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ARSTRACT 

A survey Of the literature reveals large deficiencies in the 

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

applicable to flowing liquids is formulated from a critical assessment of 

this literature and verified using published water data. From this theory 

a mechanism 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 local heat flux at the 'burnout' 

point. The wider application of this approach is demonstrated by 'burnout' 

data obtained for 112-triehlorotrifluoroethane 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 a 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 10 - 5($. 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 majority of the data. The tube wall temperatures at the 

'burnout' point are successfully predicted by this model. A new factor, the 

heat flux gradient at the burnout point, is observed to influence the 

critical heat flux for both the test liquid and water wider conditions of 

non-uniform heat flux distribution in the range of burnout qualities from 

- 5Q0. 
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NOMENCLATURE  

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

Symbol 
	

Units 

J. 	bubble growth rate parameter or area 

ABT 
	heat transfer area 	 m2 

1lT 
	cross sectional area 	 m2 

C' 
	

function defined by equation (2.21) 
	

m-1  

specific heat at constant pressure 
	

J/Kg°C 

CB 	constant relating to buoyancy force 

CS 	constant relating to surface tension force 

CF 
	constant relating to friction force 	Int 

CD 
	drag coefficient 	 ••• 

D 
	d3nmeter 

Er 	ratio defined by equation (6.3) 	 ON& 

F 
	

function defined by Tong equation (2.20) 

FD 	buoyancy force 	 IJ 

FD 
	drag force 

FS 
	

surface tension force 

F'a 	horizontal inertia force 

FN 	vertical inertia force 

FI 	inertial force 

FM 
	momentum force 

mass velocity 	 Amts 

g 	gravitationni acceleration 	 31042 
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Symbol 	 Units  

g0 	force convertion factor 	 W Kg 

h Heat transfer coefficient 	 W/m2 

k 	thermal conductivity 	 W/m°6 

IC 	proportionality constant, subscripted and super- 

scripted as defined in the text 	various 

L length 

LDNB 	
distance from onset of boiling to burnout point 

exponent 
	

VP* 

n exponent 
	

Oft 

p 	pressure 	 Wm2  

q heat flux 
	 W/m2 

 

r 	polAr co-ordinato 

R 	radius 

universal gas constant 
	 J/Kg mole°K 

Re 	
critical radius of nucleation site for onset of 

boiling 

RL 	liquid phase hold-up 

RD 	
gas phase hold-up . • 

• 'I, 

S ratio of entrained dror velocity to vapour velocity 

t 	time 

temperature 
	 oC  

U velocity 
	 m/s 

u* 	Von Korman friction velocity 	 m/s 

IMO 



Symbol. 	 Units  

✓ velocity 	 m/s 

W mass flowrate 	 Kg/s 

X 	quality 

xV 	group defined by equation (11.6) 

(x43rtz) cartesian co-ordinate 

3ri 	liquid film thickness 

3rb, 	distance from heating surface to bubble apex 

Greek Symbols  

c< 	constant associated with s and defined by equation 

(T1.6) 

(;) 	

contact angle -  degrees 

micro-layer thickness 

Sts 	thermal boundary layer thickness 

difference operator 

empirical constant in equation (3.18) 	Win 

angle co-ordinate 	 degrees 

latent heat of evaporation 	 J/Kg 

viscosity 	 Kg/ms 

1 	kinematic viscosity 

 

e 	
density 	 Kg/m3  

0- 	surface tension 	 N/m 

r shear stress 	 ii/m2 

fi 	velocity potential 	 S-1  

angle co-ordinate 	 degrees 

9 
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Dimensionless Groups  

Re 	Reynolds Number; ratio 411111  force 
C 

VISCOUS 
p  Li 

Pr 	Prandtl Number,r; 

ingptia  
We 	Weber Number ratio 	force surface tension 

?lei critical Weber number for liquid entrainment used in equation (6.1) 

Web 	Weber number governing bubble shape defined by equation (4.48) 

Web Istw crit 	Weber number for bubble departure; equals 5 

u+ Von Earman velocity; 1//u* 

Von Harman length; c.)yu*;14A 

Re* 
	

Reynolds number based on friction velocityLurw/iAL  

w+ 	
liquid flow parameter; WL  /(2 Wrwry 

Superscripts 

mean value 

Subscripts  

a 	acceleration 

b 	bubble 

bo 	burnout 

c 	critical or contact 

departure 

DUB 	departure from nucleate boiling 

e 	entrainment 

f frictional 

GT 	Guerrieri-Talty 

H hydrodynamic mean 



Subscripts  

hemispherion1 

HT 	heat transfer 

i 	initiation of nucleation or inlet 

I 	impact 

L liquid 

lam 	laminar  boundary layer 

Id 	normal 

o inlet 

S 	saturation 

s 	spherical 

sub 	subcooled 

T 	total 

TP 	two-phase 

✓ vapour 

W wall 

Glossary 

'critical point' represent the location of the onset of burnout. 

11 
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CHAPTER ONE  

INTRODUCTION  

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 also occurs in refrigeration 

systems using, for example, ammonia of Freon-12. 

Despite these manor 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 systems. Although it has produced 

many useful correlations for this particular system, these are not generally 

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, 112-trichioro-

trifluoroethane, and uses these, together with published water data, to 

investigate nucleate boiling,and 'burnout' in a forced flow system. 

Mechanisms for these two phenomena are presented and their inter-relationship 

discussdd with reference to both uniform and non-uniform heat flux distri-

butions. 
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1.2 Flow Regimes In Vertical Upward Two-Phase Plow 

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 GRIFFITH 	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 known 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 and 

extended to describe the precipitation of burnout. A series of experiments 

were performed to confirm this new theory and to clarify some of the points 

arising 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 

earlier trends and to recognise new ones. 

1.4 Choice Of Lipid  

The choice of liquid on which to conduct these investigations was 

governed by the desire to obtain burnout data for a large range of nucleation 

rates and also that the liquid should be stable at the high temperatures 
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generated at the 'burnout' point. 

These conditions were satisfied by using 112-trichlorotrifluoro-

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 liquid was supplied by Imperial Smelting Co. Ltd., by whom it 

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

cation: 

Maximum Water Content (p.p.m. by wt.) 	10 

Maximum Boiling Range (deg.C, 5% - 85%) 	0.25 

Maximum High Boiling Residue (Vol %o ) 	0.01 

Chlorides 	 Not Detectable 

Appearance 	 Clear and Water White 

There exists a considerable difference between many of the values 

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

TABLE 1.1  

Physical Properties at 1 Atmosphere 

'seem 113 Water 

Boiling point 49.8 100 oC 

Density of liquid at sat. 1504. 988 Kg/m3  

Density of vapour at sat. 7.7 0.605 Rem? 

Surface tension at 20°C 0.023 0.072 Wm 

Viscosity of liquid at sat. 0.49 x 10 3 .28x104  Ns/m2 

Latent heat of vaporisation 1.46 x 105 22.7x105 J/Kg 

Thermal conductivity of liquid, 30°C .066 0.62 vimoc 
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The experimental data presented in this thesis therefore provides 

valuable evidence, when used in conjunction with the many available water 

data, for assessing the validity of mechanisms in the formulation of 

universal theories. 
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CUPTER TiO  

CRITICAL BEAT  FLUX - LITERATURE SURVEY  

2.1 Introduction.  

Typical of test results in the vicinity of burnout is the curve 

shown in Pig. 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 so. 

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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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 Heat Flux. 

The results of BELL (A) for the upward 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 mass 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 (2) shows no l/D 

effect for I/D greater than 40, LOWDERMILK et al (0 and TIPPETTS (2) show 
the existence of a very strong 'VD 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 (90 who demonstrated that data obtained from experiments having 

inlet qualities greater than zero showed a considerable scatter. Results 

obtained under subcooled inlet conditions were more consistent and amenable 

to correlation. 

2.3 Correlations Of Critical Rent Flux  

Many 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 data only, 

b) correlations which are derived by a statistical analysis of a large 

number of data, 

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

for the onset of the critical condition. 

Category (a). 

The early work of GUNTHER (U) affords a good example of a 

correlation in this category. He produced critical heat flux data for sub-

cooled water flowing in a channel of rectangular cross section 3/16"x1/2"x6u, 

with an electrically heated metal strip 	wide suspended lengthwise to 

divide the channel into two flow passages. He correlated his own water data 

by the expression 

qburnout = 0.01351r°6 Taub 	• 	• 	• 	(2.1) 

Category (b) 

This type may be represented by the correlations of MACBETH OS), 
LOWDIZMILIC. et al (0 and VON GLAU (2). Macbeth formulated an expression 

which correlated a large number of the published water data upto 1964. He 

recognised a low and a high flow regime for burnout and produced a correlation 

for each as follows: 

Low velocity regime: Pressure range 560 - 2000 p.s.i.a. 

qboxi° 
 _6  (Gx1076)00-4hi) 	

, (2.2) 

High velocity regime: 

-6 A1-01(Gx10-6)IE A giox10 = 	c 	. . . . . (2.3) 
C' 

158.D0'1(Gx10-6)°494.4L/D 



where 

f 	- = YoD 
Yl  Ox10 6 1+13D -14(Gx10-6

)+Y
5
D(Gx10-6)).. . (2.4) 
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and 
7 	e.Yo, 	/ 	-6x 	( 	-611 C I  =I

6
D 1(Gx10-') "(14.i9D Y1001E10 ti-Y

11
DkGx10 	. (2.5) 

The twelve constants of / are tabulated for different pressures in 

reference 

Lowdermilk et al (§) 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 

qb0B00.2( p)0.85 = 270 x G0'85  . 	. 	• 	. 	(2.6) 

for 

GAL/02  less than 150 

and a high velocity low exit quality region where 

clboD0 
.2(0) 0.15 = 1400 G0.5  • • 	• 	. 	(2.7) 

for 

G/(1./D)2  greater than 150. 

These workers noted that at the limiting value of GAL/D)2  

of 150 the exit quality varied from 40 to 6W). 

Von Glahn (12) used the water data of Lowdermilk, and further data 

for hydrogen and nitrogen to produce a more general correlation, 

	

qcL 	Re Pr 0.4 1.7 	 H4 
g 	v2( ff.  t)03) 

	

4  a D 	= f( V V  (PV) 	( g'1,7"%kv) 	( 
(V+OpAgii) 	(LM1.3 A 	ev  44'13  1.5 

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

"Backhurst CO is shown in Fig.2.2. Clearly the benzene data is not so well 

correlated as other data and this failure to represent data for systems 
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other than those considered in its original preparation is typical of many 

such correlations. 

Category (c)  

This third category may be represented by the correlations of 

GAM ILL (12) and 301' UENANN (H). 

Gambill produced a 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 heat flux at the critical condition. 

The pool boiling contribution under saturated conditions was 

calculated from the expression 

(Cibdp001,130t 

10 	v(tr-gLit)-4.  . 	(2.9) 

   

Heat fluxes for subcooled conditions were derived from the 

saturated value by multiplying by Feub, a function of the fluid physical 

properties and subcooled temperature difference. 

The forced convection contribution was obtained from 

(cito)nb = hnb(211 j21,)bo 
	• 	• 	• 	• 	(2.10) 

where (T)bo was calculated from the Bernath correlation (32) and the heat 

transfer coefficient, hnb, was presented in the general form 

hnb  = 	(ki(D) Re Fr 
	 . 	• 	. 	(2.11) 

Summation of equation (2.9) - (2.10) enabled the forced convection critical 

heat flux to be obtained. He emphasised that this method is not applicable 

to forced convection bulk boiling burnout but he successfully correlated four 
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points occuring under these conditions using the Guerrieri-Talty multiplying 

factor (15). 

Gambill obtains his correlation by choosing suitable values for K' 

(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 Er 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 EY is used for the data of Table 2.1 where the benzene 

data of BACKBURST (2) is compared with predicted critical heat fluxes using 

Gambill's technique, with the values for K' and IV chosen as the approximate 

mid-values in their respective ranges. Under these conditions the exper-

imental values are shown to be considerably overpredicted. 

TABLE 2.1  

Analysis Of Benzene Data (12) By Gambill Summation Method 

= 0.18 	(Rohsenow (162) 

K" = 0.023 (Dittus-Boetter (10) 

Predicted heat 	Experimental 
	

Xbo 

flux Wm2 	heat flux W/m2  

0.81 x 106 0.26 x 106 0.45 

0.91 x 10
6 0.26 x 106 0.43 

0.90 x 10
6 0.317 x 106 0.37 

SONNEMANN (11) earlier presented a correlation for water at 2000 

p.s.i.a. based on the premise that the burnout heat flux is equal to the sum 

of the flux required to initiate nucleate boiling 
(gnu)  plus an incremental 

flux required to bring about what he called incipient film boiling (q*). 
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This leads to the equation 

(11)0 = gnu + 
	 • 	• 	• 	• 	• 	• 	(2.12) 

where qnu  was given by JOS and LOTTES (20 equation 
64(qm/106)0.25 

Tw  — Ts  — 	 
eP/900 	

• 	• 	• 	• 	. 	(2.13) 

q* was derived from Bonnemannle 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 universality 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  

Several attempts have been made to observe and photograph the 

phenomenon of burnout under subcooled conditions but no consistent mechanism 

has been revealed. GUNTHER (11) observed clumping of bubbles into local 

vapour films at conditions near the burnout limit and thus associated bubble 

coalescence with instability and incipient burnout. KIRBY et al (12) noted 

that the heater was covered alternately by a thin water film under large 

bubbles and a thick water layer between bubbles, but were unable to disting-

uish under which the burnout was initiated. FIORI and BERGLES (2) found a 

similar difficulty in describing the mechanism from photographs but supported 
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the view of KT1BY et al. 

However, although no clear mechanism has been revealed by these 

observations it appears that subcooled burnout is related to bubble behaviour 

in the vicinity of the heating surface. 

2.42 Saturated Boiling 

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

-and later by BENNETT et al (18) show that burnout in annular flow can occur 

at the point where, as a result of evaporation and entrainment the film flow 

rate falls to zero. Nucleation was occasionally observed in the film but there 

was no evidence to suggest that this initiated the critical condition. 

Badkhurst's entrainment data (g) 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 

440 quality, and two for benzene/toluene mixtures at 4 and 5C$ quality, 

which indicate that a substantial liquid film flowrate remained at the 

burnout point. No 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  

For uniform heat flux distributions, a dependency on the overall 

conditions would give at constant inlet subcooling and burnout quality 

ciboLD at 

or cltolD GTD2  

and clbo c"T(D/L) 
	

. 	• 	 . 	(2.14) 
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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 

	

gbo 	G0.85 DO. 65/L0.85 • 	• 	• 	. 	 . 	▪ 	(2.15) 

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 (§) so that data obtained for uniform and non-

uniform heat flux distributions which are correlated by a total heat input 

or mean heat flux approach can be expected to have resulted from this 

mechanism. 

GEUTHER (11) however showed that for subcooled burnout 

precipitated by nucleation 

	

qbo 04. UL . 	. 	(2.16) • • 	• 

	

or since 	
ill, = GA L 

-- 	clbo°4  - aT. 	. 	. 	. 	. 	. 	. 	(2.17) 

This compares with the Lowdermilk correlation for high velocity, 

low exit quality region where 

gbo 	
ri  0.5 /(L0.15D0.05) °( . 	• 	. 	(2.18) 

This suggests that burnouts in low quality regions as well as subcooled 

regions may be precipitated by nucleation and the small dependency of q 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 BACEHURa () 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 

Condition 

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 liquid deficient or film dry-out mechanisms and nucleate boiling 

mechanisms. 

2.61 Film Dry-Out Models  

With high steam qualities fog flow occurs in the channel. The 

bulk of the fluid then consists of saturated vapour with a dispersion of 

small liquid droplets and the wall is covered by a thin film of liquid. It 

is for this region that dry-out mechanisms have been proposed. 

2.61.1  Droplet Diffusion Models  

The model of ISBIN 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 sufficiently to 

reduce the liquid film flow rate to zero. 

A complex analysis of this model is presented in (12) resulting 

in a 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 GOLDMON et al (gg) assumed the same mechanism for 

heat transfer as described by Isbin. A flow of vapour normal to the 
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heating surface is postulated opposing droplet diffusion and also causing 

some droplets to evaporate before reaching the heating surface. Knowledge 

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 systematically overpredicts by more than 3C$. Work being 

conducted at Harwell by COUSINS and HEWITT (23)concerning droplet deposition 

may help in the further investigation of the validity of these diffusion 

models. 

2,61.2 Film Instability Models 

BECKER (ga) 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 HEWITT 

and LACE( (22), however show that spontaneous brenkflown 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 Models  

The earliest presented nucleation model was the Sequential Rate 

Process of BANKOFF (24) 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. 
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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 suggest 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 ROUSENOW and TODREAS (Q) attempted to explain 

upstream burnout data obtained for non-uniform heat flux distributions and 

some uniform heat flux distributions (20 by disruption of the liquid film 

by bubbles causing the formation of a 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. However, the 

results of_HEWITT'cla) 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 majority of their results for the flowrate 

0.5 x 106  lb/ft-hr are in fact correlated to ± 1C 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 (X) attempted to derive a multiplying factor to predict the 
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local non-uniform burnout heat flux from knowledge of the uniform value so 

that 

(gbo)non-uniform = F x (cito)uniform 	• 	4 	(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 developed the following expression for F : 

C' 	 bn  q(Z)e CI(LDNB 2)  dZ 
F  	 2.20) 

Imean 100(1-e-CtLMB)  

where 

and 	distance from onset of nucleation to burnout point. 

Tong suggested that for water data 

0.44(1-1130)7.9 	in -1 
C' (02/106)1.72 

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 (.2) have presented a nucleation 

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 evidence. 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- 

. 	(2.22) 
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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. 

BurnoutissaidtooccurithenATrise with dry spot exceeds ATquench  

This temperature oscillation is shown to occur by their own measurements and 

is also supported by the data of Fig.2.1. Attempts to observe the breakdown 

of the liquid film in this manner were unsuccessful so that it is not known 

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. Many differing models have been presented in an effort to predict 

nucleate boiling burnout with little success and it is this aspect of forced 

convection heat transfer which this thesis discusses in the following 

chapters. 
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CHAPTat TIME 

NUCLEELTION IX FORCED FLOW SUMS  

3.4.  Introduction  

A clear quantitative 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 (31) 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 to • • 	• 	• 	• 	(3.1) 

The foundation of many of the theoretical attempts to derive this 

relationship was laid by PLESSEM and ZWICK (0 and FORSTER and ZUBER. (3.0 

on the growth of spherical bubbles in an infinite, initially superheated 

liquid. They treated the problemtas one of transient heat conduction from 

the liquid to the bubble and derived a value of 4- for the exponent n. 
The observations of JAKOB and FRITZ (EL) 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 

heatin& surface. The general model developed from this analogy is presented 

in Fig.3.1A. 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. 

Many workers, (2, 49, 41, 40 for example, have used this 
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approach with some success to derive expressions for bubble growth and their 

solutions may be generalised into the form of equation (3.1) as 

Rb  = f(physical properties,/, T) x  t2 	. 	(3.2) 

The form of the function f depends on the particular boundary conditions 

employed to obtain the solution. 

A second model, shown in Fig.3.113, has been presented by LLOYD (42) 

suggesting that, at high bubble growth rates, heat transfer 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 (10 that the suggestion for such a mechanism was 

first made by Si'YDER (44) and ED ANDS (4) who noted that this mode of heat 

transfer would probably be accompanied by a very rapid drop in wall temp-

erature. Later measurements by 1IOORE and MESIZR (15) 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. RENDRICEE and SHARP (g) and LLOYD (42) 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 measurement 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 

predicted a value of for the exponent in equation (3.1). 

The majority of the attempts to derive a theoretical expression 
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for bubble growth have assumed that the total expansion of the bubble is 

equal to'tfie tatar-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 (43) that 

latent heat may be transferred 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, 

Eb c< il., 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 

Rb °( 	• 	• 	• 	 0 	0 	 (3.3) 

3_,3 The Incipience Of Nucleation In Forced Convection  

To establish the range of validity of a theory for nucleation 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 iANIC0FF (0) and has subsequently 

received considerable support from the photographic studies of MARK, 
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STRENGE and WESTWATER (g) and others. 

On this basis BERGLES and ROHSENOvi (LO)adapted the approach of 

HAN and GRIFFITH (0) 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 =Re  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 

TL  = 	qy/KL 	• • 	• 	• 	• 	(3.4) 
The bubble temperature was derived from the Clausius-Clapeyron equation 

dPI s 
	F 

X P 	 • 	(3.5) 
dT'EZ   

by application of a force balance at the bubble interface of 

2cr Pb - p8 = "--"" 	• 	• 	• 	• 	• 	• 	(3.6) 
Rb 

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

temperature in the form 

Ts R' • Tb - Ts  =  T
b 	izi(1 -?-S= ) 	• 	(3.7) 

Fig.3.3k 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 (3.7) 

Using this last criterion Bergles and Rohsenow developed a design 

equation for the heat flux required to initiate nucleate boiling in water : 

qi 	= 15.6 p  1.156(Tw  Ts)(
2 
030/p0.02,4) 	• 	. 	(3.8) 
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In theory, a nucleation site will be activated if the rate of 

evaporation into the vapour nucleus exceeds the rate of condensation. The 

assumption of Bergies and Rohsenow thus represents an upper limit for the 

criterion. 

I 	KENNING 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 Bergies and Rohsenow theory, but 

their analysis predicts wall superheats that are considerably lower than 

those predicted by the former analysis. 

SATO and NATSUMRA (2) also used a derivation similar to Bergies 

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 

q1 
ki te  

‘T - T )2 	 • 	(3.9) 
8•T 	s 

All these derivations assume that a wide range of cavity sizes exist on the 

heating surface, an assumption which is unlikely to be true for polished 

surfaces. DAVIS and ANDERSON (54) extended the work of Bergies 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 e with 

the surface. 

Thus 

Yb = Rb  (1 + cos (3) 
	 • 	(3.10) 



bs 	/ 1 + 2(1 + col )0 T - T = R 	In k 	) b s   
Yb Ps 

• • 	(3.11 ) 

and equation (3.7) becomes 
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Using the tangent criterion of Fig.3.2, the following expression was 

derived for the wall superheat at the onset of boiling 

T 
R'T 

T 
-re

2 
 in (1 + tr) 

W s - 
1 - R'T --xs (1 + 3') 	KL 

where 

2 0-(1 + ccs  
P • 	YI • . 	(3.13) 

(3.12) 

and 

(1 + cos (I )0-  + 
P 1  

▪ cos0512  • 2(1 + =sit )1(LarTli 
eL 	 ciwix vv 

•• 	(3.14) 
When equation (3.12) is applied to data of MOTZOURANIS (1) for water boiling 

at 20 lb/in2abs., Fig3.3, the value for qWi is considerably overpredicted 

for any given value for AT. 
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-would be needed to initiate boiling than suggested 

by (3.12) which is derived for a wider distribution of sites. Pig 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 (jj) in horizontal flow and by 

TIPPETS (7) and RUBY', STANIFORTH and KINNIER (12)in vertical upward flow 

showed that after initiation, hemispherical bubbles formed which tended to 

slide along the heating surface in the direction 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 

departed 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. SULLIVAN, HARDY and HOTJAND (53) 

studied the formation of air bubbles at orifices submerged beneath a variety 

of liquids with a range of flourates between 0.34 and 2.5 cm./S. The bubbles 

formed under these conditions were always spherical and showed no tendency 

to slide. 

