,010 11,50 =15 = 8942 ~1 = -
2,010 11,50 -1 = 90,241 - -
2,010 11,50 =06 =~ 85,8~ = -
2010 11,50 =01 = 836 -1 .- -
2,010 10,47 4090 83,1 103.9 +1 .50 721
2,010 9,04 4214 83,0 127,41 +1 335 573
1,968 8,99 .219 82,5 Tled =1 o338 -
1,948 8,96 o221 82,5 6749 =1 #3309 -
1,935 8,94 223 821 67e4 ~1 o340 -
Run No, 232
Inlst Temp. 46,0 °C

P, WX0® X T, T, Mahxl0Th _xi0™
vars  Ke/s °% %  wu¥°c Wn/c
2,029 11,50 =29 = 82,7 -1 - -
2,029 11.50 =24 =~ 89,21 - -
2,029 11,50 =18 = 90,1 ~1 - -
2,029 11,50 =18 - T34 =1 = -
2,029 11,50 =13 = 904 -1 - -
2,029 11,50 =07 = 69.6 =1 = —
2029 11,50 =02 = 8641 ~1 = .-
2,029 11,05 .039 83.4 86,5 +1 182 715
2,029 10,49 087 8%.3 9%.4 +1 247 o551
2,019 9,05 .213 85,2 128,3 +1 335 563
1,980 9,00 ,217 82,7 T1.0 =1 .337 -
1,963 8,98 .219 82.5 67.6 =1 ,338 -
1,950 8,96 .221 82,3 67,0 ~1 4339 ~



TAiBLE 42 (cont.)

Separator Pressure 1+875 bars

Tube qX?O-G

Section W/m2

1

WO O 3 00 SN

P Ty
W N - O

« 0387
« 0387
0387
« 0387
« 0387
«0387
« 0937
0937
« 0937
« 2736
0

.0

0

ol
¢ %
7149 5C.2
7645 50,8
T8.3 52,3
80.2 54,2
8044 5508
82.1 57.8
83.9 5943
82,8 6346
8343 6707
110.0 68,6
70.6 6843
68,1 681
67,7 67.8

Inlet Temp. 49.8 °C

Separator Pressure 1.854 bars

Section V/m?

1

W 0 1 oo UV &

A ok e
W N - O

« 0387
« 0387
. 0387
- 0387
. 0387
<0387
« 0937
« 0937
0937
« 2736
o0

.0

.0

Tube gx107°

iw fL
¢

71,5 49.8
T6e1 5044
T840 519
79.8 53.8
78,0 5544
81.7 5Te4
83.5 58.9
82.4 63.2
8246 6743
110.1 68,2
T0e3 6840
6748 6727
67e3 6744

Fun Tlo, 233

p, wWxo® X T,

bars Ke/s . o
1950 11,95 =25 84,2
16950  11.95 =422 8441
1,950 11295 =419 83.9
1,950  11.95 =.17 83.8
14950 11695 =414 83,6
1.950 11495 =12 83,4
1.950 11.95 «.05 83,3
1.950  11.87 .006 82.8
1.950 11,50 037 82.4
1.950 10,42 .128 82,3
1,930 10,40 .130 82,1
1,920 10,38 132 82,0
1,906 10,36 .133 81,8

Run Fo. 131,

Inlet

P, Wx10° X T,

bars Ke/s %
1,928  11.95 -.25 83.9
1,928 11,95 =-.22 83.8
1,928  11.95 =,20 83,7
1,988 11,95 -.17 83.5
1,922 11.95 —.14 83,3
1,928 1195 =12 83.1
1.928 11,95 -.05 83.0
1.928  11.88 ,006 82.6
1,925 11.81 .48 82.3
1,928 10,79 .097 82.1
14913 10s79 4099 81.9
1.899 10,75 100 81.7
1,885 10,73 .102 81.6

. M
oie
C.
713
T5¢9 -1
TTe8
79.6
79.8
8145
825 =1
81.4 —1
81.8 ~1
105.8 +%
7067 =1
68,1 =1

677 -1

Temp,
ie
c

70,9 -1
75.6 ~1
TTed -1
792 -1
194 =1
81,1 =1
82,1 ~1
81.0 ~1
T8e4 =1
1101 +1
70.3 =1
6748 =1
67e3 -1

O

hﬁw4h

217

x‘IO“4

w?ﬁz/°c w7§2/°c

«092
.185
«293
«295
«296
e 297

49.4 °c

-4 ~4
T, M hyxi0' b _x10

+488
« 601
661

exp
w/n?/%¢ w/m2/%

091
. 266
« 265
« 267
* 269
. 271

«487

«179
1.77688



T4BLE 42 (cont. )

Separator Pressura 1,930 bars

Tube qx10~
Section W/m

1

W O 3 o v & W D

- eh ok s
W N - O

6
2

. 0294
+ 0294
«0294
.0
+ 0294
<0294
« 0204
1409
«1409
+ 3600
o0
o0
«0

218

Separator Pressure 1,935 bars

Tube gx10

-5

Section W/ n?

1

W O 3 6 U £ W N

[ Y
W D = O

« 0354
<0354
0354
.0
« 0354
20354
+ 0937
« 0937
- 0937
« 3600
0
.0
o0

Run No, 132 .
Inlet Temp. 46.0 °C

T, fgL P, Wx10° X T, T, Man xd 2"4 hexgxlo“"r

¢ % ‘bars Xg/s c ¢ W/n /¢ W/m=/"C
7503 = 14961 1120 =31 = 7449 = = -
806 = 10961 1120 =29 - 80,1 -1 - -
799 = 14961 11420 =27 = 9.5 =1 ~ -
64.2 ~ 1.961 11.20 .27 ~ 64.2 -4 = -
842 = 1961  11s20 =25 = 83,7 =1 = -
83,7 = 14961 11,20 =22 = B83.5 =1 & -
7906 = 12961 11420 =20 = 79.2 = - -
8802 = 14961 11420 =10 = 8641 =1 .= -
BT =~ 1,961 11.19 001 =~ 93.5 +1 .046 <141
13342 68430 1,961 9,76 128 82,5 127.8 +1 4279 554
T1ed 68480 1.961 9,76 .128 82,5 T1ed =1 278 -
67.6 68,55 1,947  9.74 .130 82,3 67.6 =1 4280 -
67¢2 68440 1.957 9,73 131 82,2 67s2 =1 4281 -

Run No. 133 .
Inlet Temp., 46.0

W T, By Wgx0® X, T, Bu b0 n_xo™

°% ©° bars Ke/s o . W7m2 °¢ wims/°C
T500 = 1,965  11.20 =31 = Tded =1 = -
8004 = 12963 11,20 -2 = 79,9 -1 - -
Blad =~ 1963  11.20 —26 =~ 80,9 ~1 - -
6502 ~ 14963 11,20 =426 =~ 65,3 =1 - -
8501 ~ 14963 11220 =025 - 82,6 -1 - -
85,7 = 10965 11420 =20 -~ 832 ] = -
87.8 - 14963 11,20 =u16 =~ 86,4 =1 - -
8448 = 1963  11.20 =07 = 83u4 =1 = -
91.2 = 14963 1119 -001 - 89.8-1 -~ -
12904 68455 10963 976 o128 T4a8 123.9 +1 =~ -
70,7 68,85 14963 976 5128 T448 T0T =1 = -
6704 67465 10951 9475 o130 T4e6 6Ted =1 v -
67.0 68,35 1.935 ¢T3 €132 T4ed 6740 =1 = -
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15
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