Kirby, Staniforth and Einneir qualitatively 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 liquid 

of uniform velocity is equal to I-  x the mass of the displaced liquid. This 

is the same as the value given for spheres moving with a constant acceleration 

through a stationary liquid (g). Assuming the bubble to be spherical and 

using an expression for the inertia force as equal to d/dt (virtual mass x 

velocity), they derived the force in the direction parallel to the heater 
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2 IT Rb3t,  L  
dt 5 

UL) 2 %TRb2 	rw' P L c 	U   . 	(3.15) 

and in the direction normal to the heating surface as 

d 	21722 L  dR 11)  = _2  n- Rb
3 

L 1̀2Rb 2 rrRb
2 
 L(...jaaR 

 )2 (3.16) 

dt 3 	dt 	3 	dt2 dt 

Equation (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 rimbor, tending 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. 3.4B. 

The importance of the inertial force in governing the shape of a 

growing bubble is also shown by the work of JOHNSON, JAVISH de la PENA, and 

MESLER (2) 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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3.41 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 are presented in detail. 

3.41.1  Theory Of i(OUiI0t SOS, mcassis 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 

to 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 cm/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 

FD, surface tension force, Fs, and buoyancy force FE, equals zero. That is 

2 	F  2 	 (3.17) F 	F + 	• 	• • • • • S2 
	

B 	D 

Expressions for the three forces'are then derived (see Fig.3.6) and 

substituted into equation (3.16) to give an expression for the departure 

radius 

  

= (C211) 	(92+  4 4  ' ) 	r2  f2  (9 ) B UL70 0.) 
(3.18) 

where 

B = 
g  

2g0Cr 



FIG 3.6 A Model For Bubble Departure By 
KOUMOUTSOS,MOISSIS And SPYRIDONOS  
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uL  

The forces acting on the bubble are given as 

F
5 	

C
5 
 271 R stn 2)3 

0 U2  2 	 L 114 
L2g 	UL 

F 	0.39B —L R ) 	stnp cosh) 

where 

F8= CB  11.5_3  (1+ cosp ) (2 -cos)3) qi_g/ go  
3 

n 
CS-  •O 36 ( 1 	E QV ULN)L 

go 

I 	

(3- 

E nC5  C 	are constants 



53 

C ECNui) )n • 0.36(1 — 	
0 

• 2 
0.423  

g B 	UL Li  

f(() 	(Cr-p., sin P cos 41 )  
(1 + cos (t)2  (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
d 

R(UL 0) 
(1 — G?v UL ;) L  )n/2 =  

g0  cr- 
• • 	(3.19) 

which correlated the results to + 2% and — 10$ with _ 0.015 sicm 
go 

and n = 4. 

Examination of equation (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 increase in velocity in fact inhibits nucleation (1). 

ROUNOUTSCS et al collected their data at a constant heater temperature of 

115°C so that another explanation may be that the stream velocity at Rd  = 0 

is the velocity at which nucleation is suppresied at this particular wall 

superheat. 

and 
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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 = 	• 	. 	• 	• 	• 	• 

by substitution of the appropriate expressions for FB and Fssugges(t30)  ingthis 

to be the force relationship describing bubble departure rather than the 

equation (3.17) suggested by ROUNOUTSCS et al. This indicates either that 

the drag force acting on the bubble at its time of departure 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 fordes 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 : 

FS = FB "F 	. 	• 	• 	• 	 • 	. 	.3(.21,) 
and from this, the following expression for the bubble departure radius is 

derived : 
go  Cs  d— 

Rd 	( --- 
CBI ( 	)

• 

) 2  
L - — o DB  

• . 	(3.22) 



FIG 3:7 A Model For Bubble Departure By  
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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 (12) could only form spherical bubbles at heat fluxes less than 

1/10 of the critical value. 

No data has been produced to test the theory bujrit seems likely 

that it would only be valid for conditions close to the onset of nucleation. 

.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 expected to be spherical at wall 

temperatures close to the onset of nucleation but to become hemispherical 

as burnout conditions are approached. 

This tendency is supported by the 'contact angle' measurements of 

CORTY and FOUST OA) for pool boiling Freon 113 on a nickel surface. They 

found that at a temperature difference, Tv, - Ts, 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 I 
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at 	T = 10 deg.F to approximately * 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 bubble growth rate of 

Rata may be obtained from two growth periods of Rost' 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 hemispherical 

bubble is very much faster than that of either an oblate or a spherical 

bubble, suggesting that a difference may exist between the mechanisms of 

heat transfer. The microlayer theory can only apply to hemispherical growth 

and this mechanism could account for the observed high growth rates, the 

-superheated boundary layer 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. When the bubble 

changes from a hemisphere to a 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, Rboci+, probably the true relationship for this bubble shape is 

Rb = constant x 

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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CHAPTER FOUR  

BUBBLE GROWTH IN FORCED CONVECTION BOILING 	THEORY  

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. 

4.2 Inertia Force Acting On Growing Bubble In Forced Convection  

Section 3.4 describes how KIRBY et al (12) 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 

observed 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 

resistance 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 

considered to give a clearer physical picture of the origin of the inertia 

forces. 

In the analysis the flow is considered to be inviscid. 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 velocityUb(t) in the direction of liquid 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 

Fig. 4. 2. 

44;1 Pressure Distribution About Bubble 

The following assumptions are made concerning the bubble and fluid 

motion in the analysis. Referring to Fig.4.2; 

1) the bubble has radius Rb  =Rb(t), 

2) the bubble has velocity Ub  = Ub(t) in direction z, 

3) the liquid has a uniform velocity UL  = 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 liquid boundary is at infinity, 

6) the motion is irrotational. 

The pressure at any point in the liquid relative to the pressure 

tit infinity can be calculated for inviscid, irrotational motion from 

Bernoulli's equation (22) 

- 'Yu 	. 	. 	• 	• 	• 

CL at 

where u and 0 arc related by the expression 
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u = -VO 	. 	• 	• 	. • (4.2) 

For irrotational motion, the vorticity is zero, thus 

Vx u = 0 	• 	. 	. 	. 	. 

and by combination of (4.2) and (4.3) 

• (4.3) 

Nr20 = 0 	
• 	. . (4.4) 

The boundary conditions for this analysis are : 

r = Rb, all 9; 	= Rb + Ub cos9 (4.5) 

r =ice, all 9; 	= UL  cos 9 . (4.6) 

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 (60) 

3  = U Rb b b cos 
2r 

. 	• 	• 	. 	(4.7) 

b) Notion of an infinite liquid past a stationary bubble (60) 

R 3 
I'2) 0L  = -UL  (r + 	) cos 
2r 

. 	(4.8) 

c) Expansion of a bubble in an infinite stationary liquid (60) 

Rb2Rb  

16EXP 	r 	• 	• 	. 	• 	• 	(4.9) 

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

must also represent a solution. 

65 



— sin 8 
2r2  

R3 = -- cos 0 
2r2 

auUL 
• 

- r cos 0 

and 

   

    

    

66 

Let 

0 = °b 	+ °BAP 	. 	• 	1 	(4.10) 

then 

▪ )r.Rb  = Ub cos G + R • 	• 	• 	(4.11) 

and 

1▪ 5 ) _co = UL cos 0 	• 	. 	(4.12) 

Comparing equations (4.11) and (4.12) with (4.5) and (4.6) shows that this 

expression for 0 also satisfies the required boundary conditions and there-

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

distribution. 

Thus 

R3

b

2  
= (Uh UL) 	cos Q + 	- UL  r cos 2r 

• (4.13) 

:01) 	 )'(Ub-UL)):)./)Rb)  

r8 X 4 	 aRb  
• . 	(4.14) 

	

R3 	. b cos 0 + Rb2111) U cos 0 	• 	(4.15) 
- = 

-(ub-u1„) L 

	

3 	r2 

• (4.16) 

• (4.17) 

• (4.18) 

cos 8 	(4.79) 

U r sin 0 

• 



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

motion so that, 

e- t
/ =  Ub cos 0 	 . 	. 	• . 	(4.20) 

and 

 

at
0  = 	sit: 9 	 (4.21) 

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

simplification 

2 	5 	• — , k t / 	ucos — ---2--) _ 	/ 	2to  , - sin20 	3 Ub UL sin 0 + - Ub  R cos 8 
r=Rb 	 2  

+ II 1-b 2 = cos Q 211. 2  + RR" 	. - 	U
L 
 R cos - UL  R cos 2 	 2 	 • 	(4.22) 

For axial symmetry 
2 	4)2 	N „( 2 

r 	r 
1 o u = ( 4.  _ (___E„)  

2 u9 
It 	 k Where x  is given by equation (4.15) and 	; by equation (4.16). 

d r 	 aci 

'Thus, when r = Rb  

u2N 	2 	2 	sin248‘ 	 2 )r=, = Rb  + U. kcos + 	+ 2Ub  cos 	+ 	sin8 
"b 

- 6 Ub  U sin20 	 • 	. 4 	 ▪ 	• 	(4.24) 

The pressure distribution at the bubble interface is obtained by the 

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

PL 	 2 	2 	 • 
b - = u2 	2 - 5  88in 44) + UbUL  sin2G + Ri2)  + RbR tPL   cos 8 

• _ u2 2G R 
8  I sin 	ub 2 c°8  2  uLRb  cos 8 - 2  ULRb  cos 8 	. 	(4.25) 1. • 
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• Or 	• 	• 	(4.23) 



Therefore, 

ir

Fri = 	 d2_L  cos Go • • 	• 	• 	. 	(4.27) 

and 

G=0 

Rb P sin Q cos G dO 	• 	. 	(4.29) piv  = 

tr 
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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 equation(4.25)by assuming that the solid 

surface acts along the dividing stream line of the flow. 

The direction of the inertial 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 

dFN  = - P jclik 

= 	PLRb2 sin 9 dO 	 • 	 (4.26) 

and 

11-dFli  sin 4) cosy 	. 	. 	• 	. 	(4.28) FIR  = 

A 
Substitution of (4.26) into (4.27) and (4.28) gives 

F 	= 	Rb PL sin
2
0 cos Y d9 d y 	• 	• 	(4.30) 

144 Q=0 

Integration of equations (4.29) and (4.30) with respect to  and 9 after 
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substitution for p from equation (4.25) gives the following values for the 

inertia forces 

2 / • • Rb • 
Fiv  = Rb  t'L  kUbRb  Ub 	- 	Rb  - Uzi  R) • (4.31) 

and. 

( U 27 	11 - F 	11-R U 	2 
IR 2 ' 	bk PoLk37b L-u- 

	

152r b 	Uf., 	R.123 	.111) 	(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 LLOYD (42), presented in Fig.3.1A assumes that the liquid film 

is not continuous but that a dry patch exists around the nucleation uite. 

This model may also apply to bubbles growing in forced flow systems 

whilst they are stationary on the heating surface. However, once the 

bubbles start to slide as described in Section 3.4, it is suggested that the 

microlayer becomes continuous as shown in Pig.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. 

4.3.1 Evaporation Of The iylicrolayer  

Consider a small element of the microlayer of area rdrdir and 

thickness 6 , 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 was estimated 

to be approximately 1. No convection is possible below a Rayleigh number 
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of 1100, (JD so that heat transfer through the film will be by conduction 

only. Therefore 

Heat supply to vapour/liquid interface = li(TvrTb) rdrdY' 	(4.33) 

and 

Heat loss by evaporation from an element of 

microlayer = tiLX rdrdY dt 
	 . 	(4.34) 

Equating equations (4.33) and (4.34) gives 

(Tw - Tb) = -x 1L dt 	. 	• 	• 	. 	(4.35) 
An expression for S (r, ' ,t) may be obtained by integration of equation 
(4.35) as 

82 

where 

tc = contact time of point (r, 	,t) with bubble 

So  = initial thickness of microlayer at time, (t - tc) 

and. 

t =time from initiation of the bubble. 

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

equation 
c 

 

	

sin2Y 	- r cos 	Ub dt 	(4.37) R(t-tc) (1 - 
2 

R2(t-tc) 

The solution of this equation, however, presumes a knowledge of the radius 

	

of the bubble at time (t tc), 	tc), and also a knowledge of the 

variation of the bubble velocity during time tc  as a function of time. 



and from equation (4.34) 

q(t) = 	
2 	dt
Rb 

(1.6 
f2 r1 Rb  

0 10 
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Equations (4.33) and (4.34) may also be used to derive the following expres—

sions for the mean heat flux, q(t), through the bubble base at any time 

during the bubble growth. From equation (4.33) 

ri kb 

g(t) 12 	
, 

In  f 

Tb) rdrdir . 	(4.38) 
TT 

 

rdrdY 	 • 	(4.39) 

Evation (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 

ICT)1(111  • 

• . 

fRb 

rdrd tp 

0 

Tb(r4) 

• 

• 

• 

• 

. 

• 

• 

• • 

• 

• 

. 

• 

. 

(4.40) 

(4.41) 

(4.42) 

(3.3) 

q(t) = 

`dt' rrRb  

=2ov > R. 

Equating (4.41) and (4.38) 

. 	(T; Tb) 
R 

217 	.P.ifikii.12 0  
0 

where it is assumed Tb  A 
But since 

R = Ata  

0 0 
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then 
• 2 
R= 	• 	• 	• 	• 	• 	• 	(4.43) 2R 

An expression for i;(t) is presented in (4.36) but to facilitate the 

solution of equations (4.42) and (4.43) for A, some simplifications can be 

made in this expression. 

Assume tc sufficiently email that (T14-,Tb) remains constant. 

Equation (4.44) may then be integrated to yield 
S2 _ s2 2kL (m  ,m t  

- 	0 i07 ‘414 1)— )  c 
An estimate for Tb may be derived using the Clausius-Clapeyron equation (3.5) 

so that 

1  
Tb + 273 

where 

1 
(Ts  + 273) 

Ph. in 0 Pb) 	• 	. 	(4.45) 

Pb = 	(1 4- Web) 	 • 	• 	(4.46) 

and Web is defined by equation (4.48). 

With tc assumed to be small, to a first approximation 

Rb(t-tc) = Rbt  

• • 	 • 	. 	(4.44) 

and 	Ub = constant 

Thus equation (4.37) becomes 

. v 1 
R (4 _r

2  sin2t  i  
"b" 	2 	)7  -,r cos 40  . R b 

Equations (4.42), (4.43), (4.44) and (4.47) may be solved to obtain A 

Ub tc 	• 	• 	(4.47) 

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 GUNTHE. (11). The derivation of the growth rate 
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parameter, A, for comparison with these data depends on a knowledge of the 

value of the microlayer thickness, Se  The microlayer might be considered 

as a region where viscous forces emceed inertial forces created by the 

bubble and liquid motion and thus to be related to the thickness of the 

laminar sub-layer, S 	, in the,' region into which the bubble is sliding. 

The value of S 	may therefore provide an initial order of magnitude 

estimate for So for the derivation of A. 

An estimate for Siam  of 0.8 x 10-5m is obtained for Gunther's 

data by assuming the laminar sub-layer thickness to be equivalent toy = 5 
in the Von german velocity profile (Appendix T1) deriving the wall shear 

stress for the solution of 37+  from standard friction factor curves assuming 

that the total flow through the test section consisted only of liquid phase. 

The theoretical solution for A (see Appendix C2) are shown in Fig. 4.5. The 

two solutions were obtained assuming that (Tm-Ts) equalled 20°C; Gunther 

does not give this information. 

Fig. 4.5 reveals that if So  equals 0.23 x 10-5m close agreement 
is obtained between theoretical and experimental growth rate. This value for 

So  is smaller than the estimated value for Siam  but this might be expected 

since the moving bubble accelerates liquid close to the surface into the 

region where Siam  already exists. 

The value for So estimated by LLOYD (A]) for pool boiling water is 

0.25 x 105m 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 flow. 
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4.4 Bubble Departure  

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 (4.32) 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 Weber number, ileb, in the form 

?1. 7, TT 	11 TT2 	u2 	;2 	b Rb 
w
eb 	

b 	'32 yip 	- 64 'ID - 64 L 	 b + 2  
2 TT Rbcr (4.48) 

where the surface tension force is arbitrarily represented by 2Trly7". 

Appendix T2 describes how the sliding velocity of the bubble, Ub, may be 

expressed in terms of UL, and it has already been shown in Section 3.5 that 

the growth of a hemispherical bubble can be expressed in the form 

Rb = constant x 	• 	• 	. 	(3.3) 
Use of these two equations enable Web  to be evaluated for any value of t 

during the bubble growth. 

Inspection of equation (4.48) shows that Web  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, shown 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 growin6  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 

this 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 liquid velocity to the left of the 

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

uniform but equal to UL2. 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 velocity if 

F 	;> p 'al 	IR2 	• 	• 	• 	• 	. 	• 	(4.49) 

Substitution of equation (4.32) into (4.49) gives 

2Ub  UL1  - ULt  > 2Ub UL2 - UL2 

From the model 

ULl 	< Ub 4: UL2 	• 	. 	. (4.51) 

Equation (4.50) simplifies to 

2
lib
(u

L1 - UL2) > 
(uIJ - UL2)(UL1 + UL2) 

which further reduces to 

 

2Ub  < ULl + U • 

	

1,2 	• 	• 	• 

• 

• • 

• 

• 

• 

. 

.(4.50) • 

• 

(4.50) 

(4.52)  

(4.53  ) 
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Using equation (4.51) 

2UL1 < U
L1 	UL2 	• 	. 	. 	• 	4 	• 	(4.54) 

or 

UL1 	UL2 
	• 	• 	 . 	• 	 • 	(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 Web  falls below its 

critical value can thus be regarded as a departure criterion for a bubble 

growing in a flowi g liquid. To predict bubble departure it is therefore 

necessary to investigate the variation of Web  during the bubble growth period. 

Equation (4.48) for Neb  may be expressed generally as 
2 

web  = Rb 	(Kb 	• 	• 	• 	(4.56) 

whore Kb varies according to the ratio Ub/UL  

If Ub  / UL  is less than 0.56, Kb  is negative. The variation of Web during 

the bubble growth time with Ub  / UL 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 departure time, that is, the time at which 

Web  equals Web  crit, lessens with increasing fluid velocity and is thus in 

qualitative agreement with the results of KOUMOUTS06 et al (§2). 

Gunther however, observed that Ub / UL = 0.8 and a graph of Web 

versus time for this ratio is given in Fig.4.7. It can be seen that a 

minimum occurs in the curve so that above a velocity of about 2m/s, Web  

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 velocity of 6 m/s. On the contrary he noted a decrease in the maximum 

bubble radius with increased fluid velocity, in agreement with Reumoutsos 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 ieb  is caused by the sudden change in lib  at the 

change in growth rate. 
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The value of the bubble radius at which a dry-patch is first 

formed may be derived from equations (4.44) and (4.56). Nicrolayer contact 

time is greatest at the point (R10, Tr) so that this element will be the 

first to evaporate. Thus from equation (4,47) 
2Rb , to(Rb, 0-  ) = 	• 	• 	• 	• 	(4•57) Ub 

Substituting this into (4.44) and  putting S(Rb, R  ) = 0, the bubble radius 

when a dry patch just commences to form beneath the bubble is given by 

Ub  Rt - 
4kT, - Tb) 	• 	• 	• 	• 	. 	(4.58) 

The discussion of Section 4.3 showed that S
o is related to the 

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

5 x 104  Tw  is approximately proportional to U2 and the Von Kerman friction 

velocity 

11* c'  U 	 • 	• 	• 	• 	 • 	(4.59) 
and so 

S Ian 	U
L 
	• 	• 	 • 	• 

	 (4.60) 
Because of the reduced bubble growth rate after the formation of the dry-

patch, the bubble departure radius Rd  will approximate to Rt of equation 

(4.58). Hence 

X R' Y.R == 	 • 	(4.61) b 	d 	
lib 

2 	• 	• 	• 
UL  4 

assuming Ub oc UL, then from equation (4.61) 

R 0( 1  d 	UL 	• 	• 	• 	• 	• 	• 	. 	(4.62) 

At UL  = 0, Rd  = 
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and therefore from (4.60) 

Rd  

(1% II +  1) = 1 	• 	• 	 • 	(4063) 

or 

4,0 	(Ki)  UL  + 1)-1 j 	. 	. 	• 	. 	(4.64) 

Cf 1 - Kb UL + Kf, 

This expession compares closely with that of Koumoutsos, equation(5)  f (3.19) 

which may be presented in an expanded form as 

Rd 
p1 - 2KK  + 	Ufs  
"U=0 

. 	• 	• 	 • 	(4.66) 

where 

KK = 0.015 s /cm 

Thia close comparison supports the premise that the evaporation of 

an element of the microlayer is the prime factor leading to bubble departure 

in systems for which Ub  / UL  exceeds 0.56. Further evidence of this 

mechanism is given by the theoretical prediction of bubble growth presented 

in Section 4.3. The estimated bubble departure radius for go  = 0.23 x 10-5m 

equals 0.625 x 103m 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 annular flow conditions, however, for the liquid 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 liquid film. 
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4.5 The Onset 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, ta, 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 t
a' 
 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, td. 

Then, if 

Rh = radius of hemispherical bubble at t
D and 

Rs = radius of equivalent sphere, 

then 

R = Rh' 
2
773-  • • • • • 	(4.66) 

Time for bubble to change shape = contact time of dry-spot 

	

= (2Rs  - Rh) 17 	• 	• 	(4.67) 
R 

• • 	• 	• 	(33) 
^A tae 

But 



= constant • . 	(4.70) 
rate as at ta, from equation (4.58) 

Sg 	QL X  Uh Length of microlayer - 2 	AT 

and therefore 

R A 
=7-a- 	. 	. 	• 	• 	• 

td 	
(4.68) 

Thus, substituting equations (4.66) and (4.68) into (4.67) and simplifying 

Contact time of dry-spot = 1.2 ta  . 	• 	• 	• 	• 	(4.69) 

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

87 

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

therefore 

Rate of increase of dry-spot = 2 R = —TA  
td  • 2 

and 

• . 	(4.71) 

Final length of dry-spot =---r x contact time 	▪ 	• 	(4.72) 
td2  

Substituting the contact time of the dry-patch (4.69) into equation (4.72) 

and using equation (3.3) to simplify : 

Final length of dry-spot = 1.2 Rh 	• 	(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 For Systems With Constant Wall Temperatures  

&apples of these systems are those using condensing steam as the 
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heating medium, a frequent 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 relative size of these effects which causes a maximum 

or critical heat flux to be obtained. 

1) A 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 temperatures below the critical value it is suggested that 

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

would result in an increase 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 S stems With  Constant Heat Fluxes 

av;mples 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 contact of a dry-patch with the heating surface, the 

wall temperature must rise. This temperature rise will be quenched by the 

bulk liquid 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 exceeicd when stable film boiling occurs. 

A series of bubbles passing over a point on the heater would 

precipitate 'burnout' in this manner in agreement with the observations made 

by KIRBY et al (12) who could discern no change in the bubble motion at the 

critical point, bubbles still sliding past until the onset of film boiling. 

This model suggests that the rate of rise of temperature beneath a 

dry-patch (and hence the critical heat flux) is related to the physical 

properties and dimensions of the heating surface. This conclusion is 

supported by the results of TIPFETTS (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 2C. Similar effects have 

also been observed by HEWITT et al (g) and by FIORI and BERGLES (2). 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 Heat Flux Distributions - The Fffect Of Sliding Bubbles 

Toda-ea' (1.1ATn 	nor-uuiform heat flax diFltrilinns, 

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 TIPPIETTS 
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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 ana  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. Fig.4.11 shows the same changes for Ub  / 

UL  = 0.8. 

The bubble radius as a function of time during the first growth 

period is given by 
.1_ 

Rb  =AI  e 	• 	• 	• 	• 	. 	. 	(4.74) 

and in the second growth period, starting at time tr, by 

Bb = A2 (t  - tp)t 	• 	. 	• 	• 	• 	. 	• 	(4.75) 

where 
A n 

• • 	• 	• 	• 	• tP  =tr 	- ( 
,
)') 	 • 	(4.76) 
2 

Both Figs 4.10 and 4.11 demonstrate how this change in growth from Al  to A2  

causes the bubbles to stay longer on the heating surface than if the growth 

rate is constant at A2. Both figures show that bubbles with the lowest value 

for Al  remain stably hemispherical for the longest period of time. As 

discussed in Section 4.4 if Ub  / UL  is greater than 0.56 bubbles depart 

when partial dry-out of the microlayer occurs and the departure radius is 

given approximately by 

• • 	• Rd 
4 	- Tb) 	(4.58) 

From (4.75) and (4.76) a further equation for Rd  may be obtained; 
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Rd  = A2 (td - tr (1 - ()2))* 	. 	• 	(4.77) A2 

which, on rearranging, gives 

R
2 

t(1 - (1A2) • (4.78) d 	2 	+ t r 	'21 	
• 	• 	• 

A2 
Equation (4.78) shows that td  Increases as Al  is decreased if Rd  is held 

constant. 

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

heating surface, td, is influenced which is of importance but whether the 

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

Changes. 

Equation(4.47) shows that tc  is a function of Rb  and Ub  only, so 

that for constant Rb, tc  can only be affected by a change of Ub. Appendix 

T2 evaluates an expression for Ub  as a function of time and shows that an 

increase in td  will slightly increase Ub, causing a reduction in tc. 

Equation (4.58) shows that if Ub  increases then (Tw  - Tb) must also increase 

for constant Rd suggesting that a decrease in A1  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 grown 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 gurface in forced flow is presented. 
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Analysis of the pressure 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 ; 

,2 2'42 Rb 
2 rilit fv 	Ub 	- 	LI  + 4 	..b, 

Web 	
(4,48) 

The bubble remains hemispherical provided the value of Web  is 

greater than approximately 5 : For Web  below this value, the bubble becomes 

spherical. 

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. 

When partial dry-out of this microlayer occurs the consequent drop 

in bubble growth rate causes tieb  to fall below its critical value and the 

bubble shape to change from 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 

‘ <72 	u 
00 	 I, 's  b RA  

d 	4 kL  AT 

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 1; . 
Dry patches formed in the microlayer +Turing bubble growth exist 

for approximately half the total bubble contact time and play an important 

role in the precipitation of the critical condition. 

2aRbior" 

• • 	• 	• . 	(4.58) 
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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 upsbream distribution of the heat flux, 

but this cannot be accounted for by variations in the growth rate of bubbles 

sliding into the critical region. 
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CHAPTER FIVE 

DESCRIPTION OF APPARATUS AND EXPERIMENTAL PROCEDURE  

5.1 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 section numbers refer to Fig.5.1. 

1) %Quality At Entrance To Section 10: 0, 10, 20, 30, 40. 

2) Mass Flow Rate 	0.037, 0.075, 0.112 Eg/s 

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

over section 9, sections 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 critical 

value and then generating burnout conditions firstly at section 12 and then 

at 13. 

The runs were numbered to indicate the experimental conditions. 

First Number, 1 - 5, to indicate 0 - 4C$ 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 4C% quality at entrance to section 10 at a mass 
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flowrate of 0.075 Kg/s with a 140 quality drop across section 9. 

The apparatus used for this series of experiments was basically 

that designed by DIARTZOURESIS (1). He originally built the rig to obtain 

boiling data for water but it was later used by BA eRHURST (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 were all converted to water 

cooled systems to enable the Isceon to be cooled to room temperature before 

recycling. Removal of all pipe joints and valves not essential to the 

experiments also reduced liquid loss by leakage. 

5.2 Description of Apparatus  

5.2.1 The Flow Diagram  

A flow diagram of the apparatus is shown in Fig.5.1. The feed 

tank was sealed and had two sight glasses in the top to enable the liquid 

level to be checked. The Isceon 113 was circulated by an Albany rotary gear 

pump, rated at 100 g.p.h. at 200 p.s.i, driven by a 2 h.p., 3 - phase motor. 

The pump delivered the liquid at approximately 10 bar And the pressure was 

dropped to the operating pressure of 2 bar across the control needle valvd, 

V1. This large pressure drop prevented the flowrate from being noticeably 

affected by small pressure fluctuations in the test section. The desired 
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KEY TO FIG. 5.1  

SIM3OLS- 

Thermometer or thermocouple well. 

Vapour trap: Spirax—Sarco 3/4" FT 64 SLR S 

O 	Thermistor well for temperature control. 

Sight box. 

1/2" Kent total flowmeter. 

Bourdon pressure gauge. 

d.p 	Drain point. 

S4) 	Sample point. 

0: 	Concentric coils (see Nantzouranis 

VALVES 

VI 	1/2" needle valve, s/s, PTFE impregnated asbestos gland. packing. 
V2,V3 	1" needle valve, s/s, PTFE impregnated asbestos gland packing. 
V4,V5 	1/4" plug cock, bronze, asbestos gland packing. 
V6 	adjustable reducing valve set at 10 bar. 
V7 	adjustable reducing valve set at 15 bar. 
V8 	adjustable reducing valve (used fully open). 
V9,V10 1/2" 3—way plug cock, bronze, PTFE gland packing. 
.V11 	3/16" brass cock. 
Y12 	1/4" needle valve, s/s, PTFE gland packing. 
V13,V14 1/2" plug cock, bronze, PTFE gland packing. 
V15 	1/4" Klinger cock, brass, PTFE gland packing. 
V16 	1/2" Klinger cock, brass, PTFE gland packing. 
V17,V18 1/8" Klinger cock, brass, PTFE,z1and packing. 

NOTES 

(I) All process lines copper. 

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

changes; neoprene gland packing. 

(3) Gear pump fitted with PTFE sintered bearings. 
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liquid flowrate was obtained by adjustment of valves V1  and V12  and its 

steadiness and approximnte magnitude were indicated by a calibrated rctameter. 

The desired inlet temperature to the test section was gained by 

two-stage electrical preheating. The 2.5 kW first stage, =many controlled 

by a 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 proportional 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 Rna 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 (1) 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 ± gg down to the lowest tested flow rate of 12 cm3/s. 

5.2.2 Test Section  

5.2.21 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 flov:through each section into the test 

liquid. 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. A 

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 AADERSO (2) examined a specimen of a 

similar copper tube used in similar experiments under an electron microso6pe 

and reported that the only pits and cavities which they were able to find 

were of the order of 2pm in diameter. 

5.2.22 Control And Measurement Of Heat Input  

Two 1 kW heating elements 130mm long and designed to provide an 

axially uniform heat flux were clapped 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 hold tightly in place by two 'Jubilee' clips. A watt-

meter could be plugged into the circuit supplying each section (Fig.5.3) 

and the power input set to the desired value by adjustment of a variac. 

The wattmeter had three measuring ranges, 0 - 500W, 0 - 1000W and 0 - 2000W 

with a precision of 0.2% of full scale deflection on each scale. Two 

voltage regulators maintained the mains supply at 240 ± 0.6V so that the 

heat flux through any section remained within 0.5% of its sot value. 

Heat losses to the atmosphere were reduced by insulating each 

section with a 62mm layer of 'Nicosil' lagging. The small remaining heat 

losses were detected by thermocouples placed in the lagging of sections 1, 

9, 10 'nd 13 and connected to a Pyc Universal Potentiometer. The heat 

loss calibration is presented in Appendix E3. The arrangement of the 
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heaters, lagging and heat-loss thermocouples is Shown in Fig.5.2. 

5..2.23 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 'Aralclite'. Each of the thermocouples was carefully 

Chosen so that the deviation between thermocouple renAings at any given 

temperature never exceeded 3,10 so that only one calibration curve was 

necessary. The liquid temperature at the inlet to the test section was used 

as the reference for the tube wall temperature measurements and a calibration 

for use with a variable reference junction was made. This is presented in 

Appendix El. Only the lower thermocouple in each section was generally used 

for temperature measurement, the upper providing corroborating evidence when 

necessary. The thermocouples were monitored on a 16-point Honeywell Elect-

roniK 15 chart recorder with interchangeable ranges of 0 - lmV and 0 - 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 compared with that of a Pye Universal Potentiometer 

and was periodically checked throughout the experimental work. The air in 

the recorder cabinet was continuously circulated by a fan to maintain the 

thermocouple terminals at a uniform temperature. 

For the measurement of the 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 0 - 10mV range of a Control Instruments Hi-Speed single channel 

recorder against a reference junction at 0.0 °C. 

5.2.3 Measurement 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 o.d. x 2.13m long stainless steel tube. 

The thermocouple tip was kept in the tube by means of a stainless steel 

'spider' (see Fig.5.5). Measurements, accurate to ± 1/20 °C, were made 

against a reference at 0.0 °C on a Pye Universal Potentiometer. The thermo-

couple calibration is presented in Appendix E2. 

5.2.4 Measurement And Control Of System Pressure  

ELMHURST (a), using this same 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. An 

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 measurements 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 column 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 start 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 quality 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 runs ensuring that 

the flow regime existing at any point in the test column was a function only 

of the upstream heat flux distribution. This had great importance with 

respect to measurements of entrainment and is considered in greater detail 

in Chapter Six. Lt 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 small traces of dissaved gases remained in the 

liquid during measurements. No 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 10 was then increased by small increments 

of about 20W allowing steady conditions to be re-established after each 

increase until a rapid rise in wall temperature 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. -ftamples of the temperature variation 

indicated on the chart recorder during 'burnout' are shown in Figs. 5.7, 5.8, 

and 5.9. This experimental technique introduces a deviation of 10W in the 

estimation of the critical heat flux with an error in the estimate of this 

deviation introduced by the measuring instruments of approximately 5W, giving 

a total estimated experimental error of + 15W. 
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The heat input to 10 was now sot approximately 100W lower than its 

critical value to avoid the precipitation of burnout 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. Tests carried out on the tube showed that variation 

of the local fluid pressure caused a corresponding 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 15.31 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 9510 confidence 

limit of + 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 

section 11 for run conditions 521. The results for section 10 gave a mean 

value of 1041.5W (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 0 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 

small value, the wall temperatures were never allowed to exceed 20000 during 

these measurements. If burnout had not been observed by the time this 

temperature had been reached it was considered to be 'undetectable,. A 

similar designation was given to those points for which the critical value 

was greater than the maximum possible applied heat input per section. 
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CHAPTER SIX  

	 ENTRAIMD MASS FLOWRLTE  

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 Linde 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 (g)and BENALL et al (J1) and also by ANDERSON, 

HASE1DEN Pna  EANTZOURANIS (76). Further data for boiling systems are 

presented by BACKHURST (1) for benzene and benzene/toluene mixtures. 

Data for air-water are presented, by ALVES (20, WICKS and DUCKIER 

(0), GILL et al (281,2.), GILL and HEWITT (kg), and TRUONG QUONG MINHE and 

HUYGHE (21), among, many others. One point has also been published for SAE-

10-oil/air by ALVES (20 and a few data for ethyl alcohol/air by TRUONG 

QUONG MINBE and HUYGHE (21). 

Attempts to correlate the data for isothermal systems have met with 

only partial success. The earliest correlation is presented by WICKS and 

DUCT ER (22) in the form 

((711-)1, / (1!-)v)4 	(QL / QV)  WecE 
dP 
(dz)V 

. 	. 	. 	(6.1) 
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BACEHOST (2) correlated his boiler tube data using the approach of 

Wicks and Dunkler to 4500% and ,-224 but contributed this relative success 

mainly to the fact that the variable with the largest range, (11)V, appeared 

on both sides of the equation suggesting that the correlation may not be as 

good as at first it may appear. Backhurst correlated his own data to +250, 

,..30 by 
' Ge  = 2.05 GL0a30  Gv.0.61  (f.lb.hr units) 4 	• 	(6.2) 

A further correlation is presented by TRUONG QUONG I'ThiiE and HUYGHE (j) 

based on the assumption that the entrained liquid flow is proportional to the 

mean 
 
kinetic energy of the gas stream 

1 - Er  f( -tre) 

where 

E = r   

and 

= (4V(1 E  

• • 	 • 	• 	(6.3) 

Application of this approach to air/water and air/ethyl alcohol 

data (31) 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 PAT 	and FILIPPOVICH (Z). They 

introduce the term (),%. )2  into equation (6.3) obtaining 

1 - Er  = f( 	U2V 	)2) 	0 	18 	0 	a 	(664) p2 CT 
L 
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which gave the following correlation for air/water data; 

1- Er  0.985 - 0.44 log(---  (11211-' 51)2  x 104) (6.5)  
eL 	Cr  

COUSINS and HEWITT (23) using data obtained from various sources, revealed a 

diameter effect not accounted for by equation (6.4). Several suggestions 

were made by Paleev and Filippovich to explain this effect but none of these 

were successful in their application. 

More recently LEVY (24) produced a correlation derived from Prandtl's 

mixing-length theory and empirical functions developed from the results of 

USE, 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 LACEY (21) demonstrates 

a link between large disturbance waves and entrainment in isothermal systems 

HEWITT et al (§) 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 (51,2) 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 velocities, at sampling points close to 

the water inlet, a minimum mass velocity at the tube axis is observed, but 

at high liquid and gas velocities and for sampling points further than an 

from the inlet the mass velocity showed a peak at the tube axis which 
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sharpened 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 Measurement  

The observations made by Gill et al presented in the last section 

suggest that a fixed-probe technique, taking measurements only at the axis 

of the tube, would lead in certain instances, to an over-estimation of the 

total entrained mass flowrate. However, since the present purpose of 

obtaining entrainment data is to 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 

BACEMBST (2) who successfully differentiated between burnout mechanisms 

occurrin8 in his boiler tube using entrainment data obtained by this technique. 

The technique adopted was developed originally by MARTZOURANIS (j) 

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 a 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, PI, 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
1 occurs with only a small increase in sampling rate and it is 

suggested that this occurs when both liquid and vapouf are being sampled. A 

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 pressures 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 0.71mm o.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 the atmosphere. 

Liquid entering the probe was collected in a 50 ml burette and its 

flowrate could be sensitively adjusted by two 3 mm needle valves mounted in 

series. Any vapour entering the probe was condensed in the small water 

cooled condenser attached to the probe. 

The probe was made from 2.5mm o.d. by 0.8mm i.d, copper capillary 

tube and the probe tip from brass, drilled 0.8mm i.d. and tapped 73.Ae This 

tip screwed onto the probe MIA  held the centralising brass spider in position. 

Since the probe position was fixed, the entrained flowrates for 

different sections of the test column were obtained by moving the tube 

entrance conditions. Heaters at the bottom of the tube were switched off 
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and those remaining on were adjusted to the appropriate value. Subcooled 

inlet temperatures were maintained for all runs so that these adjustments 

to the conditions would net affect the relative entrainment distribution in 

the tube. 

6.5  Experimental Technique  

6.5.1 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 0.5m. equivalent to a possible error of ± 0.18mm.Hg. in 

the measured pressure difference. The liquid levels in the glass bulbs were 

also measured to within 0.5am increasing the possible error by + 

giving a total estimated experimental error in the pressure difference 

readings of ± 0.23mm.Eig. 

To obtain reproducible results for this pressure difference it 

was essential to keep the probe full of liquid. 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 

mm. Hg. 
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6.5.2 Measurement 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 

3-  and T- of the ippact pressure, 

(3) A repeat measurement of the impact pressure to check reproducibility 

To measure the sampling rate, the valve in the sampling line was 

slowly opened until the pressure difference, as indicated by the sloping 

mercury manometer, was between i  and ÷ of the impact pressure. The collect-

ion of a 10m1. sample in a 50m1. burette was then carefully timed with a 

stop-clock. This timing was repeated once and the mean value taken for the 

evaluation of the sampling rate. The temperature of thd sampled liquid was 

also noted. If the two sampled flowrates differed by more than ± 0.9g, the 

flow was considered to be unsteady and the measurement repeated until a 

steady reading was obtained. 

6.6 Results 

The results obtained for the impact pressure and local liquid 

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 10m1. sample was measured to + 1/20m1. giving an error of 

+ 0.9,5. An accurate assessment of the accuracy of the stop-clock was not 

made but it is known to be better than +.1%. A total experimental error of 

± 0.0 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 995 confidence 

limit of ± 005 (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 measurements. 

6.6.12 Impact Pressures 

As related in Section 6.5.1 the error introduced by the recorded 

measurements is estimated at 0.23mm.Hg. Surface tension effects at the 

probe tip may give a further error of upto + 0.5mm.Rg. giving a total 

estimated experimental error of ± 0.73mm.Hg. 

Analysis pf the 'within-run' deviations of the impact pressure 

(Table 6.1) gives a 995 confidence limit of ± 0.4mm.Hg. (103 values). A 

comparison between this limit and the estimated 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 99$ confidence 

limit of + 	(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 small changes in the 

setting of the run conditions. An 'F' test was carried out on the variances 

of the 'between-runs and 'within-run' results to investigate this conclusion 

further. No significant difference was found between thes6 variances at the 

V) level suggesting that the 'between-run' deviations could in fact be 

explained on:17 by experimental error, the small sample size possibly 

accounting for the deceptively large  confidence limit. 

6.6.13 Local Liquid Mass Velocity 

Only the 'between-run' reproducibility was measured and these 

results are presented in Table 6.2. Analysis of the deviation gives a 90 

confidence limit of + 4 Egtm2  s or a percentage error of between + 26 and ± 5;4. 

The estimated experimental error is ± 46 from the evaluation of the 'constant 

gradients' (Appendix E5) and ± 0.6/0 from the sampling rates giving a total 

of + 2.6%. This compares closely with the error of reproducibility suggesting 

that no unaccounted factors influence the entrainment. 

The entrainment probe was used under non-isokinetic conditions so 

the capture efficiency of the probe affects the accuracy of the estimate 

of the local liquid mass velocity. DUSSOURT and SHAPIRO (a) present an 

approach to estimnte this efficiency. For drop sizes of 501/Am and 100,/km, 

under the worst sampling conditions at which measurements were taken (0.006 

Kg/s), the capture efficiency for the probe, estimated using their technique 

is 99,6 and 99.49 respectively. Hence, under the conditions used for measuring 

the entrainment, the capture effiency should be better than 90. A further 



129 

error of upto + 0 is introduced by the assumption of 'constant gradient' in 

the evaluation so that the true value for the local liquid mass velocity may 

be expected to be within + 12 Kg/m
2
s of the estimated value. 

6.7 Discussion 

Fig.6.4 shows the variation of entrainment with quality for run 333. 

A minimum occurs in the entrained mass velocity et leo quality and the rapid 

increase 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 entrainment data for qualities greater than 10% are 

correlated to +254 and -30 (Fig.6.5) by the relationship 

Ge = 11.7 (G  )0.21t, \0.24 t 

` VI 	kl,/ 	0.i. units) (6.6) • 

A comparison between tnis equation and that derived by BACKHDRST 

(2) for benzene and benzene/toluene mixtures, 

Ge 	Kod0.61i, 
L'  
\0.30 	 (6.7) '" 	• 	• 	• 	• 	• 

shows that despite the order of magnitude agreement between entrainment flow-

rates shown in Fig.6.4, there exists a considerable difference in the influence 

of Gv  and, to a lesser extent, GL  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 a considerable effect on 

the magnitude of entrainment in the quality region below 10,41  suggesting its 

importance in the slug flow regime. However, at higher qualities, no definite 

effect of heat flux distribution is observed 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 

annular flow regime. 

Fig.6.6 compares the total entrained 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 liqui. flows as entrained drops). All these 

'film dry-out' data occur at the lowest flow rate investigated (0.0375 Kg/s) 

and then only at qualities greater than 30. Some other mechanism for burnout 

must therefore be operating under the other conditions investigated. 
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FIG 6.4 Variation Of Entrainment At LON CI, tatity 

500.- 

0 Benzene/ toluene(2) 
0.101 kgls 
1.35 bar 

to Isceon 113 
0.113 kg/s 
1.9 	bar 

0' 

300. 

N 

a) 

'ca 
C 

C 

200. 

I 	1 I 	1  
.10• 	20. 	30- 	40- 	50. 

Vapour Quality % 

400 

••• 

124 



FIG 6.5 
	

Correlcrtion Of Entrainment 

100• 	 150. 
G16,, experimented value. 	Kg/m2/s 



FIG 6.6 Entrained Mass Flowrate At Burnout Location 
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M&BLE 6.1  

DRUMMER DATA 

Run No/Sect 

522/13 
222/13 
422/13 
323/13 
323/13 
323/10 
323/9 
321/9 
321/10 
321/12 
321/13 
322/13 
322/13 
322/12 
322/10 
322/9 
522/8 
522/9 
522/9 
522/10 
522/12 
522/13 
523/13 
523/12 
523/10 
523/9 
523/8 
221/9 
222/9 
223/9 
223/10 
222/10 
221/10 
421/9 
422/9 
423/9 
423/10 
422/10 
421/10 
521/9 
521/10 

PI 
nraIIg 

57.4. 
31.0, 	. 
50.8' 
41.3 
40.4 
3700 
20.7 
21.4 
39.0 
38.0 
39.9 
36.2 
40.9 
43.0 
40.1 
20.4 
37.2 
41.5 
46.3 
52.6 
49.7 
52.8 
53.5 
51.0 
54.2 
37.7 
33.9 
12;3 
12.4 
17.1 
27.9 
27.8 
28.5 
36.4 
39.4 
36.0 
54.1 
51.0 
52.9 
50.1 
56.9 

(ley. P
I 

mm Hg 

0.4 
1.3-  
1.1 
1.8 
0.7 
0.9 
0;7 
1.4 
0.7 
0.0 
0.4 
1.9 
1.2 
1.0 
0.9 
0.4 
0:8 
1.5 
2.3 
0.3 
0.1 
0.8 
0.4 
0.0 
0.2 
0.0 
0.1 
0.1 
1.3 
1.1 
1.4 
1.2 
2.1 
0.2 
1.1 
0;5 
0;5 
0.4 
0.3 
2.3 
0.6 

Ge  
Idm2s  

129;6 
116;5 
127;7 
130.2 
127;7 
135.8 
123.3 
156.4 
131;4 
122.7 
124.0 
124.6 
119.6 
104;7 
120.2 
129.6 
115.2 
119;0 
115;9 
137.1 
135;8 
133;9 
133;9 
133;9 
145.2 
148;9 
131.5 
271;6 
140.8 
67;3 
188.2 
201.9 
196:3 
136;4 
129;0 
142;7 
148;9 
138.3 
124.6 
132.1 
144.5 

We 

14/8 

0.019 
0.017; 
0.019 
0.019 
0.019 
0.020 
0.018 
0.023 
0.019 
0.018 
0.018 
0.018 
0.018 
0.016 
0.018 
0.019 
0.017 
0.018 
0.017 
0.020 
0.020 
0.020 
0.020 
0.020 
0.020 
0.020 
0.019 
0.040 
0.021 
0.010 
0.028 
0.030 
0.029 
0.020 
0.019 
0.020 
0.022 
0.020 
0.018 
0.020 
0.021 

134 
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!1\BJE 6. 1 ( 91.llhl 
Run No/Sect PI . dev. PI Ge VI e 

mmltg ±mm Hg Y.g/m2s Kg/s 
. 

231/9 27~2 l.!;. tr59~2 0.068 
233/9 17~9 Op2 171~5 0.025 
232/9 19~8 1.1 322~7 0.048 
232/13 46 .. 8 2.0 138~9 0.021 
2JJ/1o 44~7 0 .. 5 294~7 0.044 
231/10 470 0 0.5 243;3 0.035 
232/10 50;0 0~7 235;5 0.035 
433/10 89~7 O~1 203~1 0.030 
333/10 6605 0,,5 175~7 0.026 
333~6 22~2 0.7 352~0 0.052 
333. 8 33~'J 1.2 165;1 0.024 
33~9 41~2 0~5 200~4 0.043 
33 9 41~2 0.7 201;2 0.030 
332/9 41;4 0.1 211~ 2 0.031 
333/9 38;4 0;6 162~6 0.024 
33~10 6209 0~1 179;4 0.026 
33 13 59~7 0~2 162;0 0.024 
331/10 62;5 O~O 202;5 0.030 
33#10 64;7 1 ~5 167;6 0.025 
432/9 63~7 01=; 147;7 0.022 ~.' 

431/9 63~7 O~9 169;5 0.025 
432/9 63;0 0~3 147;7 0.022 
433/9 64~2 1;4 163~2 0.024 
43:3/13 86;6 0;3 222;4 0.033 
432/13 79~2 0.1 191;3 0.028 
432/10 86~3 0~7 163~2 0.024 
433/10 88;3 0;3 207;5 0.031 
211/10 11;2 0.7 111 ~5 0.017 
211/13 13~6 1~3 100;3 0.016 
213/13 10.9 1;2 103;4- 0.015 
313/13 13; 1 1.6 109;0 0.016 
311/13 12; 7 0~5 107;8 0.016 
311/10 13;6 1;4 89;7 0.013 
411/10 21;3 2.4 103;4 0.015 
411/13 17;2 0;9 110;9 0.016 
511/13 25;9 1.1 95;9 0.014 
512/13 28;4 0.0 95;9 0.014 
511/10 26~8 0~5 109;6 0.016 
511/9 18;2 1;0 94;7 0.014 

51~9 20;4 1;1 87;2 0.013 
41 9 18;1 0;2 81:6 0.012 
411/9 13;3 0;6 88;5 0.013 
311/9 12;2 0.8 86;6 0.013 
312/9 2107 0.7 72.3 0.011 



Run. No/Sect PI  
mm Hg 

TABLE 6,1  
dev. PI 

± Inni rig 

con /3 
G 

Tr_le2 zwin 13  
W 
Kgtis  

212/10 11.9 1.1 117.1 0.017 312/10 13;3 1.0 115.9 0.017 412/10 26.6 3.1 106:5 0.016 413/10 21.4 2.0 102;8 0.015 313/10 19.0 0.2 112.1 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 
313/9 17.0 0.9 78.5 0.012 
413/9 21.8 1.9 77:2 0.011 
513/9 16.6 1.3 99.7 0.015 
513/10 27.1 1.0 110;9 0.016 
513/13 17.2 0.1 112:1 0.017 513/13 20.0 0.0 117:1 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 0.1 142:0 0.021 522/13 57.1 0.4 150.8 0.022 
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TABJ.JE 6.2 

REPRODUCIBILITY 	OF ENTRY' IN DATA 

Date Run Na. PI 
mm Jig 

Ge 

Kg/m2a 

5.8.68 513/13 20.O 117.1 
6.8.68 513/13 17.2 112.1 
7.8.68 313/10  19.0 112.1 
6.8.68 313/10 17.4 105.9 
5.8.68 522/13 57.1 150.8 
2.8.68 522/13 57.4 138.9 

24.7.68 522/13 55.5 129.6 
2.8.68 322/13 41.5 130.2 
1.8.68 322/13 40.4 127.7 

25.7.68 522/9 41.5 117.7 
24.7.68 522/9 46.3 115.9 
9.8.68 332/9 41.4 201.4 
12.8.68 332/9 41.2 211.2 
9.8.68 333/10 62.9 176.3 
12.8.68 333/10 66.7 175.7 
9.8.68 433/10 88.4 207.5 
12.8.68 433/10 89.7 203.1 
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CHAPTER SEVEN 

THE. CRITICAL PEAT 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 7.11 - 7.13. The block 

diagram for the computer program: used for these derivations is presented in 

Appendix Cl. 

7., Discussion Of Results 

7.3.1 Total Entrainment Mechanism 

Analysis of this "film dry-out' mechanism is presented earlier in 

Section 6.7 where this model is shown to provide an unsatisfactory explAnntion 

for the majority of the burnout data. Those data for which 'burnout' is 

considered to be a result of total entrainment are indicated in Table 7.1. 

7.3.2 Nucleate Boil' g 

To test the possible application of a nucleate boiling mechanism to 

the burnout data, calculations were made for each run to investigate at which 

sections in the test column nucleate boiling was occurring. 

The approach presented by DA.VIS and ANDERSON (.5A) 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 nucleate boiling was occurring at the critical 

point during burnout suggesting that a nucleate boiling burnout mechanism 

may be applicable to the data obtained. 

7.4 Earlier Correlations  

The correlations of GAMBIT L (j) and VON RAHN (,lg) (Section 2.3) 

are investigated using.  the Isceon data ana the results are tabulated in 

Table Al. 

For Gadbill's correlation 	= 0.18, kr = 0.023 and the forced 

convection heat transfer coefficient, ham,, is obtained using the approach of 

Guerrieri-Talty as suggested by Gambill. Fig.7.1 reveals that this correlation 

provides a poor estimate of the ocitical heat flux, all data being overpre-

dieted by 25% and the majority by over 500. It might be considered that this 

overprediction results from an error in the prediction of the heat transfer 

coefficient. Fig.7.2 compares haT  with the experimental heat transfer 

coefficient derived, for non-boiling conditions (Table A2), from the relation- 

ship 

hap 

and shows that bTp  is consistently under-predicted by at least 500. Use of 

h,,, in place of 1101  in Gambillts correlation would result in an even greater 

over-estimation of the critical heat flux. 
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These large discrepancis 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. A poor 

prediction of the experimental data is obtained and deviations from the 

predicted values similar those of benzene (Fig.2.3) are found, providing 

confirmation of the general observation that correlations are not applicable 

to liquids other than those for which they are developed. 

7.5 Prediction Of Tube Wall TARErature At Burnout  

Section 4.52 describes h,,rs the departure radius of the bubble may 

be approximately represented by 

S20 '4 Ub  
(4.57) u. 	4 kL  AT 	C 	0 	• 	• 	• 	• 	• 

for lib > 0.56 HI, provided the bubble growth rate is not so smAll that Web  

becomes less than Web c,it  without requiring a change of growth rate for 

departure. 

This applies to bubbles growing in liquids whose depth is greater 

than Rd. However, if the liquid depth is less than Rd  the bubble will depart 

when it grows to the size of the liquid 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 are 

necessary for a complete investigation. 

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

at the critical point from pressure gradient measuremento using the approach 

described by MANTZOUROIS a). His theory is presented in Appendix Ti. 
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Not all runs could be analysed because 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 system. 

(i) Determine the growth rate parameter, A, and then determine whether 

Web  falls below Wecrit  before any dry-spots form in the micro-layer. 

(ii)Determine the bubble radius at departure by dry-spot formation 

(equation 4.57) 

(iii)Compare this bubble radi4b with the film thickness. 

The determination of the growth rate parameter, Al  for the Isceon 

is identical to that used for water in Section 4.5.1.1;0  is put equal to 

corresponding to the approximate relationship found for water and the 

ratio Ub/UL  equal to 0.8. Under these conditions, tA is found to be 0.009m/S . 

The variation of Web  with time is shown in Fig.7.4 and shows that 

at no time during the constant growth rate phase does Web  drop below Web crit. 

The estimated bubble departure time by partial microlayer dry-out is arrowed 

in the figure and corresponds to a bubble radius of 0.365 x 10-3M4 The film 

thickness is estimated to be 0.115 x10 3ms  less than the estimated bubble 

radius, so that the film thiceoness acts as the departure criterion. 

It has been proposed that burnout occurs when the temperature rise 

beneath a dry-jpot exceeds the temperature fall by quenching (Section 4.6). 

With the bubble departure controlled by the film thickness, it is suggested 

that the heat flux required to raise the wall temperature sufficiently for a 

dry-patch to form before the bubble departs will also be sufficient to 
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precipitate burnout once the dry spot has been formed. 

Putting Rd  ,y. in equation (4.57) and rearranging, the temperatt'e 

difference at burnout is given by 

2 
11T,o  ao )'ub  • • • • • • 4  y 	

0 	(7.2) 
i 

 

Estimates for ATbo  are obtained with So  = S 3  and Ub  = 0.8UL. Because 

it is not known whether 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 232/e are predicted to ± 3K, For these 

two runs the film thickness has values 0.29 x 10-3m and 0.30 x 10-3m respect-

ively, the thickest films measured. It is possible that in these two instances 

the heat flux needed to obtain the calculated temperature difference is too 

small to cause burnout. The actual temperature difference would therefore be 

higher than the value calculated from the assumption that the film thickness 

is the governing departure criterion. A similar underestimate is obtained 

when prediction of /IT for the single benzene film boiling value presented by 

BORHURST () is attempted. Iu this instance the film thickness is even 

greater, 0.37 x 10-31116 

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, 240$ at the burnout point and 

demonstrate, for the majority of data analysed, that the critical heat flux 
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increases with
dz  at constant quality at all flowrates. 

This effect has not previously been recorded but the. data of 

ROHSENOW and TODREZ (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 (11  negative) < that for linear dz 

increasing distribution (M = 2.27) < that for linear increasing distribution 

5.75) < that for peak at outlet distribution (N = 5.75). 

It is shown in Section 4.7 that these effects are not explained by 

the growth rate variation of bubbles sliding into the critical region. 

However in the last section, the critical wall temperatures for Iscoon are 

correlated from knowledge of the hydrodynamic properties of the liquid film 

and it may be the manner in which dz  affects the liquid film dynamics which 

influences the magnitude of the local critical heat flux. 

This effect can be investigated using the film thickness data 

presented in Table 7.2 as follows : 

From Figs.7.6 — 7.8 

clbo p(  tbo 
	. 	• 	 • 	(7.3) 

It a fixed quality, an increase in the applied heat flux increases 

the wall temperature 

AT 04..09) bo 	dz bo 

From equation (7.2) 
r 2 2$ Ub 

ZST  ° bo 	Yi 

where 

giving, as an approximation from equation (7.3) 

. 	• 	• 	 • 	(7.4) 

• • 	I 	(7.5) 

c.4 siant 	 • 	. 	. 	• 	. 	(7.6) 
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Ub 04,  UL 	• 	• 	• 	• 	 • 	• 	(70 7) 

and from Von Earman's velocity profile (appendix T1) 

i;2 0(  i 

	

lam eta
4 • . 	 (7.8) • • 	• 	o  

Substitution of equations (7.6) - (7.8) into (7.5) yields 

iesTbo ("4  
Uh  

'cat yi 
or, from equation (7.4) 

Az 
b° 

04 	L  (7.9) \de 	14: y. w 

Figs.7.9 and 7.10 show that this relationship holds for the Isceon 

data. Thii confirms the conclusion that the dependence of qb0  on (1!).100  in 

annular flow is related to variation of the liquid film dynamics and it is 

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

anddz on the acceleration of vapour in the core of the tube. 

7.7 Conclusions 

a) The correlations of Von Glahn and Gambill are inadequate to predict the 

critical heat flux data obtained for Isceon 113. 

b) a comparison between the estimated bubble departure diameter by partial 

microlayer dry-out and the liquid film thickness derived from a 

MOTZOURANIS 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 ± 25 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 



instances the film thickness has ceased to be the departure criterion. 

119. d) For non-uniform heat flux distributions the heat flux gradient, dz' at 

the critical point is an important factor influenring the value of the 

critical heat flux. The larger
dz  the higher is qbo at a given quality. 

Careful analysis of the data of Todreas has reveal-e a 84mi1ar  trend for 

water. The effect ofd is related to its influence on the acceleration 

of the vapour core in annular flow which results in a variation of the 

dynamics of the liquid 
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Run 

No. 
G.5l, 

Kgis 

TARR 7.1 	EXPERIMENTAL BURNOUT DATA 

SECTION 
12 

159 

13 

INLET 	CRITICAL MT FLUX 	OUTLET QUALITY 
QUALITY 	W/m x 10-6 AT CRITICAL 
SEC.10 	10 	12 	13 	10 

511 0.037 0.42 	0.269* 	0.109* 0.131* 0.71 0.81 0.83 
512 0.038 0.39 	0.286* 	0.130* 0.129* 0.69 0.81 0.81 
513 0.037 0.41 	0.290* 	0.134* 0.134* 0.72 0.85 0c185 
411 0.038 0.30 	0.289* 	0.164* 0.179 0.60 0.76 0.77. 
412 0.038 0.30 	0.320* 	0.151* 0.157* 0.63 0.78 0.78 
413 0.038 0.30 	0.328* 	0.159* 0.161* 0.64 0.80 0.80 
311 0.038 0.20 	0.274 	0.200* 0.231* 0.49 0668 0.72 
312 0.038 0.20 	0.324* 	0.188* 0.221* 0.54 0.72 

0.75 313 0.038 0.20 	0.338* 	0.1q1* 0.207* 0.55 0:73 0.75 
211 0.038 0.11 	0.272 	0.274* 0.301*, 0.39 (465 0:68 
212 0.039 0.10 	0.296 	0.242* 0.279* 0.41 0.64 0668 
213 0.039 0.10 	0.316 	0.218* 0.255* 0.43 0.64 0.67 
111 0.036 0.02 	0.358 	0.308 0.309 0.42 0.74 0.74 
112 0.037 0.01 	0.340 	0.322 0.325 0.38 0.70 0.70 
113 0.036 0.02 	0.325 	0.327 0.327 0.39 0.72 0.72 

521 0.076 0.40 	0.190 	0.138 0.184 0.50 0.56 0:59 
522 0.074 0.41 	0.237 	0.113 0.160 0.54 0.60 0.62 
523 
421 
422 
423 
321 
322 

0.076 
0.077 
0.076 
0.076 
0.078 
0.078 

	

0.39 	0.261 	0.107 

	

0.28 	0.275 	0.204 

	

0.30 	0.300 	0.184 

	

0.30 	0.334 	0.177 

	

0.19 	0.315 	0.252 

	

0.19 	0.322 	0.263 

0.143 
0.259 
0.218 
0.227 
0.289 
0.284 

0.53 
0.43 
0.46 
0.47 
0.35 
0.35 

0.58 
0.52 
0.55 
0.55 
0.47 
0.48 

0.60 
0.55 
0.56 
0.58 
0.49 
0.49 

323 
221 
222 
223 

0.075 
0.076 
0.075 
0.076 

	

0.20 	0.358 	0.255 

	

0.09 	0.360 	0.360 

	

0.11 	0.340 	0.340 

	

0.16 	0.358 	rinclet 

0.294 
undet 
undet 
undet 

0.39 
0.29 
0.27 
0;29 

0.52 
0.47 
0;44 
0.47 

0.54 
0.47 
0:45 
0:47 

121 
122 

0.075 
0.075 

	

0.01 	under 	undet 

	

0.01 	undet 	undet 
undet 
undet 

0.21 
0.21 

0.40 
0.40 

0.40 
0:40 

123 0.075 0.01 	0.349 	undet undet 0.20 0.38 0.38 

531 No results - conditions unstable 
532 No results - conditions unstable 
533 No results - conditions unstable 
431 0.118 0.27 	G.186 	0.217 0.287 0.34 0:39 0142 
432 0.118 0.26 	0.245 	0.188 0.265 0.35 0:41 0;43 
433 0.118 0.26 	0.285 	0.186 0.265 0.36 0.42 0:45 
331 0.120 0.21 	0,302 	undet 0.363 0.31 0.43 0.43 
332 0.230 0.16 	0.331 	undet 0.327 0;27 0:39 0:37 
333 0.118 0.17 	0.355 	undet 0.334 0.29 0.41 0:40 
231 0.115 0.09 	undet 	0.326 undet 0;31 0:33 0.34 
232 0.115 0.09 	undet 	0.322 undet 0.21 0:32 0:34 
233 0.120 0.04 	0.290 	undet undet 0.13 0125 0:25 
131 0.112 0.0C 	nndet 	undet undet 0:13 0.26 0.26 
132 0.112 0.00 	undet 	undet undet 0.13 0.26 0.26 
133 0.112 0.00 	undet 	undet undet 0.13 0.26 0.26 

undet = burnout undetected or outside range of applied heat flux. 
* 	= burnout by film dry-out. 
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T4BLA  7.2  
DATA FROM MANTZGUROIS ANALYSIS  

Run No Lam.b.l. 	Mean 	Film 	Critical 4617 	(42.)x10 -6 Est. 
1 2 	' 

Thickness Film Vel Thickness 	AT Nim 	4c 	AT 

x 105m 	mis 	x 103m 	oC 	
oC  

522 	9 

10 

521 	9 

10 

523 	9 

10 

422 	9 

10 

423 	9 

10 

321 	9 

10 

431 	9 
10 

432 	9 

10 

433 9 

10 

331 	9 

10 

332 	9 

10 

333 	9 

10 

232 	9 

10 

323 	9 

10 

1.108 60.5 

.018 59.0 

1.53 61.0 

1.59 49.0 

2.03 49.5 

0.97 44.0 

-.67 32.5 

0.8 36.0 

1.47 40.0 

.16 36.5 

1.17 33.0 

2.0 34.0 

1.69 34.5 

2.28 53.0 

0.516 3.81 

0.458 3.82 

0.586 3.38 

0.583 

3.32

33  

0.467 3.80 

0.672 3.08 

0.498 3.82 

0.598 3.40 

0.451 4.10 

0.641 3.32 

0.540 3.80 

0.430 5.2 

0.433 4.95 

0.489 4.60 

0.431 5.09 

0.466 4.80 

0.387 5.54 

0.409 5.37 

0.402 5.49 

0.478 4.76 

0.433 5.23 

0.518 4.42 

0.413 5.37 

0.632 3.54 

0.502 4.43 

0.745 2.87 

0.509 3.93 

43.1 106 

135 

4i.9 82.3 

44.8 83.1 

131 

40.6 62.3 

114.0 

55.8 76.6 

136 

68.8 

42.8 97.7 

31.6 148. 

142. 

113. 

37.9 147. 

124. 

54.1 183 

164. 

50.6 172. 

121. 

42.4 150. 

101. 

57.9 160. 
68.7 

64.0 110. 

49.6 

53.0 107. 

0.115 

0.064 

0.135 

0.553 93.1  0.091

0127 

0.067 

0.194 

0.097 

0.168 

0.081 

0.212 

0.146 

0.202 

0.177 

0.241  

0.181 

0.227 

0.142 

0.172 

0.167 

0.241 

0.204 

0.290 

0.185 

0.297 

0.220 

0.271 

0.129 
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CHAPTER EIGHT  

CONCLUSIONS 

knew modell describing the 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 governed by the interaction of an inertial force. 

" 	13  k'L(32 libUL - 64 Ub2  - 64 UL . 	c•   + rk111  ) 2 - (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 bubbb 

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

Web 
	cr 
- Ri-Aa Ub  UL  11-  u2  - 	4 L 

-u2 + 	+ R-L) 32 	64 b 64 	2 

can be used to determine, whether the bubble SE; spherical or hemispherical; 

if Web  exceeds 5 mapproximately 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 value and that for bulk liquid velocities exceeding 

15 cm/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 close to any heating surface. Hemispherical bubbles 

however, grow by evaporation from a thin layer of liquid or microlayer, which 

forms at the bubble base. For both bubble shapes Rb  eC t during the growth 

(4.48) 
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period, but the constant of proportionality is much greater for hemispherical 

bubbles. analysis of GUNITERIs data (11) for hemispherical 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 annular 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 : Either 

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 microlayer, again causing Web  to fall below its critical 

value. 

Babble 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 GUNTHER (AA) and KOUNOUTSOS et al (.00 and results 

in the prediction equation 

Rd  _  SO  
(T 	Tb 	

• 	• 	• 	,(4.58) 

The mechanism of the growth of hemispherical babbles 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 systems with constant applied heat fluxes, burnout occurs when temperature 

increase beneath a dry spot under a bubble formed by partial dry-out of the 

mierolayer exceeds the temperature drop by liquid quenching after bubble 

departure. As  consecutive bubbles pass, thd wall temperature increases in an 

oscillatory manner by this mechanism, until the Liedenfrost temperature is 

exceeded, when stable film boiling occurs. 

Extensive experimental data for burnout and heat transfer to 112-

trichlorotrifluoroethane in a vertical boiler tube are presented to verify 

further this nucleate boiling mechanism for the precipitation of the critical 

condition and a large number of entrainment measurements confirm the presence 

of a liquid film at the critical point of sufficient thickness to support 

nucleation. The data also reveal an important new factorViz, acting in the 

range 0 - 5C$ qunlity, which influences burnout in systems with non-uniform 

rid  al heat flux distributions, such that at a given quality an increase in 

dz at the burnout location increases the local critical heat flux. 

A study of the hydronamics of liquid films in the boiler tube shows 

that
dz 

 influences the acceleration of vapour in the tube which in turn affects 

the dimensions of the liquid film; consequent change in the bubble dynamics 

is reflected in the change of the local critical heat flux. 

This conclusion is confirmed by the successful prediction of wall 

temperatures at the critical point achieved for conditions where the bubble 

departure is controlled by the magnitude of the liquid film. 
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The burnout data presented was not predicted by earlier correlations 

presented by Von Glahn and Gambill. 

Suggestions for Further Work 

More experimental data and observations of forced convection boiling 

for a variety of liquid systems ere required to confirm the mechanisms of 

bubble growth and dynamics presented in this thesis. Investigation of the 

influence of bubble and fluid velocities on the microlayer thickness should 

be attempted, possibly by an adaptation of the system presented by LLOYD (43) 

for pool boiling, 

Direct observations and further measurement of nucleate boiling 

burnout in annular flow are required to verify the influence of the liquid 

film thickness on the critical heat flux and wall temperature. 1L 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 nucleation might occur. 

Two data points for stable film boiling in benzeneitoluene mixtures 

presented by BABOURST (a) suggest that an.extensive study of binary systems 
with their added variables arising from concentration changes, would yield 

valuable confirmatory data for nucleate boiling and burnout models. 
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APPENDIXES  

Experimental 

E.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. Each oil bath was well stirred and heated 

by a 0.5 kW immersion heater to maintain a temperature difference of about 

20°0 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 16-point recorder (described in Section 5.2) 

on the 0 - 1 mV range to an accuracy of ± 3i4V. 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°C - 140°C. A linear best fit line through these values, based 

on the suggested relationship of MAIITZOURLNIS (j) gave the following 

calibration curve 

tkE  - 0.03954 4.61 x 10 H4-TC) 	(E1.1) 
TH TC 

where TH = hot junction temperature, °
C. 

and 	T = cold junction temperature,
o
C. 

AE 	= 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- q°C. 

E1.1 Error in Estimate of Wall Temperature  

For TH TC = 20oC 

Error in estimate of TR  from calibration carve = ± 0.5°C (9 confidence) 

am'. error derived from temperature measurement at calibration =+ 0.1°C and 

therefore total error in temperature estimate = ± 0.600. 

A further error of + 0.25°C was introduced in the measuring system for the 

experimental wall temperatures by changing the range from 0 - 1mV to 0 - 5mV 

on the multi point recorder, Thus the experimental wall temperatures were 

accurate to + 0.85°C. 

E.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 oil in a vacuum flask as 

the hot junction. The oil bath was well stirred and a 0.5 kW heater, connected 

across a controller using a thermister as a temperature sensor, maintained 

the oil 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 

(0.0°C). The voltage generated by the two thermocouples were measured to 

+ 1r using a Pye Uhivereal Potentiometer. 

A linear best fit line using these measured values gave the 

following calibration curve. 

AZ = 0.1439 + 0.0339T + 0.0001T2  

The confidence limit for this equation at the 97.5% level is + 0.03°C, which 

with the error in the temperature measuremant of ± 1/20°C, gives the total 
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error in the temperature estimation using the calibbation as ± 0.0800. 

E.3 Heat Losses  

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 voltage generated by the pair of thermocouples was measured 

by a Rye Universal Potentiometer. A calibration for each pair of thermocouples 

was made by recording their thermal REF for a number of different measured 

heat loses. 

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 and the output from the four pairs of thermo- 

couples recorded. From the liquid temperatures and flowrate, the total heat 

loss was calculated and, assuming that this heat loss was evenly distributed 

along the length of the column, 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 II was obtained 

Tube Section 1  

Heat loss (W) .= 6.4 (AE) + 0.5 

Tube Section 9  

Heat loss (W) = 5.6 (AE) + 0.6 

Tube Section 10  

Heat loss (W) = 4.7 (SE) + 0.5 



Tube Section 13  

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

where 

AB = Thermal E.M.F. my. 
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APPENDIX E4 PHYSICAL PROPLITTR5 OF ISCEON 113 

1. Liquid Properties  

1.1 Surface Tension  o-L  

cr = 0• 023 ( 214.1 - T)1.2  L 	189.1 
T = deg.0 

Elm 

1.,2 Density  

10.3 	Temp. PL 

Kg/m3 	T°C 

1.621 	0.0 

1.554 	30.0 

1.450 	71.0 

1.359 	93.0 

J.3 ViscoqityAL  

103 	Temp. 

Ns/m2 	TOO 

0.497 48.2 

0.442 60.0 

0.395 71.1 

0.356 82.2 

0.322 93.3 

0.293 104.4 

0.268 115.6 

t.4 Thermal Conductivity  kL  

0.066 Iiiim°C 
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1.5_ Specific Heat  CPI, 

Cpl  = 980.4 j/Xg°C 

2. Vapour Properties 

2,,1 Density  

v 
Kgim3  

7,709 

10.743 

14.642 

Temp. 

ToC 

49.0 

60.0 

71.0 

2.2 Viscosit4  AA / V 

x 10 	Temp. 

Ns/m2 	T°C 

0.0101 15.6 

0.0103 26.7 

0.0106 37,8 

0.0108 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 

2.3  Thermal Conductivity  Icy  

Cpv  
kV = 4186.8i 	=";" 	U/M°C 

V 4186.8 
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2.4  Bpecific HeAtAt Constant Pressure PV 

Cpv  = 711.7 	J/Kg°C 

3.0 General Propertiaa 

Critical temperature = 214.1 °C. 

Molecular weight, MU = 187.52 

32.1 Latent MeatOf Evaporation 

ik = 2326 (70.67 - 0.1584T) .1,44 

T = °C 

3.2 Saturated Vapour Pressure 	Ps 

Ps 	133.32 exp (16.100398 - T 268607219
6  ) N/m2 

4- 236.  

T = sat. temperature, °C. 

1 bar = 105/f/m 
mmermnosinna......••••••• 
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gi5 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 measured impact pressure with the sampling rate are 

shown in Fig.E5.1 and E5.2 where the sampling rate at point B (Fig.E5.1) 

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 kB and BC (Fig.E5.1) are constant for 

all runs and to ascertain the possible error introduced by such an assumption. 

E.5.1 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 

Fig.E,5.3. 

The 'Ft test shows that the maximum estimated error variance is not 

significantly greater than the population variance at the 5g,  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 solely 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 E5.1 

0.01 	 0.02 
Sampling rate x •2 mI/s 

0.03 
1 

Entrainment Measurement  



D 	333/8 

A 	333/6 

•01 	-02 	-03 	•04 	05 	 •07 

k 
Sampling rate x •2 	ml/s 

FIG E52 ENTRAINMENT MEASUREMENTS  
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FIG E 5.3 	Gradient Line AB  
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E5.4 Gradient Line BC  
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TABLE 4.1,1 

irm MAID RESULTS FROM THE STATISTICAL ANALYSIS TO TEST THE CONSTANT GRADIENT 

HYPOTHESIS  

Test on Gradient AB 	Test on Gradient BC 

Mean Value of Gradient 

mm Hg. s./ml x5 	66 	4170 

Variance (0- ) 	255 (4) 	56.39 x 1e (9) 

Maximum Estimated Experimental 

Error Variance (4) 	1240 (4) 	1.63 x 104  (g) 
2 IT 

2 
2 'F' Test 	4.86 	34.3 

0-1 

Significance of 'F' Test 	0 NS, tra NS 	5% St  i$ S 

Confidence Limit + 	 17 	 460 

Confidence Limit + ggd% 	30 	 700 

Notes : Variance; 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 

DS = 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 ~o it is not considered necessary to take further readings in 

amplifica.tion of the conclusion of the constant gradient analysis. 

E. 5 .~~.t2f COl?-stant __ G-J.'D.d~_~llt t<?r.._Ljp.Jt.l?C 

Ten values for the gTadient of line BC were used to ana.lyse the 

hypothesis. The main results of the analysis are ShO'tVll in Table E 5.1 and 

the variation of these points with the corresponding estimated sampling rate, 

Ge, at the in+'ercept, H, is shown in Fig.E 5.4. 

The 'F' test shows that the population variance is significantly 

greater than the estimated error var.lan-ae at the 1% level which suggests 

the existence of a better correlation for the points than that proposed ~ 

The distribution of the points in Fig.E 5.4 shows that a better correlation 

may exist along the line B' Ct
, sho'WIl dashed, and the maximum deviation 

between this correlation and that of the constant gradiffilt hypothesis is ~~. 

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 G from + ff/o to + 4"~. e - - /" 

Hot-19ver, these entrainment measurements are made so that an estimate of the 

total entrainment cml be obt~ined 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 ana~sis indicatlllg the possibilit,y of a better 

correlation. 

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. Entrained 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 6.5. 
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Theoretical  

T 1 HAIITZOURAZW Film Thickness Analysis (L) 

Aantzouranis 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. 

A force balance on the liquid yields 

te. 2 dPT 	dP, 
W 	dz  RL dz  Rv  _ _cfr RL  + g (11., RL . 	(T 1.0 

and for the vapour core with entrained droplets 

dP dP dP dP 
4. 7, (T 1.2) 

dz 	dz 	dz 	dz 	• • 	• 

where (3 V = mean density of the vapour core, but in the use of this analysis 

was assumed equal to ? v. The accelerational pressure gradient developed 

in the liquid film is given by 

a dP L 	G 	
2 
 d In GL 	dRL) 

dz - mil R2 	
( 
` dz 	Ldz 

L L 

where m_ = 1 + (y1)0.59 assuming the universal velocity profile of Von 

Kerman to represent the conditions in the liquid film. 

The accelerational pressure gradients in the vapour core are, for 

the vapour stream 

dP 	G2 G aV _ 	 1--- (2-A (in - ‘ 1  21) - 2 dz  (ln ' \ G ) - A% 	- 2 	` dz ' 	V 	Rv  dz 	dz ` '71//  
RV e V 

and for the entrained liquid 

tae 	SU G 	 dR_ 	G U. .. 
__z_ALAII„rs .1 4- -g‘ina ) + 11-din s) -1-----4  - -222-- ( 1- Ge) dz 	Rv  `dz"4"-N1  dz` e' 	dz` 	' Rv  dz ' 	Rv  dz "'"- 

(T 1.5) 

. 	(T 1.3) 

(T 1.4) 
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8 is related to the impact pressure of the entrained droplets by the 

expression 0  
Gtr̀  	I  

PI - 2 ' 	+ot S K  xv) 	. 	(T 1.6) • • 	• 

RV eV 

where 

S = drop velocity / local vapour velocity 

cit.= constant depending on the be.Javicur of the drops in the vicinity of 

the probe which can have values between-'- and 2. 
Ge 

xV Gv  BV 

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 QeS> 1 	S =1 

for cg.S <1 	S = u(S 

Nantzouranis assumed that the Von Kerman velocity profile represents the 

condition in the liquid. Von Kerman recognised three velocity regions : 

Laminar sub-layer 0 < y4'< 5 ; u = yt • 9 	(T 1.7) 

buffer layer 	54( Yl.< 30; u = 5 In y+  - 3.05 	• 	(T 1.8) 

turbulent layer 30 < y+< 00  ; u+  = 2.3 In y+  + 5.5 • 	(T 1.9) 

where 
Y+  - 4u; Y  u = 	And  u* = 7;- 

1 	1 	
u* 	eL 

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

the mass flow 

*.r

2  
W= 

1 

UdA • • . 	(T 1.40j 

Converting equation(T1:10) to universal parameters and substituting u = f(y+) 



from equations (2 1.7), (T 1.8) and (2 1.9), gives on integration : 

laminar; 	4 = (y+2)2 3* Y2 
+)3 	

(T 1.11) 

2.5(4 	 am y )2 	4. Buffer; 	U+  = 537+  (ln y+  - 1,61) -- - 1.11) - 1;4?  e* 

Turbulent; 

(T 1.13) 

Use of these equations in conjunction with the force balances, 

enables an estimate of the film thickness, yi, to be obtained. 

184 

= 2,537(la y+  + 1.2) t 	2.5Y2  (la 
1.25(y+)2  

2 	a„,71-  - +  

(T 1.12) 
 

- 345 RO* 	..J 1 .7) Re  
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T.2 Sliding Velocity of Bubble 

The four forces acting in the system which will be considered in 

this analysis are shown in Fig.T 2.1. 

Viscous Drag Force on Hemispherical Bubble : 
)01 2 

-P- 	- u 	"'""-ITM • 

. 

• 

• 

• 

• 

. 

• 

• 

. 

(T 2.1) 

(T 2.2) 

(T 2.3) 

(T 2.4) 

(T 2.5) 

F 	(UL 	) 2  D 	b 	• 

where PEEBLES and GARBER (Z) show ti-at 

C 	V -22-  D 	Re 

for a bubble in uniform motion with 

L(UL 	Ub)  Be 	z  

2 if 	fAL 
for a hemispherical bubble. 

Therefore 

11 x 21/3 F
al. 

(UL 	ub) 	Rb D 	4 	FL 
Buoyancy force on hemispherical bubble : 

FB  = 	rr 	( 	 g 

inertial force on hemispherical bubble : 

2 f 	Rb 

FI = 	VIARb 	U b-5- Ueb  - ueb) 

where U may be considered uniform for y+ 30. 

Rate of Change of Momentum of Bubble 

FM 	ccilt ( eV rr4 Ub)  

Bubble Velocity 

• (4.31) 

• . 	(T 2.6) 

   

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) and (T 2.6) remain 

in equilibrium, so that 



FIG T2.1  

TU Lb 

IF 	I D FB 

   

 

FM  

 

Forces Acting On Sliding Bubble  
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, F14 + FI = FB + FD 	. 	. 	• 	. 	(T 2.7)  

Substituting the appropriate expressions for the forces into equation (T 2.7) 

and rearranging yields the following differential expression 

dUb 	 (2  C1T + ?L),.. 11 	x 21/3/AL  1  3 	 3  --aT + Ub  7-,, n 4, t"  )t < 	2 	. 	4 	2  , - (2  ,,,,, v  
T + e-P, x v- ‘V 	L 	 A 

( \ ULL,_ 2 (o • .... Qv) v+ _74711 x 21/3  11A LU2L ) (T 2.8) ` 2t ' 3 ` \ L ‘ 	' 	 • 	• 
A 

IThich integrates to give the following expression for Ub: 

3/A  U 
U = ( 	 .....At '1.1UL + 2 ( ?L ev,  gt  + li x2  21/ 	2 le, 	C ) + b 	 2k3ir  + () Li " 2K 	3 (K+1)1 	 K tK 4A 

• . 	(T 2.9) 

where C = constant of integration 

K   	(2  cV
2  L

).1. 11 x421/3   /AL ) (2 (3173+?L) 	 A2 

From data of Gunther at 10 f/s for water 

Rb  = 0.026 in 

t = x 10-4  B 

A = 0.0346 m/s.  

U = 10 ffs 

Ub  = 8 f/s 

?L >7  ?Ir 

K = 

and the expression for Ub  becomes 

Ub = U
"  
T + C 

 VI/ 

and. assuming 

(T 2.10) 

(T 2.11) 

. 	• 	 (T 2. 1 2 ) 

K of equation (T 2.10) can be reduced to 



For Gunther's data 

C = - 10-5  

108 

and U = 	- 16-5  b 	t3 
. 	• 	(T 2.13) 

Equation (T 2.13) shows that a bubble will accelerate rapidly 

during the Party  part of its growth but that its velocity will change only 

slowly as the bubble approaches its doTarture size. 
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Computational 

Block diagrams describing the computer programmes used to analyse 

the experimental data and theory are presented. 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 Al. 

The film thickness data (Table 7.2) was obtained using a technique similar 

to that presented by BACKORST (g). 

C.1 Analysis of E4perimental Data 

The programme calculates the appropriate values to test the Von 

GlPhn (C 1.3) 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 

coefficient using the Dittus-Boelter equation with the Guerrieri-'Palty 

correction factor. (Section 2.3) 

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

1=13 
QTOT = 	q. 

1 
i=1 

BF=qi/ A 	 . 

. 	= 	QT 	/ (TrepG) - 1 X1 	010 	T 

• • (C 1.1) 

• • • (C1.2) 

• • (C 1.3) 

. . (C 1.4) 

. 	(4.42) 

6 
T 	= T c 	W 	HT  kit  

C.2 Analysis of Bubble Growth Rate 

For solution of equation : 

U 	 

	

k,.(12 	T ) jit Rb 
R.  dr d 

21V X "1) 1°2  0 0 
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defining 

DFUN ( S20  - 21cL Rb 	2 2 
- Ts  v.- (0 r sin 4? 

1112) 	)2  
r COE51)Yl  

• 2.1) 

as derived from equation (4.36) on integration and substitution of equation 

(4.47) 

C. 2.1 Subroutine DUBINT  

To integrate a function in the form 

	

DFUN(X,Y) 	dY 	• 	• 	 • 	• 	(C 2.2) 

Y1 X1  Y1 X1 

Arguments used are : 

X2, XR, STMP, Yly Y2, YNR, DFUN 

where 

XR = number of intervals in range of X (even) 

YNR = number of intervals in range of Y (even) 

= integration subroutine C 2.2. 

C.2.2 Subroutine MP 

To integrate a function in the form 

	

DFUN(X,Y) dX 	 • 	• 	• 	• 	. 	(C 2.3) 
X2 

for a given value of Y. 

Arguments used are : 

Xl, X2, NR, Y, DIEM 

= number of Intel.•vals in range of X (even) 



KK= 2 	KK= 3 TEPTLtJ 

READ 
exp. data 

calculate T 
e 1E2.1 

WRITE 

QTOTW QUALITY QUALITY 
PsatTBP Psat T 

C'lf GT 	Gf 
TSzTB, 	TS=TL(I. 
GV  X 	Gv- XG 
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Cl Analysis Of Experimental Data  



GAMBILL t GUERRIERI-TALTY  • VON GLAHN, 

calculate 
physical 
constants 

1 Y 
VON GLAHN 
Chapter Two 

ti,' 
cab. to br length 

71 
hTp  eqn. 7.1 

h 
GT 



initi al estimat s 
,ARB  

WRITE 
HEADINGS 

ii.ot  

47AB ).00 

WRITE 
DATA 

calculate 
AB= (2RBliB)1/2  

calminte 
AP cat. 41 
TB am. 4.4 

call DUB! NT 

calculate 
RB 

ca cu a e 
t• ( RB/A) 

calcul ate 

calculate 
We 

C2 Analysis Of Bubble Growth 

set 
UL,ULIUB, 
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C2,1 	Subroutine 

0.01/470 
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C2.2 	'Subroutine  

• = QQ 

Erum 
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Run 
No. 

Gambill 
Heat Flux 

TABLE Al 	DATA FROM BURNOUT CORRELATIONS 

'f' x105 

Prediction 	, 
(W/m2) x 10-19  

Von Glaha Correlation 
X 	function 

10 12 13 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 0.79 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 
511 0.450 0.450 0.450 0.54 0.70 0.73 0.59 0.46 0.42 
312 0.451 0.450 0.450 0.58 0.74 0.77 0.59 0.46 0.42 
313 0.451 0.450 0.449 0.59 0.75 0.76 0.59 0.47 0.42 
211 0.417 0.447 0.446 0.44 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 0.48 0.66 0.70 0.60 0.47 0.42 
111 0.443 0.445 0.445 0.47 0.75 0.75 0.55 0.43 0.39 
112 0.444 0.445 0.445 0.44 0.7i 0.72 0.57 0.45 0.41 
113 0.443 0.443 0.443 0.44 0.74 0.74 0.55 0.43 0.39 

521 0.516 0.514 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 0.64 1.18 0.93 0.84 
421 0.519 0.518 0.517 0.49 0.57 0.60 1.19 0.94 0.85 
422 0.516 0.514 0.513 0.51 0.59 0.60 1.18 0.93 0.84 
423 0.519 0.517 0.517 0.53 0.60 0.62 1.18 0.93 0.83 
321 0.512 0.511 0.510 0.42 0.52 0.54 1.21 0.96 0.86 
322 0.513 0.512 0.511 0.42 0.53 0.54 1.21 0.96 0.86 
323 0.516 0.514 0.514 0.44 0.55 0.58 1.19 0.94 0.85 
221 0.506 0.505 0.505 0.36 0.50 0.50 1.21 0.96 0.86 
222 0.497 0.497 0.497 0.35 0.49. 0.51 1.16 0.91 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 1.15 0.91 0.82 
122 0.488 04489 0.489 0.29 0.45 0.45 1.15 0.91 0.82 
123 0.483 0.485 0.484 0.28 0.44 0.44 1.15 0.91 0.82 

431 0.569 0.568 0.568 0.42 0.47 0.49 1.83 1.44 1.30 
432 0.574 0.573 0.572 0.44 0.49 0.51 1.83 1.44 1.30 
433 0.576 0.574 0.573 0.45 0.50 0.52 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 0.560 0.36 0.44 0.44 1.85 1.46 1.32 
333 0.566 0.564 0.564 0.39 0.49 0.48 1.83 1.44 1.30 
231 0.545 0.541  0.544 0.32 0.42 0.43 1.78 1.41 1.27 
232 0.545 0.545 0.544 0.32 0.42 0.43 1.78 1.41 1.27 
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 0.35 0.35 1.74 1.37 1.23 
132 0.511 0.513 0.513 0.26 0.35 0.35 1:74 1:37 1:23 
133 0.512 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:- 

-6 
	142 	: nett heat input to each section. 

TW C : corrected tube wall temperature. 

TL 	°C 	: tube core temperature. 

PV 	
bars 	: core pressure calculated from Tr  

X 	 : quality at exit to each section. 

Ti 	: superheat required to initiate boiling. 

Tie 
	0

C 
	

: estimated superheat at each section obtained from the 

relationship 
q x y 

Tie = T- W 

where ye  = Irm (see experimental section) 

NU 	: used to inaicate nucleation 

If Tie  - Ti  is positive then Nu = +1 (nucleation), 

if Tie  - Ti  is negative then Nu = -1 (no nucleation). 

he10 liVm2 °C 	: Guerrieri-Talty estimate of heat transfer coefficient. 

hexp x10-4  brm
2 oC : calculated heat transfer coefficient from point data 

using the relationship 

h - - exp Tw--TL  

N.B. 

In some earlier runs TL (travelling thermocouple) was measured 

using the variable reference junction of T,. These values can be different-

iated from those 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. 
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Run No. 511 

Separator Pressure 1.858 bars 

	

Tube qx10-6  Tv  TT 	PV  
Section U/m2 	°C o- C bars 

Llx102 

Rds 

Inlet Temp. 49.7 °C _A 	-4 X Ti 	Tie  Nu hwz10-' h x10 
oc 	Tie 	.:/m2/oc mp/oc  

1 .0512 74.5 50.2 1.930 3.65 -.16 83.9 73.7 -1 ••• 

2 .0512 78.1 56.0 1.930 3.65 -.04 83.3 77.3 -1 
3 .0512 79.6 64.0 1.930 3.52 .036 82.5 78.8 -1 .071 .329 
4 .0512 81.5 67.6 1.930 3.32 .091 82.2 80.7 -1 .101 .367 
5 .0512 81.3 68.1 1.930 3.12 .147 82.1 80.5 -1 .119 .388 
6 .0512 81.3 68.3 1.930 2.91 .202 82.1 80.5 -1 .132 .392 
7 .0512 79.1 68.2 1.928 2.71 .258 82.1 78.3 -1 .141 .472 
8 .0512 78.1 68.2 1.924 2.51 .314 82.0 77.3 -1 .148 .514 
9 .0933 85.4 68.1 1.918 2.13 .416 81.9 84.0 +1 .156 .539 
10 .2615 103.0 67.7 1.897 1.09 .701 81.7 99.1 +1 .148 .740 
11 .0 70.2 67.4 1.879 1.09 .702 81.5 70.2 -1 .148 Vale 

12 .0 67.6 67.3 1.876 1.09 .703 81.4 67.6 -1 .148 
13 .0 67.3 67.2 1.873 1.09 .703 81.4 67.3 -1 .148 AIMS 

Run No. 512 

Section W/m2 	°C °C bars 

Tube qx10-6 Tw  TL  P 
Separator Pressure 1.888 bars 

V 

	Inlet Temp. 49.7 °C 

1 .0587 75.3 50.3 1.940 3.82 -.15 84.0 74.4 -1 0111/. 

2 .0587 78.8 58.1 1.940 3.82 -.02 83.2 78.0 -1 ONO 

3 .0587 80.2 65.3 1.940 3.63 .050 82.5 79.3 -1 .084 .392 
4 .0587 82.4 68.0 1.940 3.40 .111 82.3 81.5 -1 .112 .408 
5 .0587 82.6 68.4 1.940 3.17 .172 82.2 81.7 -1 .130 .413 
6 .0587 83.1 68.4 1.940 2.93 .232 82.2 82.2 +1 .142 .400 
7 .0587 79.9 68.4 1.940 2.70 .293 82.2 79.0 -1 .152 .511 
8 .0464 78.1 68.3 1.932 2.51 .342 82.1 77.4 -1 .157 .473 
9 .0464 81.5 68.3 1.931 2.33 .390 82.1 80.8 -1 .161 .350 
10 .2768 103.6 68.0 1.914 1.23 .678 81.9 99.4 +1 .156 .777 
11 .0 70.7 67.7 1.896 1.22 .680 81.7 70.7 -1 .156 
12 .0 67.9 67.6 1.895 1.22 .680 81.7 67.9 -1 .156 0•11. 

13 .0 67.8 67.5 1.889 1.22 .681 81.6 67.8 -1 .156 

WLx10
2 X Ti  

o 1%/s 

	

P. 	Nu hGT  x10-4  h x10
-4  

	

C 	w/m2/oc wp/oc  
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Run No. 513 

Separator PFespre 1.852 bars 
Tube qx10-6 	Tw 	TL 	PV  

	

SectionW/m2 °C 	°C 	bars 
W x102 X 

Inlet Temp. 49.7 °C 
-4 

Ti 	T.le 	Nu hGT  _x10 	h 
2 o °C 	°C 	W/m / C 

-4 x10 
exP2 o / C 

1 .0687 74.1 50.4 1.968 3.70 -.13 84.4 73,1 -1 .289 
2 .0687 78.8 60.2 1.968 3.66 .011 83.4 77.8 -1 .046 .369 
3 .0687 79.5 66.8 1.968 3.39 .085 82.7 78.4 -1 .099 .542 
4 .0687 81.9 68.0 1.968 3.12 .158 82.6 80.9 -1 .123 .493 
5 .0687 82.0 68.3 1.968 2.8c .231 82.6 81.0 -1 .139 .502 
6 .0687 81.3 68.5 1.968 2.57 .305 82.6 80.2 -1 .149 .535 
7 .0307 77.4 68.5 1.968 2.45 .338 82.'6 76.9 -1 .153 .345 
8 .0307 76.3 68.9 1.968 2.33 .371 82.5 75.8 -1 .155 .422 
9 .0307 77.2 68.6 1.947 2.20 .406 82.3 76.7 -1 .157 .356 
10 .2801 103.9 67.5 1.889 1.07 .710 81.6 99.7 +1 .149 .770 
11 .0 69.7 67.3 1.877 1.07 .711 81.4 69.7 -1 .149 
12 .0 67.5 67.3 1.877 1.07 .711 81.4 67.5 -1 .149 011110 

13 .0 67.2 67.2 1.873 1.07 .712 81.4 67.2 -1 .149 

Run No. 411  
Separator Pressure 1.870 bars 	Inlet Temp. 49.7 °C 

Tube 	qx10 -6 	Tw 	TV 
Section x6n2 	°C 	°C 

PV 
bars 

WT,  x102 X 

Eds 

T. 
°C 

T. ie 
°C 

-4 	-4 Nu hox10 	x10 
wim2/oc w m2/oc  

1 .0395 70.9 50.3 1.920 3.79 -.18 83.7 70.3 -1 .191 
2 .0395 74.9 53.5 1.920 3.79 -.10 83.4 74.3 -1 .184 
3 .0395 77.1 60.5 1.920 3.79 -.01 82.7 76.5 -1 .239 
4 .0395 79.2 65.7 1.920 3.65 .035 82.2 78.6 -1 .073 .293 
5 .0395 80.1 67.4 1.920 3.50 .077 82.0 79.5 -1 .097 .316 
6 .0395 79.8 67.9 1.920 3.34 .118 82.0 79.2 -1 .114 .332 
7 .0395 78.3 68.0 1.920 3.19 .159 82.0 77.7 -1 .126 .383 
8 .0395 77.8 68.1 1.920 3.03 .200 82.0 77.2 -1 .135 .406 
9 .0935 86.4 68.1 1.920 2.66 .298 82.0 85.0 +1 .151 .510 
10 .2825 106.7 67.9 1.908 1.54 .594 82.0 102.5 +1 .161 .727 
11 .0 70.5 67.6 1.894 1.53 .595 81.6 70.5 -1 .161 
12 .0 67.6 67.5 1.890 1.53 .595 81.6 67.6 -1 .161 
13 .0 67.3 67.4 1.883 1.53 .596 81.5 67.3 -1 .161 



200 TARJ.F.  A2 (cont.) 

Separator Pressure 1.853 

Tube qx10 -6 	Tw 	TL  
Section VT,/m2 	0C 	°C 

Run No. 412 

Inlet Temp. 49.5' 	°C 
-4 T .Tie 	Nu ha 	10-4hexux10  oc 	oc 	

Val /0C 	l'iimz/c1C 

bars 

PV  

bars 

WIFrO2  X 

Kg/s 

1 .0452 70.4 50.1 1.913 3.79 -.17 83.7 69.7 -1 SW* 

2 .0452 75.1 55.7 1.913 3.79 -.07 83.1 74.5 -1 

3 .0452 76.1 62.4 1.913 3.75 .012 82.4 75.4 -1 .047 .329 
4 .0452 78.8 66.8 1.913 3.57 .059 82.0 78.1 -1 .088 .376 

5 .0452 79.7 67.7 1.913 3.39 .106 81.9 79.1 -1 .109 .375 

6 .0452 78.1 67.9 1.913 3.21 .153 81.9 77.4 -1 .124 .445 
7 .0452 7743`68.0 1.913 3.03 .200 81.9 76.6 -1 .136 .485 
8 .0466 76.1 67.9 1.910 2.84 .249 81.8 75.4 -1 .144 .467 

9 .0466 78.6 67.8 1.906 2.66 .298 81.8 77.9 -1 .151 .433 
10 .3095 104.7 67.6 1.890 1.43 .622 81.6 100.0 +1 .160 .833 

11 .0 69.8 67.4 1.879 1.43 .623 81.5 69.8 -1 .160 
12 .0 68.1 67.3 1.876 1.43 .624 81.4 68.1 -1 .160 

13 .0 68.1 67.2 1.870 1.42 .624 81.4 68.1 -1 .160 MEP 

Separator Pressure 1.847 

Tube 	qx10
-6 
	TW 	TL 

Section W/m2 	oc 	oc 

Run No. 413 

Inlet Temp. 49.5 °C 

Ti 	Tie 	Nu hapx10
-4  h 	x10-4  

oC 	o
C 	li/m24/°C 	Tf m /°C 

bars 

PV 
bars 

WLx102 X 

Kg/s 

1 .0529 71.1 50.0 1.923 3.79 -.16 83.8 70.3 -1 oda Oft 

2 .0529 76.2 56.9 1.923 3.79 -.04 83.1 75.4 -1 •••• ••• 

3 .0529 76.8 63.9 1.923 3.66 .034 82.4 76.1 -1 .072 .408 

4 .0529 79.9 67.4 1.923 3.45 .089 82.1 79.1 -1 .103 .422 

5 .0529 80.8 67.9 1.923 3.24 .145 82.0 80.0 -1 .122 .411 
6 .0529 78.9 67.1 1.923 3.03 .200 82.0 78.1 -1 .135 .411 

7 .0307 75.8 68.1 1.923 2,91 .232 82.0 75.3 -1 .141 .400 
8 .0307 74.5 68.1 1.920 2.79 .264 82.0 74.1 -1 .147 .477 
9 .0307 76.6 68.0 1.913 2.66 .297 81.9 76.1 -1 .151 .357 
10 .3181 109.5 67.7 1.896 1.40 .630 81.7 104.7 +1 .159 .759 
11 .0 70.5 67.5 1.887 1.40 .631 81.6 70.5 .159 
12 .0 67.5 67.4 1.384 1.40 .631 81.5 67.5 -1 .159 
13 .0 67.3 67.4 1.883 1.40 .631 81.5 67.3 -1 .159 



Wx102 X Ti  
o 

Nds  
Nu h G I^ nx10 4  h x.10-4  

(T" 	
16-4/°C We/Pea 

Inlet Temp. 49.7 °0 
Tube 

Section Wim2  

Separator Pressure 1.858 bars 
qx10-6  Tw  

oC  0' 
PV  
bars 

201 A2 	(cont  a 
No. 311  Run 

1 .0279 68.2 50.2 1.889 3.79 -.20 83.3 67.8 -1 - 
2 .0279 73.1 51.3 1.889 3.79 -.14 83.2 72.7 -1 
3 .0279 75.2 58.0 1.889 3.79 -.08 82.6 74.7 -1 OM. ••• 

4 .0279 77.0 62.1 1.889 3.79 -.02 82.1 76.6 -1 
5 .0279 78.1 65.3 1.889 3.71 .020 81.8 77.6 -1 .858 .219 
6 .0279 78.3 67.0 1.889 3.60 .049 81.6 77.8 -1 .082 .248 
7 .0279 77.0 67.4 1.889 3.49 .047 81.6 76.6 -1 .098 .290 
8 .0279 76.0 67.5 1.889 3.38 .107 81.6 75.6 -1 .110 .327 
9 .0935 85.8 67.5 1.889 3.01 .204 81.6 84.4 +1 .136 .512 
10 .2610 105.8 67.5 1.888 1.98 .476 81.6 101.8 +1 .163 .632 
11 .0 70.8 67.3 1.877 1.98 .478 81.5 70.8 -1 .163 Ole 

12 .0 67.5 67.2 1.870 1.98 .478 81.4 67.5 -1 .163 
13 .0 67.3 67.2 1.870 1.98 .478 81.4 67.3 -1 .163 

Run No...31_2. 
Separator Pressure 1.857 bars 	Inlet Temp. 49.8 °C 

-6 Tube 	Tc10 
Section Wim2  

T 
oc  

T V oc  
P 
bars 

WLx102  

ICds oc  
TX.Tie VU hoix10-4  henx10-4  

oc 	W/m2e0 XimV°0 
1 .0318 69.4 50.3 1.929 3.79 -.20 83.9 68.9 -1 =PP 

2 (0318 73.4 52.0 1.929 3.79 -.13 83.7 72.9 -1 
3 .0318 76.1 58.8 1.929 3.79 -.06 83.0 75.6 -1 -- 
4 .0318 78.1 63.4 1.929 3.78 .003 82.6 77.7 -1 .026 .216 
5 .0318 79.2 66.7 1.929 3.65 .036 82.2 78.7 -1 .073 .254 
6 .0318 78.8 67.9 1.929 3.53 .069 82.1 78,3 -1 .094 .291 
7 .0318 77.2 68.1 1.929 3.40 .102 82.1 76.7 -1 .108 .352 

8 

.0464 77.3 68.2 1.929 3.22 .151 82.1 76.6 -1 .124 .515 

.0464 80.3 68.2 1.929 3.03 .199 82.1 79.5 -1 .135 .387 
10 .3130 111.8 68.1 1.922 1.79 .526 82.0 107.1 +1 .163 .716 
11 .0 71.0 68.0 1.915 1.79 .527 81.9 71.0 -1 .163 
12 .0 67.5 67.8 1.905 1.79 .528 81.8 67.5 -1 .163 OM. 

13 .0 67.3 67.7 1.897 1.78 .529 81.7 67.3 -1 .163 •1111• 



3.83 -.19 83.4 
3.83 -.11 83.1 
3.83 -.03 82.5 
3.73 .026 81.9 

3.58 .065 81.8 
3.43 .103 81.7 
3.31 	.135 81.7 

3.19 	.166 81.7 

3.07 .198 81.7 
1.77 .537 81.6 

1.77 .538 81.5 

1.77 	.538 81.5 

72.9 

74.1 

77.7 

79.0 
79.2 

79.0 

76.6 

75.9 

78.9 

107.0 

70.4 

67.2 

.065 

.092 

.109 

.120 

.129 

.136 

.164 

.164 

.164 
1.77 .539 81.4 66.8 -1 .164 

Run 1 co. 211 

202 TABLE A2 (cont.)  
Run No.  313  

	

Separator Pressure 1.841 bars 	Inlet Temp. 49.6 °C 
Tube qx10-6  T

Ii 
 Tv  Pv 	X 

Section U/m2 	°C °C bars 
1 .0372 73.4 50.2 1.898 

2 .0372 74.7 54.1 1.898 

3 .0372 78.3 60.2 1.898 
4 .0372 79.5 65.3 1.898 
5 .0372 79.8 67.1 1.898 
6 .0372 79.5 67.5 1.898 
7 .0307 77.1 67.6 1.898 

8 .0307 76.3 67.6 1.898 

9 .0307 79.3 67.7 1.898 
10 .3280 112.0 67.6 1.892 

	

11 .0 	70.5 67.4 1.879 

	

12 .0 	67.2 67.3 1.878 

	

13 .0 	66.8 67.2 1.872 

WLx102 
Kg/s 

.261 

.295 

.310 

.324 

.353 
0263 

.738 

WNW 

T. 	T'Tie  NU Nei() h x10 
C °C 	/612/°C vp/oG 

Inlet Temp. 49.6 °C Separator Pressure 1.864 bars 
Tube qx10-6  T T 	P 

/ 2 	 W 	V 
Section 	°C °C bars  

	

Wx102 X T. 	Tie 
K&/s 	o 	o 

	

C 	C 
Nu hGTx10-4  he  x10 
14/4°C 4/°C 

3.83 
3.83 
3.83 
3.83 
3.83 
3.83 
3.83 
3.79 
3.42 
2.41 
2.41 
2.40 
2.40 

1 .0163 64.6 50.2 
2 .0163 68.4 51.0 
3 .0163 69.6 53.6 
4 .0163 71.5 56.6 
5 .0163 72.8 59.0 
6 00163 73.8 61.4 

7 .0163 73.1 63.6 

8 .0163 72.8 65.2 

9 .0935 83.1 66.4 

10 .2576 102.6 67.1 

11 .0 	70.6 67.2 

12 .0 	67.4 67.1 

13 .0 	67.3 67.0  

1.869 

1.869 

1.869 

1.869 

1.869 

1.869 

1.869 

1.869 

1.869 

1.869 

1.869 

1.868 
1.861  

-.23 83.1 
-.19 83.0 
-.16 82.7 
-.12 82.4 
-.08 82.2 
-.05 81.9 
-.01 81.7 
.011 81.6 
.107 81.4 
.372 81.4 
.372 81.4 
.372 81.3 
.373 81.3  

64.4 -1 
68.1 -1 
69.3 -1 
710 

72.6 -1 
73.5 -1 
72.9 

72.6 

81.6 

98.7 

70.6 -1 
67.4 -1 
67.3 -1 

IMO 

RIM 	 eft 

mob 
	

SW& 

IMO 

.045 

.111 

.160 

.160 

.160 

.160 

.212 

.560 

.725 



TABLE A2  (cont.) 
	203 

Separator Pressure 1.869 
Tube 	qx10

2 	
TT, 	TV 

Section W/m 	o" 	V 
°C 

Run No. 212 

Inlet Temp. 49.8 °C 
Ti 	T. 	Nu hox10-4  h x10 exp 
°C 	°C C 	C 	W/m2/°0 	14/m /

0 
 C 

bars 

PV V 
bars 

WIx10
2 	X 

.Ti /s 
1 .0185 66.6 50.4 1.892 3.85 -.22 83.3 66.3 -1 
2 .0185 69.5 51.2 1.892 3.85 -.18 83.3 69.3 -1 
3 .0185 71.9 54.5 1.892 3.85 -.14 82.9 71.6 -1 
4 .0185 73.9 57.6 1.892 3.85 -.10 82.6 73.6 11•01 

5 .0185 75.7 60.4 1.892 3.85 -.06 82.3 75.4 -1 
6 .0185 76.4 63.1 1.892 3.85 ...02 82.1 76.2 -1 
7 .0185 75.8 65.1 1.892 3.82 .008 81.9 75.5 -1 .041 .172 
8 .0464 77.2 66.5 1*692 3.63 456 81.7 76.4 -1 .087 .435 
9 .0464 79.5 67.4 1.892 3.45 .103 31.7 78.8 -1 .110 .383 
10 .2861 107.1 67.6 1.892 2.32 .397 81.6 102.8 +1 .162 .723 
11 .0 70.8 67.6 1.892 2.32 .397 81.6 70.8 -1 .162 
12 .0 67.8 67.5 1.889 2.32 .397 81.6 67.8 -1 .162 
13 .0 67.4 67.5 1.886 2.32 .397 81.6 67.4 -1 .162 

Separator Pressure 
Tube 	qx10-6 	T U 

Section W/m2 	oC 

Run  No. 213  
1.869 bars 
 PV 	VTI,x10

2 	X Tv 
°C 	bars 	Is 

Inlet 
Ti  
oC C 

Temp. 49.8 °C 
T. 	-4 	-4 Nu 	hGTx10 	h 	x10 

Icy/m2/°C 	/17/°c 

1 .0216 67.7 50.4 1.888 3.85 -.22 83.3 67.3 -1 - 
2 .0216 70.6 51.2 1.888 3.85 -.17 83.2 70.3 -1 11•111 

3 .0216 73.6 55.7 1.883 3.85 -.12 82.8 73.3 -1 IRO MM. 

4 .0216 75.8 59.3 1.888 3.85 -.08 82.4 75.5 -1 
5 .0216 77.9 62.4 1.883 3.85 -.03 82.1 77.6 -1 most 

6 .0216 78.1 65.3 1.888 3.82 .009 81.8 77.7 -1 .042 .170 
7 .0309 77.4 66.7 1.888 3.69 .040 81.7 76.9 -1 .077 .289 
8 .0309 76.0 67.3 1.888 3.57 .072 81.6 75.5 -1 .096 .355 
9 .0309 76.9 67.4 1.888 3.45 .104 81.6 76.4 -1 .110 .327 
10 .3023 108.4 67.5 1.888 2.26 .414 81.6 103.8 41 .163 .739 
11 .0 70.3 67.5 1.888 2.26 .414 81.6 70.3 -1 .163 
12 .0 67.7 67.4 1.884 2.26 .414 81.5 67.7 -1 .163 
13 .0 67.5 67.4 1.879 2.25 .414 81.5 67.5 -1 .163 



TAMA A2  (cont.), 	 204 

Separator Pressure 14909 

Tu
be 	qx10-6TW TV  

Section wila2 	-C 	°C 

Run No. 111 

Kds
o 

X 

Inlet Temp. 50.1 °C 

Nu hGT  _x10”
4  h 	x10 4 TiT 	Tie 

C- 	C 	W/112/°C 	W7: /°C 

bars 

P 

bars 

W x102 

1 .0044 60.8 50.9 1.920 3.55 -.25 83.7 60.8 -1 
2. .0044 67.8 51.0 1.920 3.55 -.24 83.7 67.7 -1 •••• 
3 .0014 70.7 51.5 1.920 3.55 -.23 83.6 70.6 -1 
4 .0044 72.6 51.9 1.920 3.55 -.22 83.6 72.5 -1 ENO 1111•• 

5 .0044 71.1 52.3 1.920 3.55 -.21 83.5 71.1 -1 
6 .004/! 69.0 52.5 1.920 3.1).5 -.20 83.5 68.9 -1 
7 .0044 67.8 53.0 1,920 3.55 -.19 83.5 67.7 -1 
8 .0044 67.8 53.9 1.920 3.55 -.18 83.4 67.7 -1 
9 .0935 81.4 55.2 1.920 3.49 .017 83.3 80.0 -1 .053 .356 
10 .3418 118.2 67.2 1.920 2.14 .397 82.1 113.0 +1 .152 .670 
11 .0 71.3 68.1 1.920 2.14 .397 82.0 71.3 -1 .152 
12 .0 68.2 67.9 2.908 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 .152 ONO 

Run No. 112 

Separator Pressure 1.904 bars 

Tube 	qx10-6 	T 	T 	P W 	V 	V 
Section V/1112 	°C 	00 	bars 

	

1 	.0052 	62.0 50.7 	1.910 

	

2 	.0052 	68.0 50.9 	1.910 

	

3 	.0052 	70.1 51.4 	1.910 

	

4 	.0052 	69.7 51.9 	1.910 

	

5 	.0052 	69.1 52.5 	1.910 

	

6 	.0052 	69.1 53.3 	1.910 

	

7 	.0052 	68.8 54.0 	1.910 

	

8 	.0464 	75.8 55.0 	1.910 

	

9 	.0464 	79.4 62.5 	1.910 

	

10 	.3222 116.6 67.3 	1.910 

	

11 	.0 	71.1 67.9 	1.910 

	

12 	.0 	68.0 67.8 	1.902 

	

13 	.0 	67.6 67.7 	1.900 

Wx102 

3.69 

3.69 

3.69 

3.69 

3.69 

3.69 

3.69 

3.69 

3.65 
2.38 

2,38 

2.37 

2.37 

Inlet Temp. 50.0 °C 
-4 X 	T. 	T. 	Nu 	h _x10 	h 	x10 4  ie 	GT of 	Oc 	wm2/0c  0/0c  

	

OSIM 	 =41 -.25 83.6 	61.9 	-1 
-.24 83.5 	67.9 	-1 
-.23 83.5 	70.0 	-1 
-.22 83.4 	69.7 	-1 
-.21 83.4 	69.0 	-1 

ONO -.19 83.3 	69.0 	-1 
-.18 83.2 	68.7 	-1 

MIA -.08 83.1 	75.1 	-1 
.012 82.4 	68.7 	-1 	.047 	.275 
.357 81.9 111.9 	+1 	.154 	.654 

Ole .357 81.8 	71.1 	-1 	.154 
.357 81.8 	68.0 	-1 	.154 
.358 81.7 	67.6 	-1 	.154 



205 IMIA-..4111221ILL/ 
Run No. 113  

Separatbr Pressure 1.914 bars 	Inlet Temp. 50.2 °C 
Tube qx10-6  TW o 

TV 	PV Tie  W x102 X Ti 	T 	Nu h rx10 h x10°4  
/ 	o Section Wm 	C 	C bars 	Kg/s 	oc,  oc 	td/m2/°C wim  1oc  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

.0061 

.0061 

.0061 

.0061 

.0061 

.0061 

.0309 

.0309 

.0309 

.3102 

.0 

.0 

.0 

64.0 
70.8 
73.8 
71.9 
70.5 
71.0 
77.8 
77.0 
77.3 
114.3 
71.1 
68.3 
68.0 

50.8 
50.2 
51.7 
52.1 
52.9 
53.8 
54.7 
59.6 
64.2 
67.6 
68.0 
67.9 
67.7 

1.913 
1.913 
1.913 
1.913 
1.913 
1.913 
1.913 
1.913 
1.913 
1.913 
1.913 
1.907 
1.901 

3.55 
3.55 
3.55 
3.55 
3.55 
3.5 
3.55 
3.55 
3.49 
2.26 
2.26 
2.26 
2.26 

-.25 
-.23 
-.22 
-.21 
-.18 
-.18 
-.10 
-.03 
.019 
.364 
.364 
.364 
.365 

83.6 
83.6 
83.5 
83.5 
83.5 
83.3 
83.2 
82.7 
82.3 
81.9 
81.9 
81.8 
81.7 

63.9 
70.7 
73.7 
71.8 
70.4 
70.9 
77.3 
76.6 
76.9 
109.6 
71.1 
68.3 
68.0 

-1 

-1 
-1 
-1 
-1 
-1 
-1 
-1 
+1 
-1 
-1 
-1 

MO 

.054 

.150 

.150 

.150 

.150 

00 

Oa 

ONO 

OOP 

OW 

.235 

.664 
MO 

Run No. 521  

Separator Pressure 1.864 bars 	Inlet Temp. 49.7 °C 
Tube 	qx10-6 

Section W/m2  
T W 
°C 

T V 
°C 

P V 
bars 

W121°  
Kg/s 

XT' llie oc  00 Nu  hGTxi° 
W/m2,/°C 

h 	x10-4  
UP/°C 

1 .1035 81.1 50.4 2.010 7.59 -.18 84.9 79.6 -1 
2 .1035 84.3 56.3 2.010 7.59 -.07 84.3 82.7 -1 
3 .1035 84.6 64.8 2.010 7.42 .021 83.5 83.1 -1 .104 .521 
4 .1035 87.2 68.9 2.010 7.01 .075 83.1 85.6 +1 .168 .568 
5 .1035 87.3 69.7 2.010 6.60 .130 83.1 85.9 41 .204 .589 
6 .1035 86.1 69.4 1.992 6.18 .186 82.8 84.5 +1 .230 .619 
7 .1035 84.1 69.2 1.983 5.76 .241 82.7 82.5 -1 .249 .695 
8 .1035 82.1 68.9 1.968 5.33 .297 82.5 80.5 -1 .263 .788 
9 .1876 92.7 68.6 1.946 4.57 .397 82.3 89.8 +1 .278 .779 
10 .1800 110.1 68.2 1.929 3.85 .493 82.1 107.4 +1 .284 .430 
11 .0 70.1 67.9 1.908 3.83 .495 81.8 70.1 -1 .284 
12 .0 67.9 67.6 1.894 3.82 .496 81.7 67.9 -1 .284 
13 .0 67.4 67.3 1.875 3.80 .498 81.4 67.4 -1 .285 



206 
TABLE A2 (cont.)  
Run No.  522  

Separator Pressure 1.845 baps 	Inlet Temp. 49.8 oC 
Tube 	qx10-6  

Section W/m2  00 TI!
TV 
°C 

PV 
bars 

W x102 X 
Kr:is  

Ti  
oc  

Tie  
oC 

-4 	-4 NU h ..x10 	h 	x10 - CT 
11/M2/°C WM PC 

1 .1181 79.8 50.3 1.997 7.35 -.15 84.6 78.0 -1 
2 .1181 83.9 57.4 1.997 7.35 -.02 84.0 82.2 -1 . 	- ONO 

3 .1181 84.2 65.9 1.997 6.97 .052 83.2 82.4 -1 .143 .648 
4 .1181 87.1 68.9 1.997 6.50 .116 82.9 85.3 +1 .192 .648 
5 .1181 89.1 69.4 1.997 6.03 .180 82.9 87.3 +1 .222 .601 
6 .1181 88,8 69.4 1.996 5.56 .244 82.9 87.0-11 .243 .610 
7 .1181 86.0 69.1 1.978 5.08 .309 82.7 84.2 +1 .259 .702 
8  .0935 83.1 68.9 1.968 4.70 .361 82.5 81.7 -1 .267 .658 
9 .0935 86.4 68.6 1.950 4.31 .413 82.3 85.0 +1 .273 .526 
10 .2247 111.4 68.2 1.929 3.41 .536 82.1 108.0 +1 .277 .521 
11 .0 70.2 67.8 1:905 3.39 .539 81.8 70.2 -1 .277 ••• 

12 .0 67.5 67.9 1.892 3.38 .540 61.6 67.5 -1 .277 IMO 

13 .0 67.2 67.4 1.882 3.37 .541 81.5 67.2 -1 .277 
Run No. 525  

Separator Pressure 1.829 bars 
Tube qx10-6  Tw  Tv PV 

Section W/m2 	oc  oc bars  

Inlet Temp. 49.6 °C 
-4 	-4 X 

 Ti 
T. Nu hmx10 h x10 

oc 	Tie 	Vm2/°6 W72,/°C 

W x102 

Kils 
1 .1377 81.1 50.3 2.002 7.62 -.14 84.8 78.9 -1 
2 .1377 85.0 59.2 2.002 7.60 .005 84.0 82.9 -1 .045 .533 
3 .1377 84.6 67.6; 2.002 7.05 .074 83.1 82.5 -1 .168 .812 
4 .1377 87.9 69.5 2.002 6.50 .146 83.0 85.9 +1 .213 .747 
5 ,1377 91.6 69.5 2.002 5.96 .218 82.9 89.5 +1 .242 .624 
6 .1377 89.5 69.3 1.987 5.40 .291 82.8 87.4 +1 .262 .681 
7 .0621 -8949 69.0 1.972 5.14 .325 82.6 80.0 -1 .269 .523 
8 .0621 79.9 68.8 1.960 4.88 .359 82.4 78.9 -1 .275 .558 
9 .0621 82.5 68.5 1.945 4.63 .393 82.3 81.5 -1 .279 .446 
10 .2552 112.8 68.0 1.916 3.59 .528 81.9 109.0 +1 .285 .569 
11.  .0 70.4 67.6 1.893 3.58 .531 81.4 70.4 -1 .285 
12 .0 67.2 67.3 1.877 3.56 .532 81.5 67.2 -1 .285 
13 .0 66.8 67.1 1.866 3.55 .533 81.3 66.8 -1 .285 
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Run No. 421  

Separator Pressure 1.946 bars 	Inlet Temp. 50.1 °C 

Tube 	qx10-6  
Section ?-d/m2  

Tel 
°C 

TL PV 
bars 

W x102 	X 

Kde 

Ti 
°C 

T.le  
°C 

Nu haTx10"4  he 	x10 
W/m2/°C 	w 2/°C 

1 .0788 81.9 2.058 7.69 -.21 79.6 +1 

2 .0788 86.1 2.058 7.69 -.13 84.9 +1 

3 .0788 86.5 2.058 7.69 -.04 85.3 +1 

4 .0788 86.2 2.058 7.55 .019 85.0 +1 .105 
5 .0788 89.5 2.058 7.27 .059 88.3 +1 .165 
6 .0788 88.3 70.50 2.058 6.92 .100 76.2 87.1 +1 .188 .443 
7 .0788 84.9 70.35 2.049 6.60 .142 76.1 83.7 +1 .213 .540 

8  .0788 83.4 70.25 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 74.8 67.7 -1 .283 MOO 

Separator Pressure 1.941 
Run No. 422 

Inlet Temp. 50.2 °C bars 

Tube 	qx106  Ted  TL  PV WLx10
2 

X Ti  Tie 
-4 	-4 Nu h GT  _x10 	hexpx10 

Section W/m2  °c oc bars oC  0
c W/m2/°C wim2/oc  

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 7.59 -.09 84.3 82.1 -1 .323 
3 .0910 83.9 63.3 1.996 7.55 .005 83.5 82.5 -1 	.057 .442 
4 .0910 86.0 68.0 1.996 7.19 .052 83.0 84.6 +1 	.147 .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 
7 .0910 83.0 69.2 1.984 6.10 .197 82.7 81.6 -1 	.234 .659 
8 .0935 81.6 69.0 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 	.263 .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 4WD 

12 .0 67.8 67.7 i.901 4.14 .454 81.7 67.8 -1 	.283 =ID 

13 .0 67.3 67.5 1.886 4.13 .456 81.6 67.3 -1 	.283 



TABLE 12 (cont.)  

Run ho. 423  

Separator Pressure 1.952 bars 	Inlet Temp. 50.5 00 
Tube 	qx10-6  

Section Wm2  
Tw  
00 

TL  
°C 

PV  
bars 

WLx102  X 

Kds 

Ti 
00 

Tie  
oc 

-4 	-4 Nu hax10 	he  x10 
td/m2/°C 14A2/0c 

1 .1057 83.0 - 2.071 7.59 -.17 - 81.4 -1 - 	- 

2 .1057 87.4 - 2.071 7.59 -.06 - 85.8 -1 - 
3 .1057 85.9 - 2.071 7.42 .023 - 86.1 -1 .113 
4 .1057 87.7 - 2.071 6.99 .078 - 86.1 -1 .181 - 
5 .1057 89.9 - 2.071 6.57 .134 - 88.3 -1 .220 - 
6 .1057 88.4 70.70 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 .0623 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 69.70 2.013 4.10 .460 83.1 120.7 +1 .283 .571 
11 .0 71.1 69.20 1.981 4.07 .463 82.7 71.1 -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 .283 - 

Rnn No. 321  

Separator Pressure 1.853 bars 	Inlet Temp. 49.5 °C 
Tube 	qx10-6 	Tw  

Section W/m2 	oc 
TL  
°C 

PV 
bars 

WLx10
2 X 

i 	s 
Ti  00  

T. le 00  
Nu hoTx10-4 hexp  x10 w/m2/oc  

1 .0559 73.1 50.0 1.946 7.81 -.22 84.1 72.2 -1 .243 
2 .0559 78.9 51.6 1.946 7.81 -.16 83.9 78.0 -1 .205 
3 .0559 75.6 55.7 1.946 7.81 -.10 83.5 74.8 -1 .281 
4 .0559 82.2 61.5 1.946 7.81 -.04 83.0 81.3 -1 .271 
5 .0559 83.1 65.5 1.946 7.76 .007 82.6 82.3 -1 .069 .317 
6 .0559 83.0 67.8 1.946 7.54 .036 82.3 82.2 -1 .130 .368 
7 .0559 80.4 68.4 1.946 7.31 .064 82.3 79.5 -1 .162 .468 
8 .0559 80.4 68.5 1.946 7.09 .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 .694 
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 .279 
13 .0 67.2 67.4 1.882 5.12 .345 81.5 67.2 -1 .279 
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Run No. 322  

Separator Pressure 1.863 bars 	Inlet Temp. 49.8 °C 
Tube 	qx10-6 	TW 	TL 

Section U/m2 	°C 	°C 	 bare 
WLx10

2 X 

1Cds 
T. i 
°C 

T. le 
°C 

	

-4 	-4 Nu hGTx10 	he 	x10 

	

1,42/oc 	w m2/oc  

1 .0641 74.3 50.3 1.972 7.81 -.21 84.4 73.3 -1 .267 
2 .0641 79.9 52.1 1.972 7.81 -.14 84.2 78.9 -1 .231 
3 .0641 81.7 58.1 1.972 7.81 -.08 83.7 80.7 -1 .272 
4 .0641 83.0 63.5 1.972 7.81 -.01 83.1 82.0 -1 .329 
5 .0641 83.6 67.3 1.972 7.60 .027 82.6 82.6 -1 .116 .393 
6 .0641 83.8 68.8 1.972 7.35 .059 82.6 82.8 +1 .157 .427 
7 .0641 81.1 69.0 1.972 7.10 .092 82.6 80.1 -1 .185 .532 
8 .0937 82.3 68.9 1.969 6.72 .140 82.5 80.9 -1 .215 .702 
9 .0937 82.6 68.9 1.964 6.35 .188 82.5 81.2 -1 .237 .682 
10 .3066 112.6 68.6 1.946 5.12 .345 82.3 107.9 +1 .278 .696 
11 .0 70.8 68.2 1.924 5.10 .348 82.0 70.8 -1 .279 
12 .0 67.9 67.9 1.910 5.08 .349 81.8 67.9 -1 .279 
13 .0 67.5 67.7 1.897 5.07 .351 81.7 67.5 -1 .280 

Separator Pressure 1.936 

Tube 	qx106 
	T. 	TL  

Section W/m2 	Oc 	°C 

Run No. 323 
Inlet Temp. 50.0 °C 
T. 	T. 	Nu hax10 ie oc 	oc 	wini2/oc  

 -4 h 	x10 
w m2ifoc  

bars 

PV  
bars 

WLx102 
	X 

Kg/s 
1 .0737 81.4 - 2.041 7.70 -.21 80.3 -1 
2 .0737 85.3 - 2.041 7.70 -.13 84.1 -1 
3 .0737 96.3 - 2.041 7.70 -.06 85.2 -1 
4 .;0737 86.5 - 2.041 7.63 .009 85.4 -1 .079 
5 .0737 88.6 - 2.041 7.34 .047 - 87.5 -1 .151 
6 .0737 37.4 70.20 2.041 7.04 .085 83.4 86.2 +1 .178 .430 
7 .0621 83.3 70.20 2.040 6.79 .115 83.4 82.3 -1 .200 .474 
8 .0621 82.1 70.10 2.034 6.54 .150 83.3 81.2 -1 .217 .517 
9 .0621 85.8 69.90 2.023 6.29 .184 83.2 84.9 +1 .232 .390 
10 .3418 122.7 69.60 2.008 4.92 .362 83.0 117.5 +1 .277 .645 
11 .0 70.8 69,00 1.973 4.89 .365 82.6 70.9 -1 .278 1=11 

12 .0 67.3 68.75 1.958 4.88 .367 82.4 67.3 -1 .278 ••• 

13 .0 66.9 68.55 1.945 4.86 .368 82.3 66.9 -1 .278 010 
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Run No. 221  

Separator Pressure 1.936 bars 	Inlet Temp. 50.0 °C 

Tube 	qx1076 	Tw  

Section tim2 	°C 

TL 
°C 

PV 
bars 

WLx10
2 X 

Ees 

Ti  
°C 

Tie  
°C 

-4 
Nu hGTx10 win2,/oc 

-4 
x10 

m2/°C 

1 .0327 73.6 - 1.989 7.59 -.24 - 73.1 -1 - 

2 .0327 77.6 - 1.989 7.59 -.21 - 77.1 -1 IMO 

3 .0327 77.9 - 1.989 7.59 -.17 .. 77.4 -1 ,1110 

4 .0327 79.0 .- 1.969 7.59 -.14 - 78.5 -1 - - 

5 .0327 79.8 - 1.989  7.59 -.10 - 79.3 -1 ••• 

.6 .0327 79.6 - 1.989 7.59 -.07 - 79.1 -1 - - 

7 .0327 79.1 - 1.989 7.59 -.03 - 78.6 -1 - .. 

8 .0327 77.9 .- 1.989 7.59 .000 - 77.4 -1 .021 

9 .1878 95.2 69.00 1.989 6.84 .098 82.8 92.4 +1 .186 .716 

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 71.3 -1 .260 
12 .0 68.0 68.70 1.953 5.41 .287 82.4 68.0 -1 .261 ••• 

13 .0 67.9 68.55 1.947 5.41 .287 82.3 67.9 -1 .261 - 

Run No. 222  

Separator Pressure 1.847 bars 	Inlet Temp. 49.6 °C 

Tube qx10-6  TW TL PV 	Wix102 X Ti 	Tie  Nu hGTx107  hexpx10-4  

Section TA/m2 	°C °c bars 	Kds 	°C 	BC C 	C 	wim2/oc W/m2/°C 

1 .0372 72.3 50.1 1.915 7.46 -.25 83.7 71.8 -1 .167 

2 .0372 76.5 51.0 1.915 7.46 -.19 83.6 76.0 -1 .145 

3 .0372 78.9 52.7 1.915 7.46 -.15 83.4 78.4 -1 .142 
4 .0372 79.9 55.0 1.915 7.46 -.11 83.2 79.3 -1 
5 .0372 81.6 59.0 1.915 7.46 -.06 82.8 81.0 -1 
6 .0372 81.3 62.4 1.915 7.46 -.02 82.5 80.8 -1 .196 
7 .0372 79.2 65.4 1.915 7.40 .009 82.2 78.7 -1 .072 .270 
8 .0935 80.4 67.3 1.915 7.03 .058 82.0 79.0 -1 .151 .715 
9 .0935 85.3 68.0 1.915 6.66 .108 81.9 83.9 +1 .189 .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 .0 67.5 67.5 1.888 5.49 .265 81.6 67.5 -1 .253 
13 .0 67.1 67.7 1.897 5.49 .264 81.7 67.1 -1 .252 INN 
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Run No. 223  

Separator Pressure 1.936 bars 	Inlet Temp. 50.0°C 

Tube 	qx10-6 	T%f 

section Wim2 	°C 0C 
TL PIT 

bars 

WLx102  X 

Keis 

T i 
°C 

i Tie oc 
Nu hGTx10-4 hexpx113-4 

4•T/m2/°Cm2/oc 	vill2/0 c  

1 .0440 76.3 - 1.996 7.57 -.23 - 	75.6 -1 ••• 

2 .0440 82.3 - 1.996  7.57  -.19  - 	81.7 -1 - 1••• 

3 .0440 84.0 - 1.996 7.57 -.14 - 83.4 -1 - 1•1•1. 

4 .0940  	90.1 - 1.996 7.57 -.09 - 89.5 -1 - 

5 .0440 87.4 - 1.996 7.57 -.04 - 86.7 -1 - - 

6 .0440 84.7 - 1.996 7.56 .001 - 84.0 -1 .031 - 

7 .0623 82.3 69.15 1.996 7.32 .034 82.9 81.4 -1 .123 .474 
8 .0623 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 .185 .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 .0 67.2 68.75 1.956 5.45 .281 82.4 67.2 -1 .259 •••• 

13 .0 66.9 68.55 1.946 5.44 .282 82.3 66.9 -1 .259 

Separator Pressure 1.930 

Tube 	qx10-6 	TW 	TL 
Section Wrm2 	oC 	°C 

Run No. 121 

X 

Inlet 

Ti 

°C 

Temp. 51.0 °C 

T.ie 	Nu hGTx10 	he,,x10-4  

°C 	W/m2/°C 	W7M2/°C 

bars 

PV 
bars 

WLx10
2 

Kg/s 

1 .0854 63.0 - 1.957 7.45 -.25 - 62.9 -1 - WOO 

2 .0854 68.1 - 1.957 7.45 -.24 - 68.0 -1 - - 

3 .0854 69.3 - 1.957 7.45 -.23 - 69.2 -1 - - 

4 .0854 70.5 - 1.957 7.45 -.22 - 70.3 -1 

5 .0854 71.6 - 1.957 7.45 -.21 - 71.4 -1 - - 

6 .0854 72.8 - 1.957 7.45 -.20 - 72.6 -1 - - 

7 .0854 73.1 - 1.957 7.45 -.19 - 72.9 -1 - - 

8 .0854 73.7 - 1.957 7.45 -.18 - 73.6 -1 - - 

9 .1878 92.4 57.25 1.957 7.37 .011 83.5 89.5 +1 .080 .535 

10 .3600 129.2 67.80 1.957 5.94 .202 82.5 123.8 +1 .234 .586 

11 .0 71.4 68.75 1.957 5.94 .202 82.4 71.4 -1 .233 IMO 

12 .0 67.8 68.55 1.946 5.93 .204 82.4 67.8 -1 .234 
13 .0 67.5 68.40 1.938 5.93 .204 82.3 67.5 -1 .234 IND 
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Run No. 122 

Separator Pressure 1.927 bars 
Tube 	qx10 6 	TW TL 	PV 

Section Whn2 	oC 	bars 

	

1 	.0098 	64.9 	1.948 

	

2 	.0098 	70.8 	1.948 

	

3 	.0098 	72.1 	1.948 

	

4 	.0098 	73.8 	1.948 

	

5 	.0098 	74,7 	1.948 

	

6 	.0098 	75.4 	1.948 

	

7 	.0098 	75.4 	1.948 

	

8 	.0937 	82.4 	1.948 

	

9 	.0937 	86.5 	63.90 1.948 

	

10 	.3600 	130.6 	68.20 1.948 

	

11 	.0 	71.5 	68.60 1.948 

	

12 	.0 	67.4 	68.50 1.942 

	

13 	.0 	67.1 68.35 1.933 

W17.102 

Kds 
7.45 
7.45 
7.45 
7.45 
7.45 
7.45 
7.45 
7.45 
7.37 
5.94 
5.94 
5.94 
5.93 

X 

-.25 
-.24 
-.23 
-.22 
-.20 
-.19 
-.13 
-.08 
.011 
.203 
.203 
.203 
.204 

Inlet Tepp. 

le 
oC 

64.8 
OW 70.7 

72.0 
- 	73.7 
alb 74.6 

75.2 
- 75.2 

81.0 

	

82.8 	85.1 
82.4 125.2 

	

82.3 	71.5 

	

82.2 	67.4 

	

82.1 	67.1 

Ti 	T.NuhaTx10 
50.9 °C 

W/m2/°C 
-1 
-1 
-1 

••• -1 
-1 

IMO -1 
-1 
+1 	.080 
+1 	.234 
-1 	.233 
-1 	.234 
-1 	.234 

-4 h 	x10 exp 
W/m2/°C 

Im•mme 

••• 

*OS 

.00 

.415 

.577 
41.11D 

Run No. 122 
Separator Pressure 1.930 bars 
Tube 	gx10-6 	T 	TL 	PV  

Section 
	o 	V 

Section W/m2 	°C 	C 	bars 

	

1 	.0116 	66.7 	1.935 
•••• 

	

2 	.0116 	73.0 	1.935 
IMO 

	

3 	.0116 	74.4 	1.935 

	

4 	.0116 	73.9 	1.935 
ANN. 

	

5 	.0116 	74.4 	1.955 
4•1* 

	

6 	.0116 	76.0 	1.935 
lea 

	

7 	.0623 	83.4 	1.935 

	

8 	.0623 	81.4 	1.935 

	

9 	.0623 	83.2 	64.90 1.935 

	

10 	.3293 	123.7 	67.851,935 

	

11 	.0 	70.8 	68.20 1.935 

	

12 	.0 	67.5 68.35 1.935 

	

13 	.0 	67.4 68.30 1.932 

W x102 	X 
8 

7.45 	-.26 
7.45 	-.24 
7.45 	-.23 
7.45 	-.22 
7.45 	-.20 
7.45 	-.19 
7.45 	-.12 
7.45 
7.40 	.007 
6.10 	.182 
6.10 	.182 
6.10 	.182 
6.09 	.182 

Inlet Temp. 50.0 00 

	

Ti 	Tie 	Nu h 	-4  rx10-4  h 	x10 

	

°C 	°C
L

. 	W/m2/°C 	/°C 
••• 	 IMP 

	

66.5 	-1 

	

72.8 	-1 

	

74.2 	-1 
MO. 

	

73.7 	-1 
Mal 	 ems 	 •••• 

	

74.2 	-1 

	

75.8 	-1 

	

82.4 	-1 

	

80.4 	-1 

	

82.5 	82.2 	-1 	.066 	.341 

	

82.2 118.7 	+1 	.226 	.590 
82.2 	70.8 	-1 	.226 

	

82.1 	67.5 	-1 	••• .226 

	

82.1 	67.4 	-1 	.226 



213 TABLE B2 (coat.1 
Run No. 431  

Separator Pressure 14943 bars 
W x102 

Kds 

Inlet Temp. 46.7 0C 
.  X 	T 	Nu ha,x10-4  h x10-4  

exP 0 	Tie
c 	N/m2/°c vim /°C 

Tube qx10-6 	T 	P L V TL 
bars 

IMO 

71.05 
71.05 
70.60 
70.20 
69.50 
69.2 
68.00 
68.7 

Section W/m2 C 
1 .1457 89.4 
2 .1457 91.7 
3 .1457 90.2 
4 .0 75.8 
5 .1457 92.0 
6 .1457 92.8 
7 .1457 90.8 
8 .1457 88.8 
9 .2726 112.0 
10 .1420 101.0 
11 .0 69.4 
12 .0 67.5 
13 .0 66.9 

2.090 11.80 -.24 - 
2.090 11.80 -.15 - 
2.090 11.80 -.05 
2.090 11.80 - 
2.090 11.52 .024 
2.090 10.94 .073 84.0 
2.090 10.36 .122 84.0 
2.065 9.74 .174 83.7 
2.039 8.62 .269 83.4 
1.999 8.01 .321 82.9 
1.981 7.99 .323 82.7 
1.967 7.97 3325 82.5 
1.953 7.95 .326 82.4 

87.2 -1 
895 -1 siO• 

88.0 -1 
75.8 -1 
89.7 -1 
90.6 +1 .236 .670 
88.6 +1 .285 .737 
86.6 +1 .321 .801 
107.8 +1 .365 .653 
98.9 +1 .381 .450 
69.4 -1 .381 OW 

67.5 -1 .382 
66.9 -1 .382 OW 

Run No. 432 
Separator Pfessure 1.961 bars Inlet Temp. 45.8 oC 
Tube qx106  T. T 	P 

/ 
	T. 	L 	V 

Section Wm 	C oC bars  
W x102 X Ti  
Fs 	

oC 
T. 	hGT  _x10

-0  he x10 ole W/m2/°C 14/7/°C 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

.1700 

.1700 

.1700 

.0 

.1700 

.1700 

.1700 

.1407 

.1407 

.2303 

.0 

.0 

.0 

91.4 
99.9 
91.5 
76.8 
94.4 
94.0 
93.0 
90.3 
95.1 
118.1 
70.1 
67.7 
67.5 

11011 

low 

72.05 
71.65 
71.10 
70.75 
70.20 
69.70 
69.35 
69.10 

2.149 
2.149 
2.149 
2.149 
2.149 
2.149 
2.127 
2.093 
1.072 
2.040 
2.013 
1.991 
1.976 

11.80 
11.80 
11.80 
11.80 
11.29 
10.61 
9.90 
9.29 
8.71 
7.75 
7.71 
7.69 
7.67 

-.25 

-.03 
-.03 
.041 
.101 
.161 
.213 
.262 
.343 
.346 
.349 
.350 

- 
84.7 
84.4 
84.0 
83.8 
83.4 
83.1 
82.8 
82.6 

88.8 
97.3 
7648 
88.9 
91,8 
91.4 
90.4 
88.2 
93.0 
114.6 
70.1 
67.7 
67.5 

-1 
-1 
-1 
-1 
-1 
+1 
+1 
+1 
+1 
+1 

-1 
-1 
-1 

.206 

.265 

.312 

.341 

.362 

.386 

.387 

.387 

.388 

AWO 

*Oa 

.774 

.798 

.732 

.578 

.481 

ENO 

••• 



214 A2 (conta 
No.  433  

TARTE  
Run 

Separator Pressure 
Tube qx106 TW 

I Section.Wm2 	- o C  

1.953 bars 
TL PV oC bars 

Inlet Temp. 45.8 oC 
Wx102 XT.Ti Nu hGTx10 

" 11

h3r10 4 
o 	o e Ids 	°C 	C 	Vie71:11  1)0  

1 .2042 93.1 - 2.157 11.80 -.23 - 90.0 -1 
2 .2042 95.0 - 2.157 11.80 --.10 91.9 -1 - 
3 .2042 92.8 - 2.157 11.57 .020 89.7 -1 .151 
4 .0 77.0 - 2.157 11.57 .020 - 77.0 -1 .151 •••• 

5 .2042 96.4 - 2.157 10.75 .0e9 93.3 -1 .270 ONO 

6 .2042 96.0 72.15 2.157 9.93 .158 84.8 92.9 +1 .309 .856 
7 .0937 86.7 71.65 2.127 9.52 .193 84.4 85.3 +1 .331 .622 
8 .0937 85.5 71.20 2.101 9.11 .228 84.1 84.0 -1 .348 .659 
9 .0937 89.5 70.85 2.078 8.71 .262 83.8 88.1 +1 .362 .501 
10 .2696 124.3 70.20 2.039 7.59  .357 83.4 120.2 +1 .399 .498 
11 .0 70.4 69.60 2.006 7.55 .360 83.0 70.4 -1 .390 11011. 

12 .0 67.7 69,30 1.987 7.53 .362 82.8 6617 .390 
13 .0 67.3 68.90 1.966 7.50 .365 82.5 67.2 -1 .391 •••• 

Run No. 331  
Separator Pressure 1.912 bars 	Inlet Temp. 46.0 
Tube 	qx10-6 	T tT 

Section 11/m2 	°C 
TL  
°C 	 

PV  
bars 

W x102 

Kds 
X 
°C 

 

Ti  T e  i oc  
Nu haTx10-4  
wm21oc  

h 	x10 
w/Zoc  

1 .1072 81.7 2.051 11.95 -.27 80.1 -1 ONO 

2 .1072 89.5 2.051 11.95 -.20 •••II 87,08 -1 
3 .1072 89.2 2.051 11.95 -.13 87.6 -1 =MI 

4 .1072 72.7 2.051 11.95 -.06 71.1 -1 
5 .1072 92.4 2.051 11.88 .006 90.8 71 .092 
6 .1072 91..0 2.051 11.46 .041 - 89.3 .1 .203 
7 .1072 87.5 70.10 2.051 11.03 .077 83.6 85.9 4.1 .243 .616 
8 .1072 84.2 70.40 2.051 10.60 .113 83.5 82.6 -1 .279 .773 
9 .2812 104.7 70.15 2.038 9.47 .208 83.4 100.4 +1 .342 .815 
10 .2859 120.2 69.55 2.004 8.29 .306 83.0 115.8 +1 .381 .565 
11 .0 70.1 68.95 1.968 8,24 .310 82.6 NO -.1 .382 
12 .0 67.4 68.50 1.943 8.21 .313 82.2 67.4 -1 .383 
13 .0 66.8 68.30 1.931 8.19 .314 82.1 66.8 -1 .384 



Inlet Temp. 49.9 00 

WI,x102 X  Wi rds 	oc  
T. 	Na hG x10-4  h x10-4 

wim2/oc Ilg foc  

TARTA 
Run 

A2 (cont.) 
No. 332 

215 

   

Separator Pressure 1.844 bars 
Tube qx10-6  T T 	P L 	PV o  Section- Wim2 	-C 	C bars 

1 .0957 78.8 50.3 2.025 11.95 -.22 85.1 77.3 -1 MEV 

2 .0957 83.8 51.9 2.025 11.95 -.16 85.0 82;3 -1 - gee 

3 .0957 83.0 56.2 2.025 11.95 -.09 84.6 81.6 -1 
4 .0957 86.3 62.1 2.025 11.95 -.03 84.0 84.8 +1 • 

5 .0957 87.8 66.9 2.025 11.74 .017 83.5 86.3 41 .137 .459 
6 .0957 87.3 69.4 2.025 11.36 .049 83.3 85.9 +1 .205 .534 
7 .0957 84.4 69.9 2.025 10.98 .081 83.2 83.0 -1 .248 .662 
8 .1402 84.6 69.8 2.018 10.41 .128 83.1 82.5 -1 .293 .946 
9 .1402 88.7 69.4 1.996 9.83 .178 82.9 86.6 +1 .326 .726 
10 .2764 111.3 68.9 1.963 8.69 .273 82.5 107.1 +1 .370 .652 
11 .0 70.9 68.2 1.926 8.64 .277 82.0 70.8 -1 .372 
12 .0 68.0 68.0 1.918 8.63 .278 81.9 68.0 -1 .372 •••• 

13 .0 67.4 67.7 1.898 8.60 .280 81.7 67.4 -1 .373 ••• 

Run No. j31 
Separator Pressure 1.953 bars 	Inlet Temp. 46.0 °C 
Tube qx106 	Tw  

Section.W/m2 	o -C 
TL  
o C 

PV  
bars 

IT x102 	X 
Kg/s 

Ti oC  

1 .1495 89.4 - 2.116 11.80 -.26 
2 .1495 91.9 - 2.116 11.80 -.16 
3 .1495 90.4 - 2.116 11.80 -.06 
4 .0 75.8 - 2.116 11.80 -.06 
5 .1495 92.4 69.65 2.116 11.55 .021 84.5 
6 .1495 93.0 71.50 2.116 10.95 .072 84.3 
7 .0937 86.9 71.50 2.116 10.58 .103 84.3 
8 .0937 84.9 71.20 2.098 10.18 .137 84.1 
9 .0937 89.9 70.85 2.079 9.78 .171 83.9 
10 .3328 128.2 70.35 2.049 8.42 .286 83.5 
11 .0 70.9 69.65 2.008 8.37 .291 83.0 
12 .0 67.7 69.20 1.984 8.34 .293 82.7 
13 .0 67.4 68.90 1.965 8.31 .296 82.5 

Tie o 

87.2 
89.7 
88.1 
75.3 

Na hGTx10 
W/1112/°C 

-1 
••• -1 

•11•1 -1 
-1 

he 	x10 

160:2,/°0  

• 

90.1 +1 .146 .658 
90.7 +1 .234 .696 
85.5 +1 .268 .608 
83.5 -1 .296 .683 
8C.5 +1 .319 .491 
123.2 +1 .370 .575 
70.9 rl .372 IMO 

67.7 -1 .373 OW 

67.4 -1 .374 INS 



TABLE A2 (cont.) 	a16 

Separator Pressure 1.925 

Tube 	qx10-6 	Tli 	T1,  

Section Wm2 	°C 	oC 

Pun Not gyi 

X 

Inlet Temp. 46.0 oC 

	

. 	T. 	Nu hGT  _x10
-4  h 	x10 

	

Ti 	
ie  

°C 	°C. 	m/m2/oc wgpec  

bars 

PV 	1 _x102 4.1, 
bars 	Kg's 

1 .0661 81.9 - 	2.010 11.50 -.29 - 8140 -1 .11•1 

2 .0661 88.7 - 2.010 11.50 -.25 - 87.7 -1 - 

3 .0661 90.0 - 2.010 11.50 -.20 - 89.0 -1 - - 

4 .0 72.0 - 2.010 11.50 -.20 - 72.0 -1 - - 

5 .0661 90.2 - 2.010 11.50 -.15 - 89.2 -1 - - 

6 .0661 91.2 - 2.010 11.30 -.11 - 90.2 +1 - - 

7 .0661 86.8 - 2.010 11.50 -.06 - 85.8 -1 - - 

8 .0661 84.6 - 2.010 11.50 ,.01 - 83.6 -1-- MI6 

.2817 108.2 69.10 2.010 9  10.47 .090 83.1 103.9 +1 .250 .721 

10 .3600 132.5 69.70 2.010 9.04 .214 83.0 127.1 +1 .335 .573 

11 .0 71.4 68.95 1.968 8.99 .219 82.5 71.4 -1 .338 

12 .0 67.9 68.60 1.948 8.96 .221 82.3 67.9 -1 .339 

13 .0 67.4 68.35 1.933 8.94 .223 82.1 67.4 -1 .340 .1. 

Run No. 232 

Separator Pressure 1.940 bars 	Inlst Temp. 46.0 °C 

Tube 	qx10-6  

Section W/m2  

T_w. 

°c 

TL  oC 

PV  
bars 

14L2:102  

Kg's 

X Ti  
°C 

Tie  
oc  

-4 Nu hapx10 
w/m2/oc  

-4 h 	x10 e 
vimzxn  ioc  

1 .0772 83.9 - 2.029 11.50 -.29 - 82.7 -1 - - 

2 .0772 90.4 - 2.029 11.50 -.24 - 89.2 -1 - - 

3 .0772 91.2 - 2.029 11.50 -.18 - 90.1 -1 - - 

4 .0 73.1 - 2.029 11.50 -.18 - 73.1 -1 - - 

5 0+772 91.5 - 2.029 11.50 -.13 - 90.4 -1 - - 

6 .0772 70.8 - 2.029 11.50 -.07 - 69.6 -1 - -- 

7 .0772 87.2 - 2.029 11.50 -.02 - 86.1 -1 _. - 
8 .1409 88.6 68.-90 2.029 11.05 .039 83.4 86.5 +1 .182 .715 

9 .1409 95.6 70.00 2.029 10.49 .087 83.3 93.4 +1 .247 .551 

10 .3600 133.8 69.85 2.019 9.05 .213 83.2 128.3 +1 .335 .563 
11 .0 71.0 69.15 1.980 9.00 .217 82.7 71.0 -.1 .337 .11 

12 .0 67.6 68.85 1.963 8.98 .219 82.5 67.6 -1 .338 

13 .0 67.0 68.60 1.950 8.96 .221 82.3 67.0 -1 .339 



TABLE A2 (cont.) 
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Separator Pressure 1.875 
Tube 	qx10 	Tv 	TL 

	

Section 9./m2 	 C 	oC 

Run No. 233 

X 
Inlet Temp. 49.8 °C 

Ti 	T.e  	NU hox10 	he 	x1 -4  
w/m2 /oc

-4 
 lei/p/oc  

bars 
V 	W x102 

bars 
1 .0387 71.9 50.2 1.950 11.95 -.25 84.2 71.3 -1 
2 .0387 76.5 50.8 1.950 11.95 -.22 84.1 75.9 -1 
3 .0387 78.3 52.3 1.950 11.95 -.19 83.9 77.8 -1 MAI 

4 .0387 80.2 54.2 1.950 11.95 -.17 83.8 79.6 -1 
5 .0387 80.4 55.8 1.950 11.95 -.14 83.6 79.8 -1 1.1.141 

6 .0387 82.1 57.8 1.950 11.95 -.12 83.4 81.5 -1 
7 .0937 83.9 59.3 1.950 11.95 -.05 83.3 82.5 -1 
8 .0937 82.8 63.6 1.950 11.87 .006 82.8 81.4 -1 .092 .488 
9 .0937 83.3 67.7 1.950 11.50 .037 82.4 81.8 -1 .185 .601 

10 .2736 110.0 68.6 1.950 10.42 .128 82.3 105.8 +I .293 .66i 
11 .0 70.6 68.3 1.934 10.40 .130 82,1 70.7 -1 .295 •••• 

12 .0 68.1 68.1 1.920 10.38 .132 82.0 68.1 -1 .296 11111M 

13 .0 67.7 67.8 1.906 10.36 .133 81.8 67.7 -1 .297 IMP 

Separator Pressure 1.854 
Tube 	qx10-6 	TT 

ow 	oL 
Section Wfm2 	C 	C 

Run No. 131 

Inlet Temp. 49.4 °C 
-4 	-4 

	

T. 	T. 	Na harx10 	hexpx10 

	

a. 	le 
°C 	°C 	N/m2/°C W/m2/°C 

bars 
P V 

bars 
tad x102 X 
Kds 

1 .0387 71.5 49.8 1.928 11.95 -.25 83.9 70.9 -1 Oft 

2 .0387 76.1 50.4 1.928 11.95 -.22 83.8 75.6 -1 ONO 

3 .0387 78.0 51.9 1.928 11.95 -.20 83.7 77.4 -1 
4 .0387 79.8 53.8 1.928 11.95 -.17 83.5 79.2 -1 
5 .0387 78.0 55.4 1.928 11.95 -.14 83.3 79.4 -1 
6 .0387 81.7 57.4 1.928 11.95 -.12 83.1 81.1 ri 
7 .0937 83.5 58.9 1.928 11.95 -.05 83.0 82.1 -1 -- 
8 .0937 82.4 63.2 1.928 11.88 .006 82.6 81.0 -1 .091 .487 
9 .0937 82.6 67.3 1.923 11.81 0148 82.3 78.4 -1 .266 .179 

10 
11 

.2736 

.0 
110.1 
70.3 

68.2 
68.0 

1.928 
1.913 

10.79 
10.79 

.097 

.099 
82.1 
81.9 

110.1 
70.3 

+1 
-1 

.265 

.267 
1.788 

dole 

12 .0 67.8 67.7 1.899 10.75 .100 81.7 67.8 -1 .269 11•111 

13 .0 67.3 67.4 1.885 10.73 .102 81.6 67.3 -1 .271 



Separator Pressure 1.930 bars 
- Tube 	qx10 6 Tti  

Section W/m2 	oC 

	

1 	.0294 	75.3 

	

2 	.0294 	80.6 

	

3 	.0294 	79.9 

	

4 	.0 	64.2 

	

5 	.0294 	84.2 

	

6 	.0294 	83.7 

	

7 	.0294 	79.6 

	

8 	.1409 	88.2 

	

9 	.1409 	95.7 

	

10 	.3600 	133.2 

	

11 	.0 	71.4 

	

12 	.0 	67.6 

	

13 	.0 	67.2 

fi  
°c  

- 
- 
- 

68.30 
68.80 
68.55 
68.40 

PV 
bars 

1.961 

1.961 
1.961 
1.961 
1.961 
1.961 
1.961 
1.961 
1.961 
1.961 
1.961 
1.947 
1.937 

W x102 

Kg/8 

11.20 

11.20 

11.20 

11.20 

11.20 

11.20 

11.20 

11.20 

11.19 

9.76 

9.76 

9.74 
9.73 

Inlet Temp. 46.0 °C 

T. 	Tie  . Nu hGT710
-4  h x10-4  

°C °C 	w/m2/oc wpec  

-.31 74.9 -1 
-.29 80.1 -1 =MI 

-.27 79.5 -1 
-.27 64.2 -1 

-.25 83.7 mai 

-.22 83.3 -1 V Oda 

-.20 79.2 Sim MIA 

-.10 86.1 -1 
.001 93.5 +1 .046 .141 
.128 82.5 127.8 +1 .279 .554 
.128 82.5 71.4 -1 .278 
.130 82.3 67.6 -1 .280 
.131 82.2 67.2 -1 .281 

TABLE A2 (cent.) 
Run No. 132 
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Run No. 133 
Separator Pressure 1.935 bars Inlet iTemp. 46.0 
Tube 	qx10-6  

Section WYm2 

	

1 	.0354 

	

2 	.0354 

	

3 	.0354 

	

4 	.0 

	

5 	.0354 

	

6 	.0354 

	

7 	.0937 

	

8 	.0937 

	

9 	.0937 

	

10 	.3600 

	

11 	.0 

	

12 	.0 

	

13 	.0 

Wtd  

75.0 

80.4 
81.4 
65.2 
83,1 
83.7 
87.8 
84.8 

91.2 
129.4 
70.7 
67.4 
67.0 

 TL 
oC 

68.55 
68.85 
67.65 
68.35 

PV 
bars 

1.963 

1.963 
1.963 
1.963 
1.963 
1.963 
1.963 
1.963 
1.963 
1.963 
1.963 
1.951 
1.935 

WLx102  
Is 

11.20 

11.20 

11.20 

11.20 

11.20 

11.20 

11.20 

11.20 

11.19 

9.76 

9.76 
9.75 
9.73 

X 

-.31 

-.28 

-.26 

-.26 
-.23 
-.20 
-.16 
-.07 
e.001 
.128 
.128 
.130 
.132 

Ti  
oc  

74.8 
74.8 
74.6 
74.4 

T. 
xe oc  

74.4 

79.9 

80.9 

65.3 
82.6 
83.2 
86.4 
83.4 
89.8 
123.9 
70.7 
67.4 
67.0 

-4 	-4 Nu hrx10 	h 	x10 
w  ;2/oc 	w/m/°c 

-1 

-1 

-1 

-1 
vela -1 
dINID -1 
.1=110 -1 
41.110 	 ••111 -1 

-1 
••• +1 
ONO -1 

-1 
SOO -1 
